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ABSTRACT
The retinotectofugal system is the main visual pathway projecting upon the telencephalon in birds and many other nonmammalian vertebrates. The ascending tectal projection
arises exclusively from cells located in layer 13 of the optic tectum and is directed bilaterally
toward the thalamic nucleus rotundus. Although previous studies provided evidence that
different types of tectal layer 13 cells project to different subdivisions in Rt, apparently
without maintaining a retinotopic organization, the detailed spatial organization of this
projection remains obscure. We reexamined the pigeon tectorotundal projection using conventional tracing techniques plus a new method devised to perform small deep-brain microinjections of crystalline tracers. We found that discrete injections involving restricted zones
within one subdivision retrogradely label a small fraction of layer 13 cells that are distributed
throughout the layer, covering most of the tectal representation of the contralateral visual
field. Double-tracer injections in one subdivision label distinct but intermingled sets of layer
13 neurons. These results, together with the tracing of tectal axonal terminal fields in the
rotundus, lead us to propose a novel “interdigitating” topographic arrangement for the
tectorotundal projection, in which intermingled sets of layer 13 cells, presumably of the same
particular class and distributed in an organized fashion throughout the surface of the tectum,
terminate in separate regions within one subdivision. This spatial organization has significant consequences for the understanding of the physiological and functional properties of the
tectofugal pathway in birds. J. Comp. Neurol. 458:361–380, 2003. © 2003 Wiley-Liss, Inc.
Indexing terms: tectofugal pathway; nucleus rotundus; topography; visual system; birds

The retinotectofugal system is the main visual pathway
mediating visual perception in nonmammalian vertebrates. It is highly developed in birds, in which approximately 90% of the retinal axons project in a precise retinotopical manner to the contralateral optic tectum
(Mpodozis et al., 1995; Karten et al., 1997). In the tectum,
retinal axon terminals of different morphologies segregate
into six specific layers within the superficial retinorecipient zone (Ramón y Cajal, 1911; Hunt and Webster, 1975;
Angaut and Repérant, 1976). Several visually driven efferent pathways originate from the deeper layers (Ramón
y Cajal, 1911; Hunt and Künzle, 1976; Reiner and Karten,
1982). The tectofugal projection arises exclusively from
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cells located in layer 13 or stratum griseum centrale
(SGC) and is directed bilaterally toward the thalamic nucleus rotundus (Rt; Benowitz and Karten, 1976; Engelage
and Bischof, 1993; Mpodozis et al., 1996). Collaterals of
layer 13 cell axons “in route” to the Rt also target several
pretectal nuclei—the intrinsic nuclei of the tectothalamic
tract—which in turn send ␥-aminobutyric acid (GABA)ergic projections to the Rt (Ngo et al., 1994; Mpodozis et
al., 1996).
The Rt is the largest single nucleus of the thalamus of
most birds. It possesses several anatomical subdivisions,
according to regional differences in cytoarchitectonic, histochemical, and hodological properties (Benowitz and
Karten, 1976; Nixdorf and Bischof, 1982; Martinez-de-laTorre et al., 1990; Mpodozis et al., 1996; Redies et al.,
2000; Hellmann and Güntürkün, 2001). These anatomical
subdivisions may have functional significance, insofar as
physiological studies show that neurons in different regions in Rt respond specifically to different visual dimensions, such as color, luminance, two-dimensional motion,
and in-depth motion (Revzin, 1979; Wang et al., 1993).
Also, Rt lesions produce severe deficits in a variety of
visual tasks involving intensity, color, motion, pattern
discrimination, and visual acuity (Hodos and Karten,
1966; Shimizu and Karten, 1993; Laverghetta and
Shimuzu, 1999). The anatomical segregation of the Rt is
maintained in the rotundus-telencephalic projection, in
that different subdivisions of Rt project to different ectostriatal regions (Benowitz and Karten, 1976; Nixdorf and
Bischof, 1982; Husband and Shimizu, 1999).
Layer 13 cells possess very large dendritic arbors, each
covering a circular area of about 1–3 mm in diameter of
tectal surface, with characteristic “bottle-brush endings”
distributed in specific tectal laminae (mainly layers 3, 5a,
5b, and 9; Luksch et al., 1998). Correspondingly, large
receptive fields with complex characteristics have been
recorded from cells located in layer 13 (Revzin, 1970;
Jassik-Gerschenfeld and Guichard, 1972; Frost and DiFranco, 1976; Frost and Nakayama, 1983; Frost et al.,
1988; Schmidt and Bischof, 2001). Retrograde tracing
studies have shown that each rotundal subdivision receives projections from different subpopulations of layer
13 cells, recognized by the size and position of their cell
bodies within the layer, cell distribution across the dorsalventral tectal axis, and, above all, laminar stratification of
their bottle-brush endings (Benowitz and Karten, 1976;
Karten et al., 1997; Deng and Rogers, 1998; Hellman and
Güntürkün, 1999, 2001). Whereas the cells projecting to
the posterior division of Rt and to its dorsal-medial cap,
the nucleus triangularis, have their dendritic endings
ramifying just below the retinorecipient tectal layers, cells
that project to other subdivisions have their dendrites
distributed in specific retinorecipient tectal layers, from
layer 3 to layer 5 (Karten et al., 1997; Luksch et al., 1998;
Hellman and Güntürkün, 2001). Layer 13 cells, after the
nomenclature first introduced by Ramón y Cajal (1911),
will be referred to as tectal ganglion cells (TGCs).
One striking property of the tectorotundal projection is
the complete loss of the point-to-point topography of the
retinotectal projection. Indeed, given the large dendritic
arborization of TGCs, the precise spatial map of the tectal
superficial layers coarsens at the SGC level (Schmidt and
Bischof, 2001). However, a more radical rearrangement
seems to be present in the projection of TGCs upon Rt.
Several studies have shown that tracer injections confined

G. MARÍN ET AL.
to Rt label a large number of TGC cells distributed across
the entire surface of the tectum, apparently including
most members of a particular class. No gradual variation
in the labeled cell distribution across the surface of the
tectum according to the position of the rotundal injection
has been reported, aside from the change in the labeled
class of neurons when different Rt subdivisions are involved. Conversely, injections of anterograde tracers in
restricted portions of the tectum label a widely dispersed
mesh of terminal fibers, usually covering the whole Rt
(Benowitz and Karten, 1976; Nixdorf and Bischof, 1982;
Ngo et al., 1994; Karten et al., 1997; Deng and Rogers,
1998; Hellman and Güntürkün, 1999).
All of the above-mentioned findings strongly suggest a
major change in the topography of the tectal-Rt projection,
currently interpreted as a transformation from a retinotopically organized map into a functionally organized map
(Hellman and Güntürkün, 2001). However, the precise
nature of this transformation is far from clear, especially
with respect to the organization of the tectal projection
upon the individual subdivisions of Rt. Most retrograde
tracing studies are based on injection sites that often
compromise a significant fraction of Rt, usually involving
more than one subdivision. Therefore, more detailed studies are required to characterize better the organization of
the projections from TGCs to each particular subdivision
of Rt. In this study, we placed single and double punctuated injections of crystalline tracers into definite loci of
single subdivisions of Rt. We also characterized the domain of ramifications of small groups of tectal axons inside
Rt. The results show that a novel spatial arrangement
exists in the tectal projection to each Rt subdivision, in
which contiguous zones within a subdivision receive the
projection of interdigitating sets of TGCs belonging to the
same particular class, distributed throughout the surface
of the tectum. These results, we believe, have significant
consequences for the understanding of the physiological
and functional properties of the tectofugal pathway in
birds and in all amniotes.

MATERIALS AND METHODS
Twenty-five wild-type adult pigeons (Columba livia),
300 –350 g in body weight, of both sexes, were used in
these experiments. These animals were obtained from a
local dealer and kept in an institutional animal facility
environment. All the experimental procedures were approved by the Science Faculty’s Ethics Committee (Comite
de Etica de la Facultad de Ciencias de la Universidad de
Chile) and conformed to the guidelines of the NIH on the
use of experimental animals in research.
The pigeons were deeply anesthetized with equitesin
(0.3 ml/100 g body weight, supplemented by 0.2 ml every
2 hours) and mounted in the standard sterotaxic position
(Karten and Hodos, 1967) in a specially designed head
holder that does not interfere with the animal’s visual
field. Thereafter, the skull was exposed through a skin
incision, and, depending on the experiment, a craniotomy
was made to expose either the dorsal telencephalon above
the approximate location of the left nucleus Rt or the
lateral-dorsal aspect of the left tectum. Injections of different tracers were then performed on these structures
according to the procedures described below. After the
injections, the wounds were covered, sutured, and treated
with topical antibiotics. During the experiment, the heart
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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 pressure points were treated with
a commercial ointment of 5% lidocaine.
In a first set of experiments, the fluorescent, waterinsoluble tracers DiI and True Blue (TB) were injected
into the left Rt of 18 animals. In 10 of these cases, each
animal received a single injection of either DiI (nine cases)
or TB (one case). In six cases, the animals received two
injections, one of each tracer. In two other cases, the
animals received a single injection of a mixture of both
tracers. In an attempt to produce small, well-defined injections and to minimize tracer diffusion, the tracers were
injected in their solid, crystalline form by means of the
newly developed “solid microinjector” apparatus (Marin et
al., 2001). Briefly, the solid microinjector consists of a
blunt 36-gauge hypodermic 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 the injections, the microinjector, loaded and with a microelectrode attached, was held
in a hydraulic microdrive and stereotaxically positioned
and advanced to the Rt. Electrophysiological signals were
amplified (AM Systems model 1800), monitored in an oscilloscope (Tektronix, 5113) coupled to an audio monitor,
and sampled using custom-made data-acquisition routines running in a PC computer with a D/A card (National
Instruments). Visual responses were elicited by a custommade, computer-driven visual stimulation system. Once
the Rt was electrophysiologically identified and a particular locus selected, the injection was made by applying a
train of pressure pulses, according 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 a 3–5 minute postinjection settling period, the microinjector was slowly withdrawn.
In a separate set of experiments, the anterograde tracers Phaseolus vulgaris leucoagglutinin (PHA-L; Vector,
Burlingame, CA; two cases) or biocytin (Sigma, St. Louis,
MO; two cases) were iontophoretically injected into the
optic tectum. In four additional cases, the cholera toxin B
fragment (CTB; List Biological Laboratories Inc.,) was
iontophoretically injected into Rt. To accomplish this,
glass micropipettes of 15 m tip diameter were filled with
a phosphate-buffered solution of 1% PHA-L, 4% biocytin,
or 1% CTB. Injections were carried out applying 5–7 A of
positive current, in 5 second pulses, with a 50% duty cycle,
for 10 –15 minutes.
After 5–20 days of survival, the animals were deeply
anesthetized with an overdose of equitesin and perfused
via the aorta with 500 – 800 ml of avian Ringer’s, followed
by 1,000 ml of a cold (10°C) solution of 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2). After the perfusion, the brains were excised, postfixed overnight in the
paraformaldehyde solution, and then transferred for 1–2
days to a 30% sucrose solution for cryoprotection. The
brains were then mounted in the sterotaxic plane over the
stage of a frozen sliding microtome, and 45 m sections
were cut in the transverse plane. In the cases with injections of fluorescent tracers, the sections were immediately
mounted and coverslipped using a solution of 50% glycerol
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in avian saline. In the cases with PHA-L injections, the
collected tissue was incubated with rabbit anti-PHA-L
(1:10,000; Vector) and processed according to the avidinbiotin-peroxidase method (ABC Elite Kit; Vector). In the
cases with biocytin injections, collected tissue was directly
processed with the ABC method. In the cases with CTb
injections, the collected tissue was incubated with goat
anti-CTb (1:15,000) and then processed with the ABC
method. In all cases, selected sections or series of sections
were counterstained with Giemsa stain (Iñigues et al.,
1985) for further analysis.
The sections were examined and photographed using a
conventional epifluorescent microscope (Olympus Bx 60)
with a digital color camera and software (Spot Digital
Camera; Diagnostic Instruments). To study the location,
distribution, and intensity of the fluorescent retrogradelabeled cells in the optic tectum, in every third section,
series of microphotographs of the ipsi- and contralateral
tectum were taken. Depending on the tracer used, the
digital images were taken with the blue or red monochromatic channel, setting the camera exposure time in a way
that the more intensely labeled cells just reached the
highest pixel value (255) and keeping this camera setting
for all photographs of a given animal. This procedure
allowed for the separation, in a quantitative way, of populations of cells with different degrees of tracer uptake in
each animal. The photographs were transferred to Adobe
Photoshop 6.0 and combined to reconstruct the whole section. Reconstructed sections were outlined in a separate
layer, and the position of each labeled cell was marked in
that layer. To trace the limits of layer 13 precisely, the
outline layer was superimposed onto the same or the immediately preceding section stained with Giemsa. The
number of fluorescent cells in each section was directly
counted.
The shape and trajectory of anterograde labeled tectal
axons inside the Rt were reconstructed from serial sections using the following procedure. First, in each section
containing labeled axons and terminals, series of pictures
(with a 40⫻ objective) were taken for each visual field at
approximately 12 different focal planes. The procedure
was repeated for all the visual fields within the section
containing labeled axons and terminals. Second, the pictures of each visual field were transferred to Adobe Photoshop 6.0, and, by superimposing them in different layers, a complete drawing was assembled in a separate
outline layer. Third, the drawings of each field were assembled to obtain an outline layer with a drawing of the
axons and terminals of the whole Rt region of the section.
Fourth, by using the same procedure, an outline layer was
obtained for the next section in the series. A final reconstruction was then made assembling the drawings of all
the sections in the series.

RESULTS
Subdivisions within rotundus
Although anatomical and physiological studies have
shown that the avian Rt is subdivided into various subregions, there is no complete agreement on the number of
the subdivisions or on the exact location of their boundaries (Revzin, 1979; Nixdorf and Bischof, 1982; Martinezde-la-Torre et al., 1990; Wang et al., 1993; Mpodozis et al.,
1996; Redies et al., 2000; Hellmann and Güntürkün,
2001). In the present study, the subdivisions of Rt defined
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Fig. 1. Subdivisions of nucleus rotundus. A–D: Four digital images
of Nissl-stained coronal sections at different anterior-posterior levels
of the thalamus and pretectum of the pigeon, showing the four subdivisions of Rt distinguished in this study. Da, dorsal anterior subdivision; Ce, centralis subdivision; Post, posterior subdivision; Tr, nucleus triangularis. The sections were cut in the plane according to the
atlas of Karten and Hodos (1967). The corresponding anteriorposterior level is indicated at top right, in this and subsequent figures.
The following abbreviations are used in this and the following figures:

FPL, fasciculus prosencephali lateralis; GLv, nucleus geniculatus
lateralis pars ventralis; GLdp, nucleus geniculatus lateralis pars dorsalis principalis; Imc, nucleus isthmi, pars magnocelularis; Ipc, nucleus isthmi, pars parvocelularis; MLd, nucleus mesencephalicus lateralis, pars dorsalis; nBOR, nucleus of the basal optic root; OPT,
nucleus opticus principalis; Ov, nucleus ovoidalis; PV, nucleus posteroventralis thalami; Sop, stratum opticum; TeO, tectum opticum;
TIO, tractus isthmo opticus; TrO, tractus opticus; V, ventricle. Scale
bar ⫽ 1 mm.

for the pigeon by Mpodozis et al. (1996) will be used. As
shown in Figure 1, these are 1) pars dorsalis anterior, 2)
pars centralis, 3) nucleus triangularis, and 4) pars poste-

rior. This partition is supported by hodological, cytoarchitectonic, and histochemical evidence (Mpodozis et al.,
1996, see Discussion). In Giemsa- and Nissl-stained sec-
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Fig. 2. Immunohistochemical labeling of Rt subdivisions.
A,B: Digital images of coronal sections through the thalamus of the
pigeon, immunoreacted for calcium-binding protein (CaBp). The dorsal anterior subdivision is demarcated by a dense plexus of CaBppositive axonal proccesses (A). Triangularis is demarcated by scattered CaBp-positive somas (B). Centralis does not have a significant
CaBp-positive reaction. C: Digital image of a thalamic coronal section

immunoreacted for parvalvium (PV). The posterior subdivision is
demarcated by a densely reacted PV neuropil. D: Digital image of a
CTb-reacted saggital section through the pigeon thalamus, after a
large CTb pressure injection in the ipsilateral tectum. The outlines of
the dorsal anterior, central, and posterior subdivisions are clearly
demarcated by the differential label density of the plexi formed by the
incoming tectal fibers. Scale bars ⫽ 1 mm.

tions, the boundaries of the first three regions are easily
distinguished (Fig. 1). The same three regions are discernible in calcium-binding protein (CaBp)-immunoreacted
material. The dorsal anterior subdivision is neatly demarcated by a dense plexus of CaBp-positive axonal processes
(Fig. 2A). These axons are derived from a particular subpopulation of CaBp-positive TGCs (J.M. and H.K., unpublished results). The triangularis subdivision is equally
discernible as a consequence of the presence of many
CaBp-positive neurons scattered through its whole extent
(Fig. 2B). By contrast, central and posterior subdivisions

are devoid of any significant CaBp label (Fig. 2B). The
outline of central and posterior subdivisions is clearly
discernible in acetylcholinesterase- and parvalbumin (Pv)immunoreacted material. As shown in Figure 2C, a dense
plexus of Pv-positive fiber label clearly demarcates the
boundary between these subdivisions. The outline of all
subdivisons is also discernible after massive injections of
CTb in the tectum. In these cases, bundles of CTb-positive
axons and fibers derived from the tectum demarcate the
subdivisions by forming plexuses with different label densities (Fig. 2D).
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We routinely used Giemsa- and Nissl-stained material
to define the limits between dorsal anterior, centralis, and
triangularis subdivisions. We inferred the boundary between pars centralis and pars posterior by comparing the
profile of the section with the immunostained material.

Crystalline injections into rotundus
DiI and TB are water insoluble and, injected as crystals,
produce circumscribed injection sites. DiI and TB injections featured a constant profile, with a dense central core
(100 –150 m diameter), which corresponds in size and
shape to the loaded cylindrical pellet, and a surrounding
circular zone (300 – 400 m), produced by the diffusion of
the tracer into the adjoining tissue (Fig. 3). Because injections just outside Rt with diffusion zones well inside the
nucleus border did not label Rt afferent cells, most of the
neural transport of DiI and TB seems to originate from the
core of the injections and not from the diffusion zone
(Marin et al., 2001; see also Deng and Rogers, 1998). The
effective size of the injections is then limited to the approximate size of the loaded pellet. Because all injections
presented a nearly perfect circular symmetry, pictures
and drawings of sections containing the center of the injection sites will be shown. With the exception of the
triangularis subdivision, which was not injected, the other
Rt subdivisions were injected in four or more instances
(dorsal anterior: five cases; centralis: twelve cases; posterior: four cases; dorsal anterior and centralis border: two
cases).
Crystalline injections into Rt resulted in intense retrograde labeling of neurons in most of the nuclei known to
contain rotundal afferents. Conversely, no labeled cells
were found in other structures not previously reported as
Rt afferent nuclei, indicating that the injections were restricted and specific. Afferent structures containing labeled cells included, ipsilaterally, nucleus subpretectalis
(Sp), nucleus subpretectalis pars caudalis (SPcd), nucleus
posteroventralis thalami (PV), nucleus interstitiopretectosubpretectalis (IPS), nucleus reticularis superior thalami
(RS), and, bilaterally, layer 13 of the optic tectum (TO). TB
and DiI labeled cells in the same structures, with the
exception of the contralateral tectal layer 13, where TB
labeling could not be seen. Because other studies have
dealt extensively with the afferent connections of Rt
(Mpodozis et al., 1996; Deng and Rogers, 1998; Hellmann
and Güntürkün, 2001), we will focus the description of our
results on the distribution of labeled cells in layer 13 of
the TO.
Regardless of the subdivision injected, almost all retrogradely labeled tectal cells were restricted to layer 13 and,
therefore, corresponded to TGCs (Fig. 3A,B). Very few
labeled neurons were found above or below this layer in
the tectal sections examined, confirming both the specificity of the tectorotundal projection and the precision of the
method used. Under epifluorescent illumination, DiI- and
TB-filled cells were characterized by well-filled somata
and proximal sections of axon and dendrites, with
medium-sized to large soma (major axis diameter ranging
from 15 to 40 m) and multipolar or fusiform shape. On a
few occasions, DiI-labeled dendritic processes could be
followed up to retinorecipient layers, as expected from the
known anatomy of most TGC classes (Luksch et al., 1998).
In general, the present method permitted the analysis of
soma size, cell location in different sublayers within layer
13, and particularly soma distribution over the extent of

the tectum. We found that most of these aspects varied
according to the Rt subdivision injected, as explained below (see also Karten et al., 1997, and Hellmann and Güntürkün, 2001).
All DiI and TB injections resulted in labeled neurons
scattered in layer 13 of the entire tectum. In the case of
DiI injections, neurons were found in both tecta, distributed in a mirror-like pattern, with a much higher density
in the ipsilateral side (a ratio of 3 to 1, for injections in Rt
centralis and dorsalis; Fig. 4A). Depending on the position
of the injection in Rt, the distribution of the labeled neurons varied across the tectal dorsal-ventral axis. After
injections located in the central and dorsal anterior subdivisions, most labeled cells were found in the ventral part
of layer 13, corresponding to the higher density of cells of
this region (Figs. 3, 4A). Whereas injections in Rt pars
posterioris resulted in a more homogeneous cell distribution in the tectal dorsal-ventral axis (Fig. 4C). By averaging across animals, the difference in distribution resulting
from injections in posterior subdivisions vs. injections in
anterior and centralis subdivisions is notable. The relative
cell densities increased in a highly significant manner in
the dorsal-ventral axis when the injections were located in
anterior and centralis subdivisions, whereas no variation
was observed after injections in Rt posterior (repeatedmeasures ANOVA; see Fig. 5). As described in previous
work (Hellman and Güntürkün, 2001), no clear regional
variation of labeled cells was found in the tectal anterior
posterior axis (Fig. 5, inset). Dependent on the Rt subdivision injected, labeled neurons tended to be confined to
different sublamina of layer 13. After injections into centralis subdivisions, labeled neurons were more concentrated in the outer sublamina of layer 13, whereas injections in Rt posterior labeled neurons located mostly in the
central and ventral sublaminae (Karten et al., 1997). This
effect was clearer in the ventral part of the tectum, where
layer 13 is thicker and cells are more densely packed.
Although ipsilateral layer 13 as a whole presented a
faint degree of labeling, just above background, only a
small fraction of the total number of layer 13 cells was
distinctly labeled. The highest counts of labeled neurons
in a single 60 m tectal section ranged from 40 to 200 cells
for different injections (106 average maximum cell count
in a section across injections, n ⫽ 13) compared with up to
1,000 labeled cells per section normally obtained in injections of diluted CTb (see Fig. 8B). Moreover, the cells that
were more intensely labeled, and could readily be observed under the microscope, represented a lower fraction,
usually fewer than 50 cells per section. Even fewer neurons, ranging from 10 to 50 per section, were labeled in the
contralateral side. Remarkably, the labeled neurons were
spaced in an orderly manner across layer 13, forming a
kind of “tiling” over the entire extent of the layer. On the
ipsilateral side, the same kind of spatial array was apparent for the cells more intensely labeled, especially in the
central and dorsal part of the tectum (Fig. 3). This is
directly shown in the case displayed in Figure 4A,B, where
the most intensely labeled cells from the ipsilateral side
are displayed in Figure 4B. In other cases, in which a
lower proportion of labeled neurons was obtained, this
spatial array was observed for the entire population of
labeled cells (Fig. 4C).
Furthermore, the distributions of the more intensely
labeled cells and less intensely labeled cells, in a given
section, were very similar. For example, in Figure 6, the
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Fig. 3. Injection of a DiI crystal into Rt and fluorescence-labeled
cells in the optic tectum. B: Brightfield digital image of an unstained
wet-tissue coronal section through the thalamus of the pigeon, showing a DiI crystal inserted in Rt centralis. The dark center corresponds
to the undissolved crystal, and the lighter surrounding annulus corresponds to the diffusion zone. The injection is encircled by a heavily
DiI-stained glial layer. A: Microphotographs taken under epifluores-

cence of a tectal coronal section containing DiI-labeled cells after the
injection shown in B. The brightness and the contrast of the photographs were increased to highlight the different degrees of labeling of
the tectal ganglion cells. All labeled cells are confined within one layer
of the optic tectum, layer 13. Note the regular spacing of the most
intensely labeled cells, especially in the dorsal most part of the tectum. Scale bars ⫽ 1 mm.

leftmost panel shows a drawing of a tectal section with all
the cells labeled after an injection in Rt centralis (injection
site displayed in Fig. 3B). The three drawings on the right
show the same section with the cells separated into three

arbitrarily defined categories, from the least intensely
labeled to the most intensely labeled. It is very clear that
the three categories are practically identical in the position of the cells in the outer sublayer, the spacing of the

Fig. 4. Tectal labeling pattern after DiI injections in different Rt
subdivisions. A: Distribution of labeled TGCs in the ipsilateral (right)
and contralateral (left) tectum, after a DiI injection in Rt centralis
(shown in B). Drawings were made from Nissl-counterstained sections. In this and subsequent figures, the approximate anteriorposterior level is indicated below each drawing. Solid triangles mark
the position of somata. Layer 13 is delimited with a thin line. All
labeled cells are indicated in each panel. Cells are more densely
distributed in the ventral part of the tectum and in the external part
of layer 13. A sparser distribution is observed in the contralateral

side. B: Left panel, brightfield digital image of a wet-tissue section of
the injection site corresponding to A. Because of the oblique sectioning
plane, the anterior-posterior level was omitted. Right panel, same
drawings of the ipsilateral tectum shown in A, containing only the
most intensely labeled TGCs. These cells form a sparse array similar
to that observed on the contralateral side. C: Distribution of labeled
TGCs in the ipsilateral tectum (right) after a DiI injection in Rt
posterior (left). Cells are more evenly distributed across layer 13.
Scale bars ⫽ 1 mm.
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Fig. 5. Soma distribution of retrogradely labeled TGCs after crystal injections in three Rt subdivisions. The average relative density of
labeled TGCs in the dorsal-ventral tectal axis is plotted for TB and DiI
injections in Rt centralis, posterior, and dorsal anterior. All labeled
TGCs were counted in three representative 60 m sections at different anterior-posterior levels for each case, corresponding approximately to stereotaxic levels A2.5, A3.5, and A4.5. More anterior and
posterior section planes cut SGC too tangentially to be considered in
this analysis. Layer 13 was divided into five equal-length sectors in
the dorsal-ventral axis. The cell count in each sector was divided by
the sector area and by the total labeled cell density of the layer to
obtain the relative labeled cell density of each sector. The data from
the corresponding sector of the three sections of each animal were
pooled and averaged across animals. There is a significant increase in
the average relative density of labeled cells in the tectal dorsalventral axis after injections in centralis and dorsal anterior but not in
posterior (repeated-measures ANOVA, ␣ ⫽ 0.05; dorsal anterior: F ⫽
36.2, P ⬍ 0.001; centralis: F ⫽ 50.22, P ⬍ 0.001; posterior: F ⫽ 0.41,
P ⫽ 0.8). Inset: Relative density comparison of labeled TGCs in the
anterior-posterior axis. Here the data are pooled in the dorsal-ventral
axis and plotted for each of the three sections. There is no significant
variation in the average relative density in the anterior-posterior axis
for any injected subdivision. Error bars indicate standard error.

cells across the layer, and their ventrally shifted distribution. These results indicate that the properties that are
readily apparent for the most intensely labeled cells are
not exclusive of a specific subtype of layer 13 cells (for
example, the largest ones, or the cells that are more efficient in tracer uptake) but are shared by most of the cells
that project to each particular Rt subdivision. Therefore,
the intensity of the labeling seems more directly related to
the proximity of the tectal terminals to the injection site
(see Discussion).

CTb iontophoretic injections into rotundus
To determine whether the sparse spatial array of tectal
labeled neurons is the result of the small size of the injections and not an artifact produced by the dyes used or
their deposit in crystalline form, we performed small injections of diluted fluorescein-conjugated CTb into Rt by
means of iontophoresis. In four pigeons, the injection sites,
determined under the fluorescent microscope, were comparable in size to the injections of crystalline DiI and TB,
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ranging from 150 to 300 m in diameter (although the
subsequent ABC histochemical procedure revealed a
larger diffusion area). Remarkably, in all cases, the pattern of labeled neurons in tectal layer 13 was almost
identical to that described above. As shown in the case
displayed in Figure 7A, a small fraction of TGCs was
intensely labeled in the ipsilateral side, and the TGCs
were spaced in an orderly fashion over the entire layer 13
surface (for comparison, Fig. 7B shows the normal density
of TGC label after a regular pressure injection). In some
cases, a greater number of faintly labeled cells, intermingled with the more intensely labeled ones, was similarly
observed. On the contralateral side, fewer intensely labeled cells mirrored the ordered distribution of the ipsilateral side.
Taken together, the results presented above, showing
that an ordered spatial array of tectal labeled cells is
obtained after small injections in Rt, strongly suggest that
intermingled populations of layer 13 cells, having similar
characteristics and tectal distribution, project to different
subregions within the same Rt subdivision. To investigate
this possibility, we searched for double-labeled cells in
cases in which double injections of crystalline DiI and TB
were placed within the same subdivision.

Double tracer injections into rotundus
Because Rt subdivisions are rather small, it was very
difficult to place two separated crystalline pellets inside
one subdivision. Among a total of six DiI and TB double
injections in Rt, three cases resulted in injections located
in the same subdivision, two in Rt pars posterior and one
in Rt centralis. In the other three cases, one tracer was
placed in the dorsal anterior subdivision and the other in
centralis.
Figure 8 illustrates one of the cases in which both tracers were located just at the border separating two subdivisions, with the DiI crystal preferentially involving the
dorsal anterior subdivision and the TB crystal displaced
toward the centralis subdivision (Fig. 8B). The dorsalventral distribution of the labeled TGCs for each tracer
was very similar, with a higher concentration of labeled
cells in the ventral part (Fig. 8A), as expected from the
results presented above. Other properties of the labeled
cells differed in each case. Large cells, positioned in a more
external sublayer, probably corresponding to the type I
cells of Karten et al. (1997), were labeled in the case of the
centralis injection compared with the smaller ones and
more internally located cells labeled in the case of the
dorsalis injection [probably corresponding to the type IV
cells described by Hellman and Güntürkün (2001); see
Discussion and Fig. 8C]. Because the two tracers were in
two different subdivisions of Rt, the number of doublelabeled cells was very low, 5 of a total of 93 cells labeled in
the section shown in Figure 8A and 5% of a total count
obtained from five sections of the same animal.
When both tracers were placed in the same subdivision,
DiI or TB labeled neurons did not present differences in
cell size or position across the depth of layer 13 but intermingled across the layer with the expected dorsal-ventral
gradient according to the subdivision injected. In the case
of the double injection in centralis (Fig. 9A), single-labeled
cells were mixed across the layer, with a higher density in
the ventral tectum (Fig. 9A, right). Remarkably, the fraction of double-labeled cells was again very low, about 5%
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Fig. 6. Distribution of DiI labeled TGCs separated by the intensity
of the labeling. A: Drawing of a tectal coronal section containing all
cells labeled above background after an injection in Rt centralis (injection not shown). B: Same drawing depicting, from left to right, the

faintest, intermediate, and most intensely labeled cells in the same
section. Note that the tectal distribution of the three separated categories is virtually identical. Scale bars ⫽ 1 mm.

(8 of a total of 175 singly labeled for the section shown in
Fig. 9A). After double injections in Rt pars posterior, both
TB and DiI single-labeled neurons were distributed
throughout the central and inferior sublayers of layer 13,
with a more homogeneous distribution across the dorsalventral tectal axis (Fig. 9B). This is a clear indication that
both injections were located in the posterior subdivision.
The soma size range of the two labeled populations overlapped within the range of 15–30 m for major axis diameter. Again, a very small fraction (less than 5%) was
double labeled, despite the fact that both populations of
labeled cells were completely intermingled (Fig. 9B, right).
To control for a possible differential uptake of the two
tracers that could produce these results, a mixed pellet of
TB and DiI was injected in Rt pars centralis. Although
more cells in layer 13 were filled with DiI than with TB
(126 cells per section vs. 76 cells per section, average cell
count in five sections), 93% of the TB-stained cells were
also stained with DiI, or 54% of the total count of labeled
cells were doubly labeled. Considering that the crystals
were not completely mixed and that, in loading the microinjector with such a microvolume, nonhomogeneous mixtures are unavoidable, the control result is quite satisfactory. As an additional control, we made superimposed
injections of each tracer in the same place in Rt centralis.
In this case, 80% of the DiI-labeled cells were also labeled
with TB, or 60% of the total count of labeled cells were
doubly labeled (see bar graph in Fig. 10). Thus, although
it is not possible to rule out some degree of biasing that
might impede the simultaneous uptake of both dyes by the
same fibers, first, the above-described results corroborate
that different subdivisions receive the projection of different layer 13 cell classes. Second, the results also indicate
that, within a single subdivision, separate regions receive
their afferents from intermingled, but distinct, layer 13
cell populations.

Tectal fiber terminals within Rt
As mentioned in the introductory paragraphs, injections
of anterograde tracers such as PHA-L or CTb into the
optic tectum result in an extensive mesh of labeled fibers
and terminals throughout Rt, including its triangularis
division (Ngo et al., 1994; Hellmann and Güntürkün,
1999). To label small groups of fibers, we performed small
iontophoretic injections in the tectum using two different
tracers, PHA-L (n ⫽ 4) and biocytin (n ⫽ 2). In only three
cases (two with PHA-L and one with biocytin), the labeled
fibers were sparse enough for us to trace their termination
fields in Rt with fair accuracy. They resulted from small
injection sites, restricted to layer 13, with few (three to
five) heavily stained layer 13 cells and other stained neural processes surrounding the site. The injections were
located in the lateral-ventral part of TO.
Biocytin injections labeled elongated terminal fields
confined to Rt pars centralis (Fig. 10). Because they overlapped partially and traveled through a significant portion
of the subdivision, some of them making abrupt turns, it
was not possible actually to disentangle one from the other
(the drawing presented in Figure 11 resulted from combination of 16 consecutive 60 m sections). However, some
general properties were readily apparent. Axons of 1–2
m diameter entered the nucleus from below and traveled
a path of about 700 m across the subdivision. Some axons
followed a more or less straight path dorsally in the nucleus, whereas others made an abrupt turn, following a
more horizontal path (black arrows in Fig. 11). At intervals, each axon gave off secondary branches, mostly perpendicular to the path of the fiber and directed preferentially toward one side of the path. The secondary branches
ramified locally in very thin terminal arborizations, ending in small, but distinct, rounded terminal knobs of about
1 m (Fig. 11B). The axons finally ended in much denser
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the contralateral Rt, in a place that mirrors the location of
the injections. This pattern is produced by the terminals of
contralaterally projecting axons that are collaterals of tectorotundal fibers (Mpodozis et al., 1996; Hellman and
Güntürkün, 2001). Our smaller iontophoretic injections
corroborated these observations and further showed that
this collateral projection is rather precise. Figure 12A
shows one injection in Rt paired with the nucleus of the
contralateral side. The labeled fibers of the contralateral
side not only mirror with great precision the position of
the injection site but are also clearly confined within a
fraction of Rt centralis. For larger pressure injections, the
confinement of the terminal arbors within a fraction of a
subdivision can also be assessed at the borders of both the
injection site and the corresponding contralateral fiber
label (Fig. 12B).

DISCUSSION

Fig. 7. Sparse distribution of CTb-labeled TGCs. A: Digital image
of CTb-labeled TGCs following a relatively small iontophoretical injection in Rt centralis (injection shown in Fig. 10). Few TGCs are
intensely labeled, and they are sparsely arrayed in the external part
of layer 13 (marked by dotted lines). For comparison, B displays the
normal density of TGC label after a regular CTb pressure injection in
Rt centralis and part of dorsalis (injection not shown). About eight
times more cells are labeled in this situation. Scale bar ⫽ 1 mm.

terminal fields with profuse thinner ramifications interspersed with synaptic buttons (Fig. 11A).
In the case of PHA-L injections, elongated terminal
fields were observed in different parts of RT centralis and
posterior. A single tectal injection in the tectum could
result in terminal fields in different subdivisions. As in the
case of biocytin injections, whether each terminal field
corresponded to individual axons or small groups of them
could not be determined with certainty. However, with the
possible exception of triangularis (see Discussion), the
terminal fields covered restricted regions of the subdivisions.
More evidence that the tectal fibers terminate in restricted portions within an Rt subdivision comes from the
observation that, every time a relatively large CTb injection is performed in Rt, a dense fiber label is obtained in

Since the initial studies of Revzin and Karten (Karten
and Revzin, 1966; Revzin and Karten, 1967), the topographic organization of the tectorotundal system has been
the source of intense investigation. Benowitz and Karten
(1976) provided evidence that cells in different sublaminae of tectal layer 13 projected to different subdivisions in
Rt, apparently without maintaining a retinotopic organization. Subsequent studies extended these observations,
showing that TGCs projecting to different Rt subdivision
have specific anatomical and physiological properties and
formed parallel subpathways in the tectorotundal projection (Mpodozis et al., 1996; Karten et al., 1997; Luksch et
al., 1998, 2001; Hellman and Güntürkün, 2001). However,
apart from the apparent absence of retinotopic organization, the way in which the retinotectal map is rearranged
in the tectal projection upon each rotundal subdivision
was far from clear. This study shows evidence indicating
that the tectal projection upon each subdivision is organized such that interdigitating sets of TGCs, presumably
of the same particular type and distributed in an orderly
manner throughout the surface of the tectum, terminate
in separated regions within a subdivision. That is, two
adjoining zones in an Rt subdivision would preferentially
receive afferents from an intermingled but separated mosaic of TGCs sparsely distributed across the tectal surface.
First, we will discuss the evidence that supports the existence of parallel pathways in the tectorotundal projection,
and how our data support and extend this view. Second,
we will discuss the topographic organization of the tectal
projection upon each Rt subdivision, which is the main
contribution of this study. Third, we will address the consequences of this topographic organization in the understanding of Rt receptive fields.

Parallel pathways in the tectorotundal
projection
The retina projects in a highly precise point-to-point
manner upon the surface of the optic tectum. Retinal
ganglion cell axons terminate in six of the seven most
superficial tectal layers, namely, layers 2, 3, 4, 5a, 5b, and
7 (Ramón y Cajal, 1911; Hunt and Künzle, 1975; Angaut
and Réperant, 1976). Retinal axon terminals within each
layer present characteristic morphologies and originate
from specific ganglion cells of the many histochemically,
morphologically, and functionally defined classes in the

372
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Fig. 8. TGC double-labeling after DiI and TB injections in different Rt subdivisions. A: Drawing of the distribution of single- and
double-labeled TGCs on a tectal coronal section following crystal
injections of DiI in Rt dorsal anterior and TB in Rt centralis. Dots,
soma position of TB-labeled cells; triangles, soma position of DiIlabeled cells; stars, soma position of double-labeled cells. Only five
cells appear double-labeled in this section. B: Digital image of the
injection sites. Wet-tissue coronal section through the thalamus of the

pigeon. The fluorescent images of the DiI and TB crystals are superimposed on the section to show the lack of superposition of the injections. C: Fluorescent digital image of the ventral part of the tectal
section displayed in A. The large, dark cells correspond to TGCs
labeled with TB. The bright, smaller cells correspond to TGCs labeled
with DiI. The arrows show two double-labeled cells. Scale bars ⫽ 0.5
mm.

bird retina (Ramón y Cajal, 1911; Miles, 1972; Ehlirch et
al., 1987; Karten et al., 1990). Whereas the deep tectal
layers (mainly layers 9, 10, 13, and 14) give rise to multiple efferent pathways (Ramón y Cajal, 1911; Hunt and
Künzle, 1976; Reiner and Karten, 1982), the ascending
tectorotundal-telencephalic projection arises exclusively
from the large ganglion cells of layer 13, or TGCs (Benowitz and Karten, 1976; Engelage and Bischof, 1993;
Mpodozis et al., 1996). Several recent studies have described the properties of TGCs and their specific projection
upon the different Rt subdivisions. In the pigeon, retrograde tracing studies showed two main population of
TGCs: type I, projecting to dorsal anterior and centralis
subdivision, and type II, projecting to posterior and triangularis subdivisions. Type I cells tended to be located in
the external sublamina of layer 13, with dense dendritic
arborizations in retinorecipient layer 5b, whereas type II
neurons were located mainly in the internal sublamina of
layer 13, with dendritic ramifications below the retinorecipient layers, at the level of layer 9 (Mpodozis et al., 1996;
Karten et al., 1997). Both cell types also differed in their
projections to the intrinsic nucleus of the tectothalamic
tract (Karten et al., 1997). Cell-filling experiments performed in chick tectal slices characterized in detail the

morphology of TGC neurons, distinguishing three morphological cell classes, two corresponding to pigeon classes
I and II and a new class, type III, with dendritic arborizations in the retinorecipient layer 5a (it was originally
reported by Luksch et al., 1998, as being layer 4, but a
subsequent reassessment by the same authors indicated
that it corresponded to layer 5a). As in the pigeon, type I
cells projected to central and anterior Rt, and type II cells
projected to caudal Rt (but see Deng and Rogers, 1998).
The three classes shared a unique morphology, with huge
dendritic arbors of about 2 mm in diameter and characteristic “bottle-brush” dendritic endings distributed in single tectal layers, as expected from the retrograde labeling
experiments. Cells with identical morphologies have been
found in layer 13 of other species of birds (Schmidt and
Bischof, 2001; Luksch et al., 2001) and reptiles (E. Desfilis,
personal communication) and also in the superficial layer
of the superior colliculus of mammals (layer SGS3/SO;
Major et al., 2000). More recent tracing studies have provided indirect evidence suggesting that additional TGC
classes with specific projections upon Rt may exist in the
pigeon, with two new classes: type IV, with dendritic ramifications in retinorecipient layer 4 projecting to the dorsal
anterior subdivision, and type V, with dendritic ramifica-

Fig. 9. TGC double-labeling after DiI and TB injections in the
same Rt subdivision. A: Brightfield digital image of a wet-tissue
coronal section displaying crystal injections of DiI and TB in Rt
centralis and a drawing of the distribution of labeled cells on a tectal
coronal section. Arrows mark the position of the crystals. The dark
crystals correspond to DiI. Soma positions are marked following the
same conventions as in Figure 8. Single-labeled TGCs are intermingled throughout layer 13, with a higher density in the ventral part, as

expected from injections in Rt centralis. Eight cells were doubly labeled in this section. B: Distribution of labeled cells after a double
injection in RT posterior. Digital brightfield images at two thalamic
levels show the TB crystal (top) and the DiI crystal (bottom). The
drawing of the tectal section shows an intermingled population of
single-labeled TGCs, with only one double-labeled cell. Note the even
distribution of labeled cells in the dorsal-ventral tectal axis, as expected from injections in RT posterior. Scale bars ⫽ 1 mm.

374
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type II cells (Karten et al., 1997; Hellman and Güntürkün,
2001).
Thus, the present data reinforce the hypothesis of parallel pathways composed of different classes of TGCs converging upon different Rt subdivisions. A crucial aspect of
our result is showing the extent of this separation. Whenever the injections of two tracers hit separated subdivisions, no matter how close they were (see, e.g., Fig. 7),
almost no double-labeled cells were found in the tectum.
This was valid for simultaneous injections in dorsal anterior and centralis subdivisions and also for injections in
centralis and posterior subdivisions. Although no double
injections simultaneously hit dorsal anterior and posterior
subdivisions, the different distribution pattern of the labeled cells in the tectum after single injections in each
subdivision makes the same complete separation for their
inputs very probable.

New nomenclature for TGC classes

Fig. 10. Percentage of double-labeled TGCs after double tracer
injections in the same and in different Rt subdivisions. The percentage of double-labeled cells compared with the total labeled cell count
was obtained in three representative 60 m sections for each case.
Few cells were doubly labeled for injections in the same subdivision as
for injections in different subdivisions, and both differ significantly
with respect to the superposed-injection controls (different letters
above each bar indicate a significant difference with a P ⬍ 0.01, Z-test
corrected by Bonferroni). The percentage of double labeling for the
control cases is not as high as 100%, mainly because the superimposition of the two tracers is never complete. For further details see text.
Error bars indicate standard error.

tions in retinorecipient layers 3 and 5a, projecting upon
the posterior subdivision (Hellman and Güntürkün, 2001).
However, these new classes remain to be confirmed in
cell-filling experiments.
Although, in the present study, dendritic labeling in the
tectal superficial layers was rarely obtained, other characteristics of the labeled cells that depended on the subdivision injected were clearly observed. First, injections in
the dorsal-anterior and centralis subdivision both labeled
cells distributed with a higher concentration in the ventral tectum (Figs. 3, 4, 7, 8). Labeled cells had a relatively
large soma and tended to be located in the more external
part of layer 13, as expected from type I cells. In the case
shown in Figure 7C, an injection in the ventral border of
the dorsal anterior subdivision labeled cells with a slightly
more internal position and smaller size than cells labeled
after an injection in centralis. This suggests that a different population of TGCs projects to the dorsal anterior Rt.
These TGCs may correspond to type IV cells proposed by
Hellman and Güntürkün (2001). However, two other, similar double injections did not show this clear separation
(data not shown). Injections in the posterior subdivision,
on the other hand, labeled cells distributed with a more
constant density in the tectal dorsal-ventral axis. They
were smaller and tended to be located in the more internal
part of layer 13, all characteristics already described for

Earlier intracellular recordings demonstrated the presence of two types of neurons in layer 13, those showing
evidence of monosynaptic retinal inputs and those with
evidence of polysynaptic retinal inputs (Hardy et al., 1984,
1985). In addition, direct connections between layer 13
cells and retinal terminals have been reported from electron microscopic analysis (Tömböl and Nemeth, 1999).
Because type I and type III cells (and presumably also
types IV and V) have dendritic endings finely layered in
specific superficial tectal layers, they are presumably
monosynaptically connected with different classes of retinal ganglion cell, whereas type II cells, with their dendritic endings in layer 9, would receive only polysynaptic
retinal inputs. Recent intracellular recordings of identified TGCs in the chick have confirmed these presumptions
for type I and type II classes (Luksch et al., 2001).
Because of these recent developments, and considering
that TGCs with similar properties have been found in
different groups of vertebrates, we propose a new nomenclature based on two clear distinctions: the condition of
receiving monosynaptic (type I) or polysynaptic (type II)
retinal input and the specific layer where the bottle
brushes are distributed. That is, type I and type III cells
will be now called type I-5b and type I-5a, because both
would receive a direct retinal input and have their bottlebrush endings in layers 5b and 5a, respectively, whereas
type II cells will be called type II-9. This new nomenclature stresses the importance of the precise monostratified
layering of the bottle-brush endings, especially in relation
to the equally precise layering of the retinal inputs.

Topographic organization of the tectal
projection upon each Rt subdivision
Although the partition of the tectorotundal projection
into separated subpathways that terminate upon specific
Rt subdivisions seems a well-established fact, the question
of how the retinotopic tectal map is rearranged through
this process has not been addressed. At present, it seems
clear that, even though the different layer 13 cell classes
have a varying density distribution in the dorsal-ventral
tectal axis, still each class encompasses the entire tectal
surface and, therefore, possesses a topographic representation of the entire retina, a map indeed coarsened by the
extensive overlap of the large dendritic arborizations of
layer 13 cells but preserving the topographic order of the
tectal superficial layers. The question remains, then, of

Fig. 11. Biocytin-stained fibers and terminals in Rt. Reconstruction of a small group of axons anterogradely labeled in Rt after a small
iontophoretical injection of biocytin in the ipsilateral tectal layer 13.
Sixteen drawings from an equal number of consecutive 60 m sections
are collapsed in this reconstruction. Axons follow an elongated path
mostly circumscribed to Rt centralis. Some of them make abrupt turns

(black arrows). The many sections superimposed in the drawing make
it difficult to demarcate the subdivisions. Digital images show enlarged pictures of a termination field (A) and of a fiber ramification
point inside Rt (B). Round, terminal-like varicosities are marked by
white arrows. Scale bars ⫽ 20 m in A,B, 0.5 mm in drawing.
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Fig. 12. Collateral fiber label in the contralateral Rt. A: Digital
images of coronal sections of nucleus rotundus near CTb injection site
(ipsi) and its contralateral counterpart (contra). The injection area
comprises the medial-dorsal aspect of Rt centralis. The contralaterally projecting collaterals form a mirror image of the injection site.
B: Similar result obtained after a CTb pressure injection in the dorsal
anterior subdivision of Rt. Here, the most anterior portion of a larger
injection site is shown (ipsi) with the corresponding mirror image of
the contralateral side. Note the well-delimited profile of the terminal
fields within the dorsal anterior subdivision on both sides. Scale
bars ⫽ 0.5 mm.

whether this retinotopy is preserved in the tectal projection upon each Rt subdivision. In other words, does the
tectal retinotopic map get further coarsened by an additional convergence of layer 13 cells upon Rt neurons but
still preserve the retinotopic organization? Or, is the retinotopy lost, with layer 13 cells diffusely connected to the
majority of the cells of one subdivision? Previous studies
favored the second alternative, because injections in individual subdivisions labeled a seemingly large proportion,
if not all, of the cells of a particular class, and, conversely,
tectal injections labeled a dense mesh of fibers covering
large parts of Rt, indicating a wide convergence and divergence in each individual pathway.
The main result of this study, summarized in Figure
13C, shows that, although the tecto-Rt projection is not
retinotopic, it has a complex topography, in that different
zones in each subdivision receive afferents from a separate mosaic of cells, presumably of the same class,
sparsely distributed throughout layer 13. We present five
lines of evidence supporting this conclusion, which are
briefly discussed below.
Small injections of crystalline DiI and TB intensely
labeled only a small fraction of TGCs distributed
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Fig. 13. “Interdigitating” topographic arrangement. The diagrams
illustrate three possible topographic mappings between the optic tectum and one Rt subdivision. A: Retinotopic projection in which the
ordered retinotopic mapping between the retina and the tectum is
conserved in the tectal projection upon the Rt subdivision. B: Diffuse
projection, in which TGCs project upon most of the subdivision. C: Interdigitating topography, in which intermingled TGC populations
distributed in the entire surface of tectal layer 13 project upon separated zones within the subdivision. All the evidence presented in this
study supports the interdigitating topographic arrangement. RRZ,
retinorecipient zone; L13, tectal layer 13.

throughout the extent of layer 13. In all injections, no
more than 50 cells were intensely labeled in a given 60 m
transverse section. Considering all the discriminable labeled cells, the number rises to about 100 for the average
maximum cell count per section across animals. This is a
very low figure, in that injections of diluted CTb can label
up to 1,000 cells in a comparable section. Given that
injections, including the diffusion zone, had an approximate circular symmetry of 400 m diameter, which gives
a volume of about 3.3 ⫻ 10–2 mm3, and by estimating the
size of the subdivisions centralis as about 1 mm3 and the
size of posterior and dorsal anterior subdivisions as onefifth of that value, the volume occupied by the injections is
about 3–15% of the total volume of the subdivision. By
assuming a restricted axon terminal field and that the
more intensely labeled cells are the ones that have axons
and terminals in close contact with the crystal, or are even
partly crushed by it, and that the less well-stained ones
correspond to cells with terminals located farther away,
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the proportion of labeled cells is in agreement with that
expected from the size of the injections. Nevertheless,
other interpretations are also possible. For example, the
sparse distribution in the tectum could be an exclusive
property of a particular cell class that, either because
these cells present this particular topography or are more
efficient in tracer uptake, becomes more intensely labeled.
However, we did not find a clear correlation between cell
size or morphology and intensity of the label. More importantly, this possibility was directly ruled out, by separating the cells in categories according to the intensity of the
label and finding that the same sparse distribution was
obtained in each of them (Fig. 6). In addition, the same
sparse distribution was obtained for the different cell
classes labeled after injections in the three subdivisions
studied.
Small injections of diluted CTb also labeled a small
fraction of TGCs extending throughout layer 13. As
shown in Figure 11, the results obtained with crystalline
injections of water-insoluble tracers were almost exactly
replicated with small iontophoretic injections of diluted
CTb. This result was important in excluding a possible
artifact of the method used and also in reconciling the
present data with those obtained with regular CTb injections. Iontophoresis is a very good method by which to
label the local neural elements surrounding the pipette. It
is even possible to label just a few axons and processes
near the tip, probably through local damage induced by
the current (Pinault, 1996). It is revealing, then, that,
after use of this method in Rt, the intensely labeled neurons in the tectum followed the same topographic arrangement proposed in this paper. A similar result was also
presented by Hellman and Güntürkün (1999) after injections of BDA in Rt, a tracer that usually labels fewer
neural elements than CTb. Also, with this same method,
an equally sparse array of tectal labeled cells is obtained
after Rt injections in a reptile (E. Desfilis, personal communication). In the opposite way, it can be argued that,
given the high diffusibility of CTb, the sparse spatial
array of cells projecting to a given locus can be easily
overlooked unless the injections are restricted. Thus, a
key manifestation of the proposed topography is that, for
smaller injections, fewer cells are labeled, but they are
always scattered through the entire surface of the tectum.
As injections become larger, more labeled cells start to fill
in the spaces, until the whole population of TGCs of a
given type becomes labeled.
Crystalline injections of two tracers within the same
subdivision labeled intermingled but separated layer
13 cells, with under 10% double-labeled cells. This is
the more direct evidence in favor of the proposed topography. As stated in Results, even for very close injections
(see Fig. 8), the percentage of double-labeled cells was as
low as when the tracers were injected in separated subdivisions (⬍5%). The controls implemented, showing a high
percentage of double-labeled cells (⬎55% of the total) demonstrated that a putative problem for the simultaneous
uptake of both tracers could not explain the results. A
higher percentage of double labeling for the controls was
not obtained, probably because the superposition of the
tracers was never complete and/or one tracer always occupied a larger volume than the other. In fact, referring
the data to the smaller population of single-labeled cells
gave a fraction of double-labeled cells of over 90%. Using
this same reference for the experimental cases still gave a
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percentage of double labeling below the 12%. Thus, it
seems clear that the tectal cells projecting to different loci
within one subdivision belong to separated populations,
and, remarkably, they are completely intermingled in the
tectum.
Anterograde labeling of small groups of axons indicated that their terminal ramifications, though extensive, were restricted within each subdivision. The
tracing of individual axons within Rt is no doubt the most
definitive test for the proposed topography, and unfortunately this is a matter that still requires further investigation. Previous workers using the Golgi method and the
anterograde tracer PHA-L (Ngo et al., 1994; Tömböl et al.,
1994) have described an intricate, organized pattern of
tectal terminals within Rt. It was shown that bundles of
myelinated axons crossed the nucleus in somewhat orthogonal directions, giving rise to thinner, unmyelinated
axons, which terminated locally. These thinner fibers
joined the short dendrites of Rt cells forming synaptic
buttons along its track, especially at the dendritic terminal fields, where they constitute glomerular-like structures. Given the dense fiber labeling obtained in those
studies, it was not possible to determine whether or not
the emerging branches were collaterals of a single axon or,
in general, to determine the extent and shape of each
individual terminal field. The present study has shown
that one axon gives rise to many collateral branches that
ramify locally, forming small clusters of large synaptic
buttons. These branches are entirely consistent with those
previously described (Ngo et al., 1994; Tömböl et al.,
1994). In addition, the axons followed an elongated path
across the nucleus and finally seemed to end in a denser
terminal field. Presumably, then, the axons travel along
these elongated paths together with many other axons
forming the fiber bundles already described. How many
axons travel along each bundle? How many collaterals
originate from each axon? How many different axon morphologies exist? These are questions that remain to be
answered. For the purposes of this paper, in considering
the collateral branches emerging from the axons and the
pathways followed through the nucleus, the extent of each
terminal field seems quite large, but it is certainly restricted within a subdivision. As shown in Figure 11, the
group of labeled axons all terminate in Rt centralis and
seem to be displaced from one another in the medial lateral axis. Other injections labeled axon fields in three
different subdivisions: centralis, posterior, and nucleus
triangularis. The retrograde experiments and the proposed topography lead to prediction that neighboring cells
in the tectum should project not only to different subdivisions but also to different places within each subdivision.
The medial-lateral displacement of the terminal field suggested in Figure 11 is in agreement with this assumption.
To the contrary, were one able to label anterogradely the
population of cells projecting to one locus in the subdivision, obviously a convergent fiber label should be obtained
in the nucleus. That is exactly what seems to happen, at
least for the bilaterally projecting TGCs.
The pattern of collateral labeling in the contralateral Rt after a CTb injection was clearly convergent.
As shown in Results and previously by other authors,
tracer injections in Rt labeled cells in both tecta. Karten et
al. (1997) demonstrated that this result was accounted for
mainly by TGCs projecting to both rotundi. Conversely,
CTb injections in Rt produce a dense fiber label in the
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contralateral Rt, which corresponds to the collaterals of
the bilaterally projecting tectal cells. Previous authors
have shown that this fiber label mirrored the location of
the injection site (Karten et al., 1997; Hellman and Güntürkün, 2001). By performing small pressure and iontophoretic injections of CTb, we have further demonstrated
the precision of this mapping (Fig. 12), and the precise
localization of the label demonstrates the convergent nature of the tectal terminal fields in Rt, at least for the
contralateral projecting axons. In other words, a local
injection of a tracer produces a sparse distribution of labeled cells in the tectum and a convergent pattern of
terminal fields in the contralateral Rt. Therefore, this
evidence by itself seems to demonstrate the proposed topographic arrangement, at least for the bilaterally projecting TGCs.
In summary, a parsimonious interpretation of all the
evidence presented above is the proposed topographic arrangement presented in Figure 13C, which we will call
interdigitating topography. Terminal axons of groups of
neurons sparsely distributed in the surface of the tectum
converge upon restricted regions of one subdivision.
Neighboring regions within the same subdivision will receive the afferences of a distinct but intermingled group of
tectal cells of the same class. Many details of the model
have to be completed, for example, the degree of superposition of the terminal fields of neighboring tectal cells
upon Rt and, especially, how this is reflected at the level of
each rotundal cell. Also, it is not clear how this topographic arrangement is organized at a more global level,
in considering that the tectum is a laminar structure and
that Rt subdivisions seem to be more nuclear-like structures. Many questions arise also with regard to the receptive field organization of the Rt cells.

An alternative hypothesis
The model presented in Figure 13C could also be interpreted in a different manner, by arguing that the smaller
zones within a single subdivision, receiving the afference
of separated populations of TGCs, are in fact different
subdivisions. In other words, the present data could simply mean that Rt is composed of several small subdivisions, each receiving the afferences of separated interdigitating populations of TGCs distributed in the entire
tectum. The issue is not just semantic. A subdivision is
supposed to be differentiable in terms of cytoarchitectonics and afferent and efferent connectivity and have some
functional significance. Considering Rt as a collection of
many small subdivisions, each one of them receiving the
afference of separated populations of TGCs would suggest,
for example, that many different types of TGCs exist,
perhaps up to as many as the number of different subdivisions, and that Rt would harbor many more parallel
subpathways than the ones already described. Instead, an
interdigitating topography over a single subdivision suggests a single type of TGCs converging upon a region
performing a unified function, in which this particular
topographic arrangement may play an operational role.
For chicks, Martinez-de-la-Torre et al. (1990), using acetylcholinesterase (AchE) reaction as a marker, divided Rt
into six small subdivisions, five of them within the region
of centralis and posterior. In our pigeon preparations,
cholinesterase differential staining only suggests the existence of a further subdivision between centralis and
dorsal anterior, which may correspond to the subdivision

anteromedialis defined by these authors. Although in our
material this subdivision is not very consistent between
cases, its existence may explain the result presented in
Figure 7C, in which the DiI crystal, just above the border
between centralis and dorsal anterior, labeled a distinct
population of smaller TGCs that was not apparent after
other injections in the dorsal anterior. In any case, our
double injections assumed to be in centralis (Fig. 8) do not
involve this presumptive intermediate region. Also, there
is fairly good agreement between our Rt subdivisons and
the five rotundal “regions” (including triangularis) defined
in the pigeon by Hellman and Güntürkün (2001), based
solely on retrograde tracing experiments from the rotundus. The most notable difference between their schema
and ours is their distinction of region III in the ventral
pole of central Rt. However, our double injections, following their schema, are still inside single regions: The ones
in centralis would be located in their region I, and the
double injections in posterior would be located in their
region II.
Another line of argument regarding the existence of
multiple small subdivisions in Rt could be derived from a
series of studies of cadherin expression in the tectorotundal pathway of chick embryos. On the one hand, Redies et
al. (2000) showed that the Rt of embryonic chicks differentially expresses four cadherins, in regions equivalent to
the small subdivisions defined by Martinez-de-la-Torre et
al. (1990; see also Redies et al., 1993; Arndt and Redies,
1996; Fushimi et al., 1997; Redies, 2000). On the other
hand, it has been shown that subsets of TGCs that differ
in their radial location, shape, and abundance, but otherwise are mixed and dispersed within SGC, also express
different combinations of cadherins (Miskevich et al.,
1998; Wöhrn et al., 1999). Furthermore, the axons of the
different subpopulations of cadherin-expressing TGCs
would fasciculate according to what cadherins they express as they leave the tectum, projecting to different
brain nuclei, some of which also express the respective
cadherins in a matching fashion. All this evidence supports the hypothesis that cadherins constitute a system of
adhesive cues that specify the morphology and connectivity of functional brain structures (Wöhrn et al., 1999; for
reviews see Redies and Takeichi, 1996; Redies, 2000).
Thus, it could be argued that the tectorotundal projection
is composed of six or more classes of TGCs, each expressing a different cadherin or a combination of them, projecting to small Rt subdivisions in a matching fashion. However, at present, we lack any indication regarding the
extent to which the cadherin partitions of the embryonic
chick rotundus reflect or coincide with the operational
subdivisions of Rt in the adult pigeon. Therefore, we have
chosen to interepret our results based on the previously
outlined schema of subdivisions, based on the projection
pattern of well-described TGCs types, as well as on cytoarchitectonic and histochemical criteria, as mentioned in
Results.
On the other hand, the cadherin data, instead of specifying different “functional” TGCs classes and Rt subdivisions, could be interpreted as evidence of the adhesive
code that generates the interdigitating topography proposed here. In fact, up to 20 cadherin genes are expressed
in the developing chick tectum, most of them within different subpopulations of TGCs (Miskevich et al., 1998).
Insofar as individual TGCs can express more than one
cadherin (Wöhrn et al., 1999), the system of potential
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adhesive cues seems far in excess of that needed to specify
possible “functional” types of TGC. Alternatively, the differential expression of cadherins by subsets of TGCs of the
same type could be the substrate by which the axons sort
out, aggregate, and finally converge upon different loci
within the same functional subdivision. Further research
will be needed to clarify this very important issue.

Implications of the interdigitating
topography for the receptive fields
organization of Rt neurons
Most Rt neurons possess very large receptive fields,
some of them covering almost the entire visual field, demonstrating a steep increase in receptive field sizes in the
retinotectal-fugal pathway. Certainly, a big step occurs at
the retinotectal junction because of the enormous dendritic arborizations of layer 13 neurons. Karten et al.
(1997) reported that type I-5b cells, the most abundant of
all TGCs classes, receive the afferents of a particular
ganglion cell class, designated as “w-5b,” which is the
smallest and most numerous ganglion cell class in the
retina. They are more densely located in the red field and
project exclusively to layer 5b of the optic tectum. W-5b
retinal ganglion cells have very small dendritic fields of
about 25–50 m (Karten, unpublished observations),
amounting to receptive fields of approximately 0.5°. Hundreds of w-5b ganglion cell terminals would converge upon
the array of bottle-brush dendritic endings of each type
I-5b TGC, which covers a tectal area representing 20 – 80°
of visual space (Luksch et al., 1998). A second steep increase in Rf size occurs at the tecto-Rt projection, where Rt
neurons would receive their main input from a sparse set
of layer 13 cells distributed throughout the tectum, with a
dorsal-ventral bias depending on the Rt subdivision. This
is consistent with the very large receptive fields, encompassing most of the visual field, typically recorded in Rt.
We have preliminary recordings showing that neurons in
Rt centralis, though responding to motion through most of
the visual field, give their strongest responses in its ventral half.
There are other implications of this converging process.
First, at least for the motion-sensitive cells, a very high
spatial resolution is maintained throughout the pathway,
in that motion cells in Rt, as well as those in layer 13,
respond to the movement of extremely small dots in their
receptive fields. Luksch et al. (1998) hypothesized that
motion sensitivity is synthesized in the optic tectum, given
the integrative properties of the dendritic arbors of layer
13 cells. The convergence of TGCs spaced throughout the
tectum upon Rt cells would produce larger receptive fields
while maintaining high spatial resolution. Second, it is
interesting to imagine what the activation profile of layer
13 type I-5b cells, which converge on motion-sensitive cells
of Rt centralis, would be as one small dot is moved through
the visual field. When the dot starts to move, hundreds of
type I cells inside an area of up to 4 mm in the tectum (the
point image concept of McIlwain, 1975) would be activated, whereas in Rt centralis the entire subdivision may
become active. Interestingly, neurons separated in the
subdivision could become simultaneously active, but
through totally distinct but intermingled type I cells. On
the other hand, perhaps this topographic arrangement
would produce an activation wave not simultaneous for all
cells but following some temporal sequence. It should also
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be noted that this intermingled topographic construction
of Rt receptive fields might also be produced in the formation of layer 13 receptive fields. As noted by Luksch et al.
(1998), the bottle-brush endings of layer 13 type 1 cells are
separated from one another by 50 – 80 m. Because the
retinal endings have smaller widths, of 10 –15 m, the
authors postulated that each type I cell would be sampling
from a mosaic of retinal ganglion cells. Therefore, neighboring type I cells would have overlapping receptive fields
made of interdigitating but distinct ganglion cell populations, similar to the intermingled arrangement that we
found in the tectal projection upon Rt subdivisions. The
demonstration by Major et al. (2000) of similarly patterned type I and type II TGCs in mammals suggests that
the consequences of these studies in understanding ascenting tectal pathways may be relevant to all classes of
amniotes.
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