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ABSTRACT

Previous studies have demonstrated that the optic
tecta of the left and right brain halves reciprocally
inhibit each other in birds. In mammals, the superior
colliculus receives inhibitory ~vy-aminobutyric acid
(GABA)ergic input from the basal ganglia via both the
ipsilateral and the contralateral substantia nigra pars
reticulata (SNr). This contralateral SNr projection is
important in intertectal inhibition. Because the basal
ganglia are evolutionarily conserved, the tectal projec-
tions of the SNr may show a similar pattern in birds.
Therefore, the SNr could be a relay station in an indi-
rect tecto-tectal pathway constituting the neuronal sub-
strate for the tecto-tectal inhibition. To test this

hypothesis, we performed bilateral anterograde and ret-
rograde tectal tracing combined with GABA immunohis-
tochemistry in pigeons. Suprisingly, the SNr has only
ipsilateral projections to the optic tectum, and these
are non-GABAergic. Inhibitory GABAergic input to the
contralateral optic tectum arises instead from a nearby
tegmental region that receives input from the ipsilateral
optic tectum. Thus, a disynaptic pathway exists that
possibly constitutes the anatomical substrate for the
inhibitory tecto-tectal interaction. This pathway likely
plays an important role in attentional switches between
the laterally placed eyes of birds. J. Comp. Neurol.
000:000-000, 2016.
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The optic tectum (TeO) is a phylogenetically old,
paired midbrain structure that is present in all verte-
brates. It encapsulates the torus semicircularis, some-
times called the tectum acusticum. Because the tectum
opticum and torus semicircularis assume separate loca-
tions along the longitudinal axis of the brainstem in
mammals, the mammalian TeO is called the superior
colliculus (SC). The laminated appearance and general
connectivity pattern of the TeO are similar across taxa
(Grofova et al., 1978; Grover and Sharma, 1981; North-
cutt, 1982; Lazéar et al., 1983; Welker et al., 1983;
Huerta and Harting, 1984; Luksch, 2003; Hellmann
et al., 2004). The vertebrate TeO is an essential relay
station for visuomotor transformation and plays a cru-
cial role in saccadic eye movements, prey-catching,
spatial attention, and stimulus selection (Sparks and
Mays, 1990; Ewert et al.,, 1999, 2001; Luque et al.,
2005; Wurtz, 2009; Knudsen, 2011; Mysore and Knud-
sen, 2011; Krauzlis et al., 2013). The left and right TeO
modulate their activity patterns via the tectal (CT) and
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the posterior commissures (CP) (Robert and Cuénod,
1969a,b; Niida, 1973; Mascetti and Arriagada, 1981;
Rhoades et al., 1981, 1986; Keysers et al., 2000).
These commissures have been implicated in interhemi-
spheric transfer of visual discriminations in fish (Mark,
1966; Ingle and Campbell, 1977; Hemsley and Savage,
1989), in transfer of habituated stimuli and in lateral-
ized visuomotor behavior in birds (Hamassaki and
Britto, 1987; Glintlirkin and Bohringer, 1987), and in
transfer of black-white discrimination, recovery from
cortical hemianopia, and to some extent transfer of
motion and brightness discrimination in mammals
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(Sherman, 1974; Peck et al., 1979; Hottman, 1981;
Sprague, 1991).

However, it seems that only a small fraction of CT/
CP is constituted by direct tecto-tectal fibers (fish:
Grover and Sharma, 1981; Smeets, 1981; Northcutt,
1982; Herrero et al., 1999; amphibians: Wilczynski and
Northcutt, 1977; Léazar, 1984; mammals: Edwards,
1977; Yamasaki et al., 1984; Chebat et al., 2006; Tardif
and Clarke, 2002; reptiles: Gruberg et al., 1979; Welker
et al., 1983; Northcutt, 1984; Pérez-Santana et al.,
1996; birds: Voneida and Mello, 1975; Hunt and Kiinzle,
1976). Instead, these studies indicate that the majority
of commissural fibers interconnect the TeO with the
contralateral tegmentum and pretectum. Thus, the
intertectal interaction is possibly more strongly medi-
ated via polysynaptic pathways than via direct monosy-
naptic tecto-tectal connections (Robert and Cuénod,
1969a,b; Hardy et al., 1984). In accordance, studies in
mammals have showm that projections of the substan-
tia nigra pars reticulata (SNr), which run via the CT to
the contralateral SC (Bickford and Hall, 1992), could
modulate interhemispheric transfer (Wallace et al.,
1989, 1990; Sprague, 1991). Therefore, the SNr might
be an important relay station in tecto-tectal communi-
cation. The SNr is an output structure of the basal gan-
glia and exerts bilateral inhibition on the SC (Rinvik

et al.,, 1976; Grofové et al., 1978; Beckstead and Frank-
furter, 1982; Gerfen et al., 1982; Araki et al.,, 1984,
May and Hall, 1986; Harting et al., 1988; Bickford and
Hall, 1992; Deniau and Chevalier, 1992; Liu and Basso,
2008). The basal-ganglionic outflow to the TeO via the
SNr is a conserved vertebrate feature (Reiner et al.,
1998; Stephenson-Jones et al., 2012).

Up to now the pathways via which the two tecta
interact in birds has been unclear. Based on the dem-
onstration of contralateral SNr-SC projections in mam-
mals and their relation to interhemispheric transfer, we
assumed that also in birds the SNr could constitute an
important relay station in tecto-tectal communication.
Using bilateral tectal antero- and retrograde tracing and
vy-aminobutyric acid (GABA) and parvalbumin (PV)
immunohistochemistry, we aimed to uncover a tecto-
SNr-tectal pathway in pigeons, which could constitute
the anatomical substrate for the inhibitory interactions
between the left and the right TeO.

MATERIALS AND METHODS

Animals

In total 49 homing pigeons (Columba livia) of both
sexes from local breeding stocks were used in this
study. To demonstrate a disynaptic pathway between
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AD dorsal arcopallium
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BCA brachium conjunctivum ascendens
BCD brachium conjunctivum descendens
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E entopallium

EW Edinger-Westphal nucleus

FLM medial longitudinal fascicle

FPL lateral forebrain bundle

FRL lateral reticular formation

GABA vy -aminobutyric acid

GP globus pallidus

HA hyperpallium apicale

HD hyperpallium dorsale

HI hyperpallium intercalatum

HP hippocampus

ICo nucleus intercollicularis

Imc isthmic nucleus pars magnocellularis
ION isthmo-optic nucleus

Ipc isthmic nucleus pars parvocellularis
IPS interstitio-pretecto-subpretectal nucleus
IS incubation solution

L layer

LAD lamina arcopallialis dorsalis

LFM lamina frontalis suprema

LFS lamina frontalis superior

LM lamina mesopallialis

LoC locus coeruleus

LSt lateral striatum

M mesopallium

MLd lateral mesencephalic nucleus pars dorsalis
MSt medial striatum

MW molecular weight

N nidopallium

nLPT nucleus of the lateral ponto-mesencephalic tegmentum
nOM nucleus nervi oculomotorii

nSP subpretectal nucleus

nTT nucleus of the tecto-thalamic tract
nlv nucleus nervi trochlearis

oM occipito-mesencephalic tract

OMv ventral oculomotor nucleus

PBS phosphate-buffered saline
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the optic tecta, seven animals were bilaterally injected
with two different tracers into the left and right TeO,
respectively. From these seven animals, two pigeons
were injected with cholera toxin subunit B (CTB; Sigma,
Hamburg, Germany) into the left or right TeO and with
biotinylated dextran amine (BDA; 10,000 molecular
weight [MW]; Invitrogen, Darmstadt, Germany) into the
contralateral side. One animal was injected with CTB
and BDA (3,000 MW; Invitrogen) into the right and left
TeO, respectively. Four animals received Texas red dex-
tran amine (TDA; 10, 000 MW; Invitrogen) into the left
or right TeO and CTB or BDA (10,000 MW) into the con-
tralateral TeO. Furthermore, two animals received multi-
ple unilateral injections of CTB into the TeO distributed
along the almost complete rostrocaudal and dorsoven-
tral tectal axis to visualize all possible tectal afferents.
To investigate the topography of the tegmental relay
stations, four animals received unilateral CTB and TDA
injections into either the dorsal and ventral or rostral
and caudal TeO. Thirty animals were used for unilateral
injections of either CTB or BDA (10,000 MW; Invitrogen)
into the lateral tegmentum. A further six animals were
injected with BDA (3000 MW) or biocytin (Santa Cruz
Biotechnology, Santa Cruz, CA) into the lateral tegmen-
tum in vitro. These injections aimed to reveal the layer-
specific origins of afferents and terminations of effer-
ents of the tegmental relay station.

All procedures were in compliance with the U.S.
National Institutes of Health guidelines for laboratory
animals and were approved by the National Committee
of North Rhine-Westphalia, Germany.

Surgical procedure and in vivo injections

The animals were anesthetized with either a mixture
(7:3; 0.15ml/100 g body weight) of ketamine (100 mg/
ml; Zoetis, Berlin, Germany) and xylazine (20 mg/ml;
Bayer Vital, Leverkusen, Germany) or with isoflurane
(0.5-5%; AbbVie Deutschland, Ludwigshafen am Rhein,
Germany). Pigeons anesthetized with isoflurane received
0.2 ml Dolorex (10 mg/ml; Intervet Deutschland, Unters-
chleissheim, Germany) 10 minutes before anesthesia.
The anesthetized animals were positioned in a stereo-
taxic apparatus, and their heads were fixed in either a
lateral or frontal head-holder. Feathers on the head
were cut, and the scalp was incised to expose the
skull. The surrounding muscles were carefully pulled
aside when needed, and the cranial bone was opened
above the injection site using an electric drill. The
meninges were opened, and a glass micropipette (15-
20-pum inner diameter) filled with the appropriate tracer
was lowered into the brain tissue. Because the topogra-
phy of the avian nigrotectal and tectonigral projections
were unknown, tectal injections were made at multiple
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sites along the whole anterior-posterior and dorsal-ven-
tral axes ranging from four to eight injection sites in
total. All tectal injections were made at 1-mm and 0.5-
mm depth. At each injection site, 100 nl of the tracer
was applied at each depth using a mechanic pressure
device (Nanoliter injector 2000; WPI, Berlin, Germany).
In case of bilateral tracings, injections of dextran
amines (TDA or BDA) were made first, followed by CTB
injections 5 days later during a separate surgery. Teg-
mental injections were placed anterior between 3.25
and 1.50, lateral at 3.00, and about 5mm deep under
the dorsal surface of the tectum (Karten and Hodos,
1967). These injections were made either via the cere-
bellum or via the mediodorsal or ventrolateral tectum.

After 2 days of survival (CTB injections) and/or 7
days after BDA or TDA injections, the animals were
deeply anesthetized with Equithesin (0.45ml/100g
body weight) and perfused transcardially with 0.9%
NaCl followed by cooled (4 °C) 4% paraformaldehyde in
0.12 M phosphate buffer (PB; pH7.4). The brains were
dissected and postfixed in 4% paraformaldehyde/30%
sucrose in PB solution at 4°C for 2 hours. Subse-
quently, the brains were cryoprotected in 30% sucrose
solution in phosphate-buffered saline (PBS; pH7.4) for
24 hours. To facilitate slicing, brains were embedded in
15% gelatin/30% sucrose and were further fixated in 4%
paraformaldehyde in PBS for 24 hours. Brains were cut
in the coronal plane in 30-um-thick slices using a freez-
ing microtome (Leica, Wetzlar, Germany) and stored at
4°C in 0.1% sodium azide until further processing.
Every 10th slice was used for one staining.

In vitro injections

For in vitro tracing, the animals were either directly
decapitated or first anesthetized with Equithesin
(0.45ml/100 g body weight) and perfused with an ice-
cooled sucrose-substituted Krebs solution (210 mM
sucrose, 3mM KCI, 3mM MgCl,-6H,0,, 23mM
NaHCOj3;, 1.2mM NaH,P04-H,0, 11mM [B-D-glucose).
The brains were quickly dissected and then submerged
in this solution for 2 minutes. The brains were then
blocked in 1.65% agar diluted in 4-(2-hydroxyethyl)piper-
azine-1-ethanesulfonic acid (HEPES) solution (290 mM
sucrose, 3mM KCI, 3mM MgCl,.6H,0, 5mM HEPES)
and cut into 500-1,000-um-thick coronal slices with a
vibratome (Leica VT 1000S). The slices were collected
in artificial cerebrospinal fluid (ACSF; 120mM NaCl,
3mM KCI, 1 mM MgCl,-6H,0,, 23 mM NaHCO3, 1.2 mM
NaH,PO4-H,0, 2mM CaCl,-2H,0, 11 mM B-D-glucose)
continuously oxygenized with carbogen (95% O, /5%
CO,) at room temperature. For injections, the sections
were placed in a chamber containing ACSF and injected
with 50-100nl of BDA (3,000 MW) or biocytin (Santa
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TABLE 1.
Primary Antibodies Used

Antigen Immunogen

Manufacturer, cat. no., RRID;

species, poly/monoclonal Dilution

Cholera toxin subunit B (CTB) Nondenatured CTB isolated from

Vibria cholerae

Nondenatured CTB isolated from

Vibria cholerae

Purified tyrosinehydroxylase from
ratpheochromocytoma

GABA conjugated to bovine
serum albumin

Purified frog muscle parvalbumin

Cholera toxin subunit B
Tyrosine hydroxylase
y-Aminobutyric acid (GABA)

Parvalbumin

EMD Millipore, cat. no. 227040-100UL, 1:20,000; 1:10,000;

RRID: AB_211712; goat, polyclonal 1:1,000

Sigma-Aldrich, cat. no. C3062, RRID: 1:5,000; 1:1,000
AB_258833; rabbit, polyclonal

Millipore, cat. no. MAB5280, RRID: 1:2,000
AB_2201526; mouse, monoclonal

Sigma-Aldrich, cat. no. A2052, RRID: 1:1,000
AB_477652; rabbit, polyclonal

Sigma-Aldrich, cat. no. P3088, RRID: 1:2,000

AB_477329; mouse, monoclonal

Cruz Biotechnology) using a glass micropipette (20-um
inner diameter). The slices were kept in the continu-
ously carbogenized ACSF for 4-22 hours at room tem-
perature and were thereafter immersed in 4%
paraformaldehyde in 0.12M PB (pH7.4) for 12 hours.
Subsequently, they were cryoprotected in 30% sucrose
solution (in PBS; pH7.4) until they had sunk, and were
then resectioned on a freezing microtome (Leica) into
35-um-thick slices. The slices were further processed
according to the 3,3'-diaminobenzidine tetrahydrochlor-
ide (DAB) protocol described below.

Immunohistochemistry
For a list of the primary antibodies used, see Table 1.

CTB, BDA, and biocytin visualization with DAB

CTB, BDA, and biocytin were visualized using a standard
DAB staining procedure intensified with nickel and cobalt
(Shu et al, 1998; Hellman and Giintirkun, 2001). The slices
were rinsed in PBS (3 X 10 minutes) and incubated in 0.3%
hydrogen peroxide (H,0,) in distilled water for 30 minutes
to block endogenous peroxidases. After further rinsing
(3 X 10 minutes in PBS), BDA- and biocytin-injected slices
were directly incubated in the avidin-biotin-peroxidase
complex (ABC; see below), whereas the CTB slices were
incubated in 10% normal rabbit serum (NRS; Vectastain
Elite ABC kit, Vector, Burlingame, CA) in PBS with 0.3%
Triton-X-100 (PBST) to block nonspecific binding sites. After
rinsing in PBS for 5 minutes, slices were incubated in a pol-
yclonal goat anti-CTB antibody (EMD Millipore, Darmstadt,
Germany, cat. no. 227040-100UL; RRID: AB_211712) at a
concentration of 1:20,000 (1:10,000 when counterstained
with Nissl) at 4°C for 1-3 days. After rinsing in PBS
(3 X 10 minutes), slices were transferred into secondary
biotinylated rabbit anti-goat antibody (1:200 in PBST; Vec-
tastain Elite ABC kit, Vector) for 60 minutes at room tem-
perature. After further washing in PBS (3 X 10 minutes),
slices were incubated in ABC (Vectastain Elite ABC kit, Vec-
tor; 1:100 in PBST) for 60 minutes at room temperature.

Slices were rinsed 3 X 10 minutes in PBS, 1 X 5 minutes in
0.1 M sodium acetate buffer (pH 6.0), and then transferred
into a DAB solution, containing B-D-glucose, for visualiza-
tion. The staining reaction was induced by adding glucose-
oxidase (80-100pul in 50 ml DAB solution). The reaction
lasted 30 minutes (staining intensity was visually con-
trolled), and the reaction solution was changed every 10
minutes. Rinsing the slices in 0.1 M sodium acetate buffer
(PH 6.0; 3 X 5 minutes) stopped the reaction. After wash-
ing in PBS (3 X 10 minutes), slices were mounted on
gelatin-coated slides and either counterstained with Nissl
or directly dehydrated in ethanol and coverslipped with
DPX (Fluka, Munich, Germany).

CTB-BDA fluorescence double staining
Fluorescence CTB-BDA double staining was used to
demonstrate anterogradely labeled fibers and retro-
gradely labeled neurons within the same sections. Slices
were washed in PBS before (3 X 10 minutes) and after
(1 X 5 minutes) incubation in 10% normal goat serum (30
minutes; Vectastain Elite ABC kit, Vector; in PBST). Then
they were incubated in a polyclonal rabbit anti-CTB anti-
body (Sigma-Aldrich, Steinheim, Germany, cat. no.
C3062; RRID: AB_258833; 1:5,000 in PBST) overnight.
The next day, the slices were washed in PBS (3 X 10
minutes) and incubated in a mixture of the secondary
antibody Alexa 488 donkey anti-rabbit (Invitrogen;
1:1,000 in PBST) and Alexa 594 streptavidin (Invitrogen;
1:1,000 in PBST) for 60 minutes. Streptavidin, like avidin,
binds strongly to biotin and therefore can be used to visu-
alize BDA, if conjugated to a fluorophore. Finally, the sli-
ces were washed in PBS (3 X 10 minutes), mounted on
polarized glass slides, and coverslipped with Fluoromount
(SouthernBiotech, Birmingham, AL).

CTB-tyrosine hydroxylase fluorescence

double staining

For CTB-tyrosine hydroxylase (TH) double staining, the
slices were washed 3 X 10 minutes in PBS and
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incubated in 10% normal goat serum (in PBST) for 30
minutes (Vectastain Elite ABC kit, Vector). After further
washing (1 X 5 minutes), they were incubated in a mix-
ture of polyclonal rabbit anti-CTB antibody (Sigma-
Aldrich, cat. no. C3062; RRID: AB_258833; 1:1,000 in
PBST) and monoclonal mouse anti-TH antibody (Milli-
pore, cat. no. MAB5280; RRID: AB_2201526; 1:2,000 in
PBST) for 72 hours. After 3 days, the slices were
washed in PBS (3 X 10 minutes) and incubated in a
mixture of secondary antibodies consisting of Alexa
488 goat anti-rabbit (Invitrogen; 1:200 in PBST) and
Alexa 594 goat anti-mouse (Invitrogen; 1:200 in PBST)
for 60 minutes. After washing for 3 X 10 minutes in
PBS, the slices were mounted on polarized glass slides
and coverslipped with Fluoromount (SouthernBiotech).

GABA staining

For GABA staining, the slices were washed in PBS
(3X 10 minutes) and then incubated in a polyclonal
rabbit anti-GABA antibody (Sigma-Aldrich, cat. no.
A2052; RRID: AB_477652; 1:1,000) diluted 1:1,000 in
the incubation solution (IS; consisting of 2% NaCl, 0.3%
Triton, 4% BSA in 0.05M Tris-buffered saline) with 5%
normal goat serum (Vectastain Elite ABC kit, Vector) for
3 days. Subsequently, the slices were washed in PBS
(3 X 10 minutes) and incubated in the secondary Alexa
488 goat anti-rabbit antibody (1:500 in IS) with 5% nor-
mal goat serum for 1 hour. After washing (3 X 10
minutes in PBS) the primary reaction was repeated
again for 1 day. On the next day the secondary reaction
was repeated, and the slices were mounted on polar-
ized glass slides and coverslipped with Fluoromount
(SouthernBiotech).

GABA-CTB double staining

When GABA staining was combined with CTB labeling,
the CTB staining was completed before GABA staining.
In both CTB and GABA protocols, normal horse serum
(Vectastain Elite ABC kit, Vector) was used. The CTB
staining was performed as described in the CTB-TH
double staining except that the polyclonal goat anti-CTB
antibody (EMD Millipore, cat. no. 227040-100UL; RRID:
AB_211712; 1:1,000 in PBST) was used as the primary
and Alexa 594 donkey anti-goat (Invitrogen; 1:200 in
PBST) as the secondary antibody. The GABA staining
was performed as described in the previous paragraph
but with Alexa 488 donkey anti-rabbit (Invitrogen; 1:500
in IS) as the secondary antibody.

Parvalbumin staining

For PV staining, the slices were washed in PBS (3 X 10
minutes) and then incubated in 10% normal goat serum
(Vectastain Elite ABC kit, Vector; in PBST) for 30
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minutes. After 5 minutes of washing in PBS, they were
incubated in monoclonal primary mouse anti-PV anti-
body (Sigma-Aldrich, cat. no. P3088; RRID: AB_477329;
1:2,000 in PBST) for 3 days. After washing (3 X 10
minutes in PBS), slices were incubated in the secondary
antibody. If the PV staining was combined with TDA,
the secondary Alexa 488 goat anti-mouse antibody
(Invitrogen; 1:200 in PBST) was used. In the case of
CTB-PV or PV-GABA double staining, the secondary
Alexa 594 goat anti-mouse antibody (Invitrogen; 1:200
in PBST) was used. The CTB-PV double staining was
performed in parallel similar to CTB-TH double staining,
whereas PV-GABA double staining was performed suc-
cessively, with PV first and GABA staining second.

Histological analysis

The microscopic analysis was performed with a Zeiss
(Oberkochen, Germany) Imager.M1 AXIO equipped with
an AxioCam MRm Zeiss 60N-C 2/3” 0.63 X camera.
The fluorescent slices were analyzed with Zeiss filter
sets 45 (excitation: BP 560/40, beam splitter: FT 585,
emission: BP 630/75) and 38 (excitation: BP 470/40,
beam splitter: FT 495, emission: BP 525/50). The com-
puter software AxioVision (AxioVision, Zeiss; RRID:
SciRes_000111; version 4.8.1.0) was used for taking
photographs of the relevant slices as well as for adjust-
ing color balance, contrast, and brightness. Confocal
analysis was performed with the aid of a confocal laser
scanning microscope (LSM 510, Zeiss) in combination
with Zeiss 40 X (Plan-Neofluar, NA 1.3) oil immersion
lenses. The figures were prepared in CorelDRAW X5
(Version 15.2.0.686; Corel, Ottawa, ON, Canada).

RESULTS

The aim of this study was the identification of the indi-
rect disynaptic connection between the left and the right
TeO in pigeons, which could constitute an important
pathway for inhibitory tecto-tectal interactions. We
hypothesized that the SNr could be the main tegmental
relay station in this pathway. To provide evidence for
such an indirect tecto-tectal projection, we conducted
anterograde and retrograde tracer injections into the left
and/or right TeO. In the next paragraph, we first briefly
describe some general findings regarding the afferents
and efferents of the TeO, to show that our tectal injec-
tions were successful, and then turn to the results of the
indirect tecto-tectal pathway. In the last section, we
present results of our GABA and PV staining.

Afferent and efferent connections of TeO
Tectal injections revealed bilateral projections to the
nucleus rotundus and ipsilateral efferents to the
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Figure 1. Mesencephalic afferents and efferents of the optic tectum. A: Schematic drawing of slice corresponding to pictures with higher
magnification shown in B and C. B: Dense fiber innervation after CTB injection into the ipsilateral optic tectum was observed in the pretec-
tal nucleus, subpretectal nucleus, nucleus of the tecto-thalamic tract, and interstitio-pretecto-subpretectal nucleus. Fibers were also
stained in the pretecto-subpretectal tract. Retrogradely labeled neurons were observed bilaterally in the pretectal nucleus and ipsilaterally
in the lateral spiriform nucleus. C: Pretectal nucleus in an animal injected with BDA (magenta) into the ipsilateral tectum and CTB (green)
into the contralateral tectum, demonstrating a connection between the left and right tectum via the pretectal nucleus. Abbreviations: IPS,
interstitio-pretecto-subpretectal nucleus; PT, pretectal nucleus; nSP, subpretectal nucleus; nTT, nucleus of the tecto-thalamic tract; PST,
pretecto-subpretectal tract; SCE, stratum cellulare externum; SpL, lateral spiriform nucleus; SpM, medial spiriform nucleus; Th, thalamus;

V, ventricle. Scale bar =500 pm in B; 50 um in C.

nucleus pretectalis (PT), nucleus subpretectalis, nucleus
interstitio-pretecto-subpretectalis, and nucleus of the
tecto-thalamic tract. This last structure is also called
the brachium colliculi superioris by Hunt and Kiinzle
(1976) or nucleus posteroventralis thalami by Mpodozis
et al. (1996) (Fig. 1). Furthermore, a weak ipsilateral
projection to the lateral spiriform nucleus (SpL) was
observed.

The afferents to the TeO originated ipsilaterally in the
SpL and bilaterally in the PT, the lateral reticular forma-
tion (FRL), and the lateral tegmentum (see below). Fur-
thermore, the TeO was reciprocally connected with the
ipsilateral parvocellular and magnocellular isthmic nuclei.
A sparse reciprocal connection between the left and right
TeO was also observed. Tecto-tectally projecting neu-
rons were located predominantly in layers 13-15, with a
few neurons scattered throughout layers 9-12.

In addition, the TeO received bilaterally telencephalic
input from the arcopallium with a predominance from
its intermediate subdivision. Ipsilateral telencephalic
afferents were observed from the hyperpallium along
the full anteroposterior extent of the hyperpallium api-
cale (HA; A 14.25-7.75; Karten and Hodos, 1967) and
the ipsilateral temporo-parieto-occipital area (dorsolat-
eral part between A 9.00 and 6.75) (Fig. 2).

The tecto-tegmento-tectal pathway

The tectonigral and nigrotectal connection

As outlined above, we expected a pathway from the
TeO via the ipsilateral SNr to the contralateral TeO.

Therefore, we first analyzed injections of anterograde
tracers into the TeO to uncover the tecto-nigral compo-
nent of the pathway. Figure 3 shows schematic draw-
ings of frontal midbrain sections at the level of the
substantia nigra (SN). Numerous labeled somata could
be observed within and near the regions of the tracer
injection. In the ipsilateral TeO, dense fiber staining
was observed from layers 2 to 13, but smaller numbers
of fibers were also present in layers 14 and 15. More-
over, large numbers of radially oriented processes were
labeled within layers 3-5, presumably representing den-
drites and axons of tectal neurons.

Many fibers left the TeO via the tecto-reticular tract.
A large number of fibers were labeled within the ipsilat-
eral lateral mesencephalic reticular formation (FRL).
Some fibers reached the ipsilateral SN including both
the dopaminergic pars compacta (SNc) and the SNr,
indicating a weak tecto-nigral connection (Fig. 3).

In general, it is possible that the tecto-nigro-tectal
pathway consists of fibers running from the TeO via the
contralateral SNr to the other TeO. We therefore ana-
lyzed the tectal projections to the contralateral side.
Crossing fibers took one of two possible pathways to
cross the midline. Whereas a considerable number of
fibers, especially at the rostral level around A 4.00, ran
via the tectal and posterior commissures (CT/CP), other
fibers crossed the midline through the tegmentum.
Further caudally, although we still observed fibers in
the CT, they were scarce. Several commissural fibers
reached the contralateral TeO, particularly layer 15.
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Figure 2. Telencephalic afferents to optic tectum. A-C: After injections of retrograde tracers into the optic tectum, many retrogadely
labeled neurons were observed in the temporo-parieto-occipital area (A), intermediate arcopallium (B), and hyperpallium apicale (C). The
animal shown in the figure received massive CTB injections into the left optic tectum. Projections from the hyperpallium and the temporo-
parieto-occipital area were only ipsilateral, whereas the arcopallium projected weakly also to the contralateral optic tectum. Schematic
drawings illustrate the labeled sections at lower magnification. Abbreviations: AD, dorsal acropallium; Al, intermediate arcopallium; CDL,
area corticoidea dorsolateralis dITPO, dorsolateral part of the temporo-parieto-occipital area; E, entopallium; HA, hyperpallium apicale;
GP, globus pallidus; HD, hyperpallium dorsale; Hl, intercalated hyperpallium; HP, hipoccampus; LAD, lamina arcopallialis dorsalis; LFM, lam-
ina frontalis suprema; LFS, lamina frontalis superior; LM, lamina mesopallialis; LSt, lateral striatum; M, mesopallium; MSt, medial striatum;
N, nidopallium; TnA, nucleus taeniae of the amygdala; TPO, temporo-parieto-occipital area; V, ventricle. Scale bar= 1,000 um in A;

500 um in B,C.

In the superficial layers, fibers were seen only
sporadically.

The tegmental pathway crossed the midline just
underneath the ventral oculomotor nucleus. After cross-
ing, the majority of fibers remained within the brachium
conjunctivum ascendens and descendens as well as
within the medial longitudinal fascicle. Only few fibers
were observed in the rest of the contralateral tegmen-
tum (Fig. 3).

To investigate the nigrotectal component of our pro-
posed pathway, we analyzed labeled neurons in the SNr
after retrograde tracer injections into the TeO. TH stain-
ing was used to visualize the dopaminergic neurons of
the SNc. This allowed better localization of the SNr,
which lies dorsolaterally adjacent to the SNc in birds
(Veenman and Reiner, 1994; Reiner et al., 2004). We
observed a strong ipsilateral nigrotectal projection (Fig.
4A,C), whereas the contralateral projection was only
very sparse (Fig. 4B,D). In sum, the TeO projects to the
ipsilateral but not to the contralateral SNr, while the
SNr projects back to the ipsilateral and only extremely

sparsely to the contralateral TeO. Thus, a tecto-nigro-
tectal projection in pigeons is not completely absent,
but consists of only a very small group of neurons.

Nucleus of the lateral ponto-mesencephalic
tegmentum

Although only a small number of contralateral nigrotec-
tal cells were labeled after tectal injections, a remark-
ably large population of retrogradely labeled neurons
could be detected within the contralateral lateral teg-
mentum (Fig. 5). These medium-sized multipolar neu-
rons (Fig. 5E) were located ventromedially to the
parvocellular and magnocellular isthmic nuclei in the
region of descending tectopontine fibers (Figs. (5 and
6)). The rostrocaudal extent of this cell population was
about 1.25mm, from A 3.25 to A 2.00 (Fig. 6). More-
over, in contrast to other tectal afferents, this region
almost exclusively projected to the contralateral TeO,
with virtually no ipsilateral projections (Fig. 5C,D). Thus,
this region could be a part of the proposed indirect
tecto-tectal pathway. We further refer to this region as
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Figure 3. Schematic drawings of BDA-labeled fibers after BDA
injections into the optic tectum. The drawings depict a case in
which in total six injections (marked by black ellipsoids) along the
anterior-posterior and ventral-dorsal axis were made into the
right tectum. Note that fibers (represented by scattered lines)
cross the midline via both the tectal commissura and the tegmen-
tum; however, only the commissural pathway reaches the contra-
lateral tectum. Some fibers are present in the ipsilateral but not
in the contralateral substantia nigra. Abbreviations: BCA,
brachium conjunctivum ascendens; BCD, brachium conjunctivum
descendens; BCS, brachium colliculi superioris; CT, tectal com-
missure; FLM, medial longitudinal fascicle; FRL, lateral reticular
formation; Imc, isthmic nucleus pars magnocellularis; Ipc, isthmic
nucleus pars parvocellularis; MLd lateral mesencephalic nucleus
pars dorsalis; OMv, ventral oculomotor nucleus; SNc, substantia
nigra pars compacta; SNr substantia nigra pars reticulata.

the nucleus of the lateral ponto-mesencephalic teg-
mentum (nLPT).

To better characterize the neurochemical nature and
exact location of the nLPT, we performed double immu-
nostaining against CTB in combination with TH. This
analysis revealed that the nLPT neurons with projec-
tions to the contralateral tectum were TH-negative and
were juxtaposed ventrolaterally to the catecholaminer-
gic neurons (Figs. (6 and 7)). The anterior tip of this
tegmental nucleus was adjacent to the caudal SNc, the
central part continued along the A8 region, and the

most caudal portion was located ventrolaterally to the
locus coeruleus (Fig. 6).

Ipsilateral tectal input to nLPT

To be part of the indirect tecto-tectal pathway, the
nLPT needs to receive input from the ipsilateral TeO.
Indeed, we observed fibers in this region after tracer
injections into the TeO (Fig. 5C). To demonstrate a gen-
uine disynaptic pathway between the tecta, we injected
retrograde tracers (CTB or TDA) into one and the
anterograde tracer BDA into the other TeO of the same
animal (Fig. 8A). These tracings demonstrated fibers
arising from the ipsilateral TeO in the vicinity of cells
projecting to the contralateral TeO within the nLPT (Fig.
8B,C). In many cases it looked as if the fibers would
encase the soma or its dendrites. Confocal microscopy
analysis confirmed close appositions of ipsilateral tectal
fibers and nLPT neurons (Figs. (9 and 10)), making it
likely that tectal axons would contact the nLPT neurons
and might form both axodendritic and axosomatic syn-
apses (Fig. (9 and 10)).

Layer-specific origins and terminations

To confirm and further investigate the afferent and
efferent connection between the nLPT and ipsilateral
and the contralateral TeO, respectively, we made both
anterograde and retrograde tracer injections into the
nLPT (Fig. 11). After CTB injections into the nLPT (Fig.
11A), we observed retrogradely labeled neurons in
layers 9-15 of the ipsilateral TeO (Fig. 11B-D). The
majority of the neurons were located in layers 15 and
13. The labeled neurons were of different size, of oval,
fusiform, or triangular shape, and had either horizontal
or vertical orientations. In accordance with our tectal
tracings, we also found anterogradely labeled fibers in
the contralateral TeO after BDA injections into the nLPT
(Fig. 11E,F-I). The majority of fibers with axon terminals
were found in layers 5 and 10-13. Fibers also termi-
nated in layers 6 and 14, although rarely. We observed
only few if any fibers in layer 15; however, we did not
see axon terminals in this layer.

Two ways to cross the midline

There are two possible ways that fibers from the
nLPT could reach the contralateral TeO. We observed
fibers crossing the midline via both the tectal commis-
sure and the tegmentum. To accomplish a more
detailed analysis of the axonal path, we switched to in
vitro tracing, to achieve prominent labeling of axons
along their whole trajectory (Fig. 12). Although we could
observe fibers running toward the CT, especially in the
more anterior in vitro injections (Fig. 12A,B), the results
rather suggested that the vast majority of the fibers
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psilateral

Contralateral
o /CT

Figure 4. Tectopetal projections of the substantia nigra pars reticulata. A,C: Tectal injection of CTB revealed retrogradely labeled neurons
(green) in the ipsilateral substantia nigra pars reticulata. B,D: Contralateral tectopetal projection of the substantia nigra pars reticulata
was virtually not present. Neurons stained against tyrosine hydroxylase (magenta) represent the pars compacta of the substantia nigra.
Abbreviations: SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata. Scale bar = 100 um in A-D.

cross via the tegmentum (Fig. 12A,C,D). We saw many
fibers running from the nLPT toward the contralateral
hemisphere crossing the midline just underneath the
oculomotor nucleus and the medial longitudinal fascicle
(Fig. 12D). However, we were not able to follow these
fibers up to the tectal layers, because these axons had
a curvature that ran perpendicular to the section,
around the tectal ventricle (Fig. 12E).

nLPT projections are not topographically
organized

Because many tectal connections display a topo-
graphic organization (Reiner et al., 1982a; Guntlrkin
and Remy, 1990; Wylie et al.,, 2009), we wondered
whether the nLPT comprises some topographical subdi-
visions with respect to its tectopetal projections. There-
fore, we made multiple unilateral injections of two
retrograde tracers (TDA and CTB), with each tracer
injected into different parts of the TeO. Injections were
made into either the dorsal and ventral (Fig. 13A) or
the anterior and posterior (Fig. 13B) TeO. All cases
yielded an intermingled arrangement of retrogradely
labeled neurons, indicating that the nLPT projected to
the TeO in a nontopographical manner (Fig. 13C,D). We

also observed some double-labeled neurons, possibly
resulting from the overlap of the tracer spreads.

Further connectivity of nLPT

In addition to tectal labeling, CTB injections into the
nLPT revealed retrogradely labeled neurons in the stratum
cellulare externum (especially the posterior part), subthala-
mic nucleus, nucleus subrotundus, and ventrointermediate
area of the thalamus. This last projection was extremely
sparse. Some neurons were also scattered throughout the
lateral and medial hypothalamus. In the telencephalon, we
observed several neurons within the medial and lateral
striatum, globus pallidus, ventral pallidum, and basal mag-
nocellular nucleus. Large numbers of neurons were
observed within the intermediate arcopallium (Fig. 14A-D).

BDA injections into the nLPT labeled axon terminals
in pretectal structures and the nucleus rotundus, possi-
bly as a result of tracer spread within the TeO, as the
injection path had to penetrate the tectum. Besides
that, several fibers were present within the medial and
lateral hypothalamus. A considerable number of axon
terminals were found in the posterior dorsal thalamus,
within the dorsointermediate and posterior dorsolateral
thalamic nuclei. A few terminals also reached the pos-
terior dorsomedial thalamic nucleus. Several fibers

The Journal of Comparative Neurology | Research in Systems Neuroscience 9



M. Stacho et al.

Figure 5. Contralateral tegmental afferents to the optic tectum. A: DAB-stained coronal section of the pigeon’s midbrain counterstained with
Nissl. CTB was injected into the left optic tectum. B-D: Magnifications of the selected regions. B: Direct tecto-tectal projections are sparse.
Neurons were observed only rarely in the contralateral TeO. Arrow points to retrogradely labeled neuron in layer 13 magnified in the insets. C:
The ipsilateral nLPT barely projects to the tectum. D: However, the nLPT projects densely to the contralateral tectum. E: Higher magnification
of retrogradely labeled nLPT neurons projecting to the contralateral TeO without Nissl staining. Abbreviations: CT, tectal commissure; Imc, isth-
mic nucleus pars magnocellularis; Ipc, isthmic nucleus pars parvocellularis; MLd lateral mesencephalic nucleus pars dorsalis; TP, tecto-pon-
tine tract; V, ventricle. Scale bar = 1,000 um in A; 200 um in B-D; 20 um in the inset in B bottom and 50 um in the upper inset in B and in E.

Figure 6. Location of the nLPT. The neurons were located ventrolaterally juxtaposed to the catecholaminergic regions of the substantia
nigra pars compacta, region A8, and the locus coerlueus. The rostrocaudal extent of this nucleus was from A 3.25 to A 2.00. Abbrevia-
tions: BCS, brachium colliculi superioris; CT, tectal commissure; Imc, isthmic nucleus pars magnocellularis; Ipc, isthmic nucleus pars parvo-
cellularis; LoC, locus coeruleus; MLd lateral mesencephalic nucleus pars dorsalis; nLPT, nucleus of the lateral ponto-mesencephalic
tegmentum; SNc, substantia nigra pars compacta; SNr substantia nigra pars reticulata.

were also labeled in the ventrointermediate thalamic fibers within the arcopallium. In addition, we observed
nucleus. Within the forebrain, we observed fibers travel- a small number of axon terminals within the medial and
ling within the occipitomesencephalic tract and some lateral striatum and in the globus pallidus (Fig. 15).
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Figure 7. Topological relation between nLPT and catecholaminergic neurons. A-D: Neurons of the nLPT were located ventrolaterally along
the catecholaminergic regions of the substantia nigra pars compacta and region A8. The rectangles in A and B represent the magnified
region on the right (C,D). Magenta, tyrosine hydroxylase-positive neurons; green, CTB-labeled neurons projecting to the contralateral optic
tectum. No double-labeled neurons were found. Abbreviations: SNc, substantia nigra pars compacta; nLPT, nucleus of the lateral ponto-
mesencephalic tegmentum; Scale bar = 500 um in A,C; 50 um in B,D.

Figure 8. Bilateral antero- and retrograde tectal tracing. A: Rectangle in the schematic drawing shows the position of the nucleus magni-
fied in B and C. B,C: Nucleus of the lateral ponto-mesencephalic tegmentum projects to the contralateral tectum and receives input from
the ipsilateral tectum. The animal shown in the figure received a BDA injection into the right TeO and a CTB injection into the left TeO (C).
White arrows point to examples of tectofugal fibers in the immediate vicinity of nLPT neurons, possibly indicating a synaptic contact

between them. Scale bar =50 pm in B; 20 um in C.
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Figure 9. Input to nLPT from the ipsilateral optic tectum. Anterogradely labeled fibers originating in the ipsilateral tectum and retrogradely
labeled cells in the nucleus of the lateral ponto-mesencephalic tegmentum (nLPT) projecting to the contralateral tectum. A,B: A case with
a CTB injection into the left optic tectum and a BDA injection into the right optic tectum. C,D: A case with TDA injection into the right
and BDA into the left tectum stained magenta and green, respectively. In all pictures, it is obvious that fibers reach close proximity to the
neurons (white arrows). The apposition of fibers and neurons and the colocalization of magenta and green signal (white arrows in C and
D) make synaptic contacts likely. The slices were analyzed with a confocal microscope. Scale bar = 10 um in A-D.

Unfortunately, due to the close proximity of the nLPT
to the SNc and A8, we did not succeed in injecting
tracer into the nLPT only, without any spread into these
neighboring structures. To ensure that the connectivity
with striatal and pallidal areas and subthalamic and
some thalamic nuclei did not arise due to possible
spread of tracer into the adjacent SNc¢ and A8 (Kitt and
Brauth, 1981; Kitt and Brauth, 1986; Anderson and
Reiner, 1991; Medina et al.,, 1997; Medina and Reiner,
1997), we analyzed cases with “near-miss” injections,
with spread into the nLPT but without spread into other
critical regions connected with basal ganglia (Fig. 14D-
G). In these cases, we observed similar, although much
weaker, connectivity patterns as in the nLPT injections.
Similar to the nLPT, axon terminals were found in the

ventrointermediate area of the thalamus and posterior
dorsolateral thalamus, and several labeled neurons
were found in the nucleus subrotundus. In cases with a
small spread into the nLPT (Fig. 14E,F), only one retro-
gradely labeled neuron was found in the subthalamic
nucleus and one in the globus pallidus, with no neurons
in the striatum, whereas in a case with much larger
spread into the nLPT (Fig. 14G), many retrogradely neu-
rons in the globus pallidus and several in the lateral
striatum could be found.

Results of GABA staining

Because the left and right TeO were shown to exert
inhibitory interactions (Robert and Cuénod, 1969a,b;
Keysers et al., 2000), we assumed that the projections
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Figure 10. Putative axo-dendritic synapses on nLPT neurons. The
picture shows a retrogradely labeled neuron in the left nLPT after
injection of TDA into the right tectum and anterogradely labeled
fibers after BDA injection into the left tectum. White arrows show
colocalization of magenta (dendrite) and green (fibers) signal,
which might indicate axo-dendritic synapses. Scale bar = 10 um.

of a relay station constituting the indirect tecto-tectal
pathway are GABAergic. To characterize the neurochemi-
cal nature of the tectopetal projections, we combined ret-
rograde tectal tracing with GABA immunohistochemistry.
Because the interaction between the left and right TeO is
modulated top-down by pallial regions (Valencia-Alfonso
et al., 2009), we were also interested in the neurochemi-
cal nature of this input. Therefore we also looked at the
CTB-labeled telencephalic afferents combined with GABA
staining.

nLPT

To test whether the nLPT can directly execute inhibitory
effects on the contralateral TeO, we examined whether
the nLPT neurons projecting to the contralateral TeO
expressed the inhibitory neurotransmitter GABA. Confo-
cal analysis of this double staining verified that many
neurons in the nLPT projecting to the contralateral TeO
were GABAergic (Figs. (16 and 17)). However, consider-
able numbers of neurons remained only either GABA or
CTB/TDA labeled.

Telencephalon

CTB/GABA double staining demonstrated that neurons
in the arcopallium (Fig. 18A), hyperpallium (Fig. 18B),
and temporo-parieto-occipital area (Fig. 18C) that pro-
ject to the TeO are very likely not GABAergic (Fig. 18).
Although GABAergic neurons were scattered throughout

The indirect tecto-tectal connection

these regions, they were distinct from the CTB-labeled
neurons.

SNr

Although our tracing results showed that the SNr is not
involved in tecto-tectal communication, we nevertheless
observed projections of the SNr to the ipsilateral TeO. In
mammals, the projection of the SNr to the SC is exclu-
sively GABAergic (Araki et al., 1984). In contrast to the
mammalian pattern, the results of our CTB/GABA double
labeling in the SNr showed that GABAergic neurons and
tectally projecting SNr cells were rather distinct popula-
tions (Fig. 19AB). The GABAergic neurons of the SNr
were shown to coexpress the calcium-binding protein PV
(Reiner and Anderson, 1993). Therefore, we chose PV to
confirm the negative results. Similarly, PV-positive neu-
rons and tectally projecting neurons formed virtually dis-
tinct populations (Fig. 19D-F). A subsequent PV/GABA
double labeling revealed that virtually all PV-positive neu-
rons in the SNr were GABAergic, although there were still
some GABAergic neurons that were PV negative (Fig.
19C). Thus, our GABA and PV immunohistochemistry
demonstrated that, with the exception of very few cells,
the projection of the SNr to the TeO in birds is not
GABAergic.

SpL

The data above showed that the SNr is unlikely to exert
GABAergic inhibition onto the TeO. We therefore won-
dered whether the missing ipsilateral inhibitory input
from the SNr is compensated by another system in
birds. Because the connectivity of the SpL is similar to
that of the SNr (Reiner et al., 2005; Kuenzel et al., 2011)
and because the SpL also contains GABAergic neurons
(Veenman and Reiner, 1994), we examined whether the
projection of the SpL to the ipsilateral TeO arises from
these GABAergic neurons. The results demonstrated that
the majority of SpL neurons with projections to the TeO
were indeed GABA positive (Fig. 20A). Similar to the SNr,
PV- and GABA-positive neurons were colocalized in the
SpL (Reiner and Anderson, 1993). We again performed
PV staining to confirm the results of the GABA immuno-
histochemistry. Many tectally projecting neurons were PV
positive, although a number of neurons were not double
labeled (Fig. 20C). Similar to the SNr, virtually all PV neu-
rons were GABAergic, but a few GABAergic neurons did
not coexpress PV (Fig. 20B,D).

DISCUSSION

In this study, we conducted an anatomical analysis
of the systems involved in tecto-tegmento-tectal com-
munication in pigeons and report three main results.
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Figure 11. Laminar origins and terminations of tectal afferents and efferents of the nLPT. A,E: The figure shows one CTB (A) and one BDA
(E) injection into the nLPT. The spread of the tracer is drawn on the schematic drawings of transversal sections anterior (right) and poste-
rior (left) to the injection site shown in the photographs. The intensity of the color indicates the intensity of tracer spread. The BDA injec-
tion into the nLPT (E) was performed laterally via the tectum, whereas the CTB injections into the nLPT (A) was done with a dorsal
approach. B-D: Retrogradely labeled neurons in the ipsilateral tectum after CTB injection shown in A into the nLPT. The neurons were
located in layers 9-15, with the majority in layers 15-13. The arrows with larger heads point to neurons shown in insets. F-I: BDA-labeled
fibers (black arrows) in the contralateral tectum after the injection into the nLPT shown in E. The fibers terminated mainly in layers 10-13
and 5 and 6. All sections are counterstained with Nissl. Abbreviations: BCS, brachium colliculi superioris; EW, Edinger-Westphal nucleus;
FLM, medial longitudinal fascicle; FRL, lateral reticula formation; Imc, isthmic nucleus pars magnocellularis; ION, isthmo-optic nucleus; Ipc,
isthmic nucleus pars parvocellularis; LoC, locus coerlueus; MLd lateral mesencephalic nucleus pars dorsalis; nOM, nucleus nervi oculomo-
torii; nLPT, nucleus of the lateral ponto-mesencephalic tegmentum; nlV, nucleus nervi trochlearis; SLu, nucleus semilunaris; SNc, substan-
tia nigra pars compacta; V, ventricle. Scale bar = 1,000 um in A,E; 100 um in B-D for low magnification images; 50 um in the insets B-D;
20 um in | (applies to F-I).

14 The Journal of Comparative Neurology | Research in Systems Neuroscience



The indirect tecto-tectal

Figure 12. Axons of the contralaterally projecting nLPT neurons cross predominantly via the tegmentum. A: Biocytin injection into the ros-
tral nLPT revealed fibers running from the nLPT toward the tectal commissura as well as toward the ventral tegmentum. B: Fibers running
toward the tectal commissura (magnification of the region marked with rectangle in A). C: BDA injections into the caudal nLPT revealed
that the majority of fibers originating in the nLPT cross the midline via the tegmentum rather than via the commissura. D: BDA-labeled
fibers crossing the midline (rectangle in C). E: Fibers gradually disappear in the contralateral tegmentum, as they appear to run perpendic-
ularly to their ipsilateral plane to overcome the tectal ventricle. Sections are counterstained with Nissl. Abbreviations: Imc, isthmic nucleus
pars magnocellularis; Ipc, isthmic nucleus pars parvocellularis; nLPT, nucleus of the lateral ponto-mesencephalic tegmentum; V, ventricle.

Scale bar = 1,000 um in A,B; 50 um in C; 20 um in D,E.

First, we discovered a novel tegmental region in the
brainstem of the pigeon (nucleus of the lateral ponto-
mesencephalic tegmentum; nLTP) that receives input
from the ipsilateral TeO and provides GABAergic output
to the contralateral TeO. Thus, this system possibly con-
stitutes the main anatomical substrate for inhibitory
tecto-tectal interactions (Fig. 21). Second, our data
revealed that the SNr does not project to the contralat-
eral TeO and therefore possibly does not participate in
tecto-tectal interactions. Third, the virtually exclusive
ipsilateral projection from the SNr to the TeO is for the
most part not GABAergic in pigeons. All these character-
istics differ from the mammalian tectopetal projection
pattern. We therefore speculate that the emergence of
the tectopetal projection originating in the GABAergic
neurons of the SpL rendered the inhibitory nigrotectal

pathway obsolete during avian evolution. Furthermore,
the ipsilaterality of tectopetal systems possibly promoted
the appearance of a novel tegmental region, the nLPT, to
support interhemispheric communication. We first briefly
discuss the organization of the avian substantia nigra and
then speculate about the emergence and nature of the
nLPT and its putative function.

Organization of the avian substantia nigra
The avian SNr is homologous to the mammalian SNr
(Reiner et al., 2004). It receives input from GABAergic
striatal neurons that cocontain substance P (SP) (Reiner
et al.,, 1983; Hall et al., 1984; Anderson and Reiner,
1991). Further afferents arise from the GABAergic pal-
lidal neurons, which themselves receive input from the
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TDA/CTB

contralateral nLPT
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Figure 13. Nontopography of the nLPT. A: Injections into the dorsal and ventral tectum revealed an intermingled picture of retrogradely
labeled neurons in the contralateral nLPT (C). Similarly, anterior (B, left) and posterior (B, right) injection in the same animal revealed a
comparable picture (D). These results demonstrate that neurons projecting to different parts of the optic tectum are intermingled in the

nLPT. Scale bar = 100 um in B,D.

enkephalinergic striatal neurons (Hall et al., 1984,
Medina and Reiner, 1997; Medina et al., 1999). Excita-
tory input reaches the SNr from glutamatergic neurons
of the subthalamic nucleus (STN) (Jiao et al., 2000).
The SNr projects to the ventrointermediate area of the
thalamus (VIA), a putative homologue of the mammalian
motor thalamus (Medina et al., 1997), and to the TeO
(Hunt and Brecha, 1984). It was assumed that the SNr-
TeO projection originates in the GABAergic neurons of
the SNr (Hunt and Brecha, 1984; Veenman and Reiner,
1994; Veenman, 1997; Medina et al., 1999). However,
this is based on separate tracing (Hunt and Brecha,
1984) and GABA immunohistochemical experiments
(Veenman and Reiner, 1994). To the best of our knowl-
edge, a double-labeling study for this subject has not
yet been published in birds. Our tectal tracing com-
bined with the GABA immunohistochemistry could now
demonstrate that the GABAergic and the tectum-
projecting neurons of the SNr represent distinct popula-
tions. In both mammals and birds, GABAergic SNr neu-
rons also express PV (Gerfen et al., 1985; Reiner and
Anderson, 1993; McRitchie et al., 1996). Our immuno-

staining verified the colocalization of PV and GABA in
the SNr but also demonstrated that only very few PV-
immunoreactive neurons in the SNr project to the TeO.

The indirect tecto-tectal pathway

SNr—a relay station in the indirect tecto-tectal
connection?

Our retrograde tracer injections into the TeO revealed that
tectal neurons directly projecting to the contralateral TeO
are sparse. However, the thickness of the commissura tec-
talis (Ehrlich and Saleh, 1982), which connects the left and
the right TeO (Voneida and Mello, 1975; Hunt and Kiinzle,
1976), suggests that a much higher number of tectal neu-
rons are involved in tecto-tectal communication. Previous
electrophysiological studies showed that the avian tecta
can inhibit each other via mono- and polysynaptic path-
ways (Robert and Cuénod, 1969a,b; Hardy et al., 1984,
Keysers et al., 2000). Based on the mammalian literature
(Gerfen et al., 1982; Bickford and Hall, 1992; Liu and
Basso, 2008), we hypothesized that the SNr represents
the relay station of the tecto-tectal connection that com-
pensates for the paucity of direct tecto-tectal projections.
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Figure 14. Afferents of the nLPT. A: Retrogradely labeled neurons after CTB injections into the nLPT in the subthalamic nucleus, subrotun-
dal nucleus, and ventrointermediate nucleus of the thalamus. B,C: Retrogradely labeled neurons were also observed in striatal and pallidal
regions and in the arcopallium. Arrows point to examples of retrogradely labeled cells. Sections are counterstained with Nissl. The injec-
tion site for the case presented is depicted in Figure 11A. E-G: lllustration of “near-miss” injections into the nLPT with spread into the
nLPT but not into adjacent basal ganglia-related structures. Abbreviations: Al, intermediate arcopallium; AL, ansa lenticularis; BCS,
brachium colliculi superioris; EW, Edinger-Westphal nucleus ; FLM, medial longitudinal fascicle; FPL, lateral forebrain bundle; FRL, lateral
reticula formation; GP, globus pallidus; Imc, isthmic nucleus pars magnocellularis; ION, isthmo-optic nucleus; Ipc, isthmic nucleus pars par-
vocellularis; LoC, locus coerlueus; LSt, lateral striatum; MLd lateral mesencephalic nucleus pars dorsalis; nOM, nucleus nervi oculomotorii;
nLPT, nucleus of the lateral ponto-mesencephalic tegmentum; nlV, nucleus nervi trochlearis; OM, occipito-mesencephalic tract; Rt, nucleus
rotundus of the thalamus; SLu, nucleus semilunaris; SNc, substantia nigra pars compacta; SRt, subrotundal nucleus; STN, subthalamic
nucleus; TnA, nucleus taniae of the amygdala; V, ventricle; VIA, ventrointermediate nucleus of the thalamus; VP, ventral pallidum. Scale
bar =500 um in A,D; 100 um in B,C.
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Figure 15. Efferents of the nLPT. Axonal terminations after BDA injections into the nLPT in the posterior dorsal thalamus (A,B), medial
striatum (C), and ventrointermediate thalamic nucleus (D). Sections are counterstained with Nissl. The injection site for the case presented
is depicted in Figure 11E. Abbreviations: DIP, dorsointermediate posterior thalamic nucleus; DLP, dorsolateral posterior thalamic nucleus;
DMP, dorsomedial posterior thalamic nucleus; MSt, medial striatum; VIA, ventrointermediate thalamic nucleus. Scale bar =200 pm in A;

20 um in B-D.

The mammalian SNr gives rise to bilateral collicular projec-
tions of which the contralateral one is weaker (Rinvik
et al., 1976; Grofova et al., 1978; Beckstead and Frank-
furter, 1982; Gerfen et al., 1982; May and Hall, 1986; Hart-
ing et al., 1988; Bickford and Hall, 1992; Deniau and
Chevalier, 1992). In contrast to this pattern, our experi-
ments showed that the avian SNr projects to the ipsilateral
but not (or only very weakly) to the contralateral TeO.
Thus, the SNr cannot constitute a major relay station in
the indirect tecto-tectal system. It is unlikely that the
missing contralateral projection of the SNr is an artifact of
our tracing. We performed massive injections into all parts
of the TeO and observed both ipsi- and contralateral label-
ing, as reported in previous studies of tectal connectivity
(Voneida and Mello, 1975; Hunt and Kuinzle, 1976; Reiner
et al.,, 1982a,b; Rodman and Karten, 1995; Gamlin et al.,
1996; Hellman and Glnturkin, 2001; Luksch, 2003; Hell-
man et al., 2004). In addition, we observed a tectal input
to the SpL, which has not been reported before, possibly
due to its sparseness (Hunt and Kiinzle, 1976; Reiner
etal, 1982a).

The nucleus of the lateral
ponto-mesencephalic tegmentum (nLPT)

and the indirect tecto-tectal pathway

Posterior to the SNr and ventrolaterally to the catecho-
laminergic cell groups, we discovered a region in the
lateral tegmentum that is very likely involved in disynap-
tic tecto-tectal inhibition. We named this region the
nucleus of the lateral ponto-mesencephalic tegmentum
(nLPT). The nLPT is TH negative and consists of
GABAergic neurons projecting to the contralateral TeO
(Fig. 21). We demonstrated that the nLPT receives
monosynaptic input from the ipsilateral TeO originating
mainly in layers 13-15 and projects to the contralateral
TeO, predominantly to layers 5 and 10-13. Interest-
ingly, these termination layers overlap with those of the
PT and SpL, which end in layer 5b and in layers 8-13,
respectively (Gamlin et al, 1996; Reiner et al,
1982a,b). Thus, the nLPT might interact with these pro-
jections and could influence descending motor and
ascending visual pathways (Reiner and Karten, 1982;
Hellmann et al., 2004). Because our CTB injections into
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Figure 16. The majority of nLPT neurons are GABAergic. Double labeling of tectally projecting neurons (magenta) in the nLPT and GABA
(green). A: The right nLPT after TDA injection into the left tectum. B: Magnification of some cells in A with a confocal microscope. C: The
right nLPT after CTB injection into the left optic tectum. D: Magnification of some cells in C. A large percentage of CTB-positive neurons
was double-labeled. The white arrows point out some examples of double-labeled neurons. There were also many neurons that were either
GABAergic or tectally projecting. Scale bar =50 um A,D; 20 pm in B; 100 um in C.

the nLPT were given dorsally, we cannot exclude the
possibility that some retrogradely neurons in layer 10
represent isthmo-tectal neurons labeled due to tracer
spread in the isthmo-optic nucleus (Woodson et al.,
1991). In addition, because several tectofugal fibers run
via the nLPT, some of the observed retrogradely labeled
neurons may represent neurons projecting to other
brainstem regions (Reiner and Karten, 1982; Hellmann
et al., 2004). These neurons, however, may still collater-
alize in the nLPT. Furthermore, our results show that
the nLPT does not comprise topographical subdivisions
with respect to its output. Instead, its organization
resembles the mosaic-like arrangement that is typical
of tectal layer 13, where neurons with ascending pro-
jections to different parts of the nucleus rotundus, or

with descending projections to different brainstem
nuclei, are intermixed (Hellmann and Guntirkin, 1997;
Marin et al., 2003; Hellmann et al., 2004).

Because the most anterior tip of the nLPT reached the
level A 3.25 (Figs. 4D, green neurons at the bottom, and
6), and GABAergic neurons are also present in the ante-
rior tip of the nLPT (Veenman and Reiner, 1994), one can
easily get the impression that the nLPT and SNr are con-
fluent. Thus, although the SNr and nLPT are certainly not
overlapping, they might form one continuous structure
with one rostral (SNr) and one caudal (nLPT) extension.

Phylogenetic considerations
The discovery of this novel region in the avian teg-
mentum sparks several questions. First, to which
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Figure 17. Neurons in the nLPT are GABAergic. Neurons in the nLPT projecting to the contralateral optic tectum express GABA. A,B: CTB-
labeled neurons (magenta) in the nLPT double-stained with GABA (green). The photos were taken with a confocal microscope. Green,

GABA; magenta, CTB; Scale bar = 10 um in A,B.

system does the nLPT belong? Second, is this nucleus
an apomorphic feature of the avian taxon? Our results
indicate that the nLPT is associated with the basal gan-
glia, although we cannot exclude the possibility that at
least part of the observed connectivity with striatal and
pallidal areas and subthalamic and thalamic nuclei was
due to the spread into the adjacent SNc and A8 (Kitt
and Brauth, 1981, 1986; Anderson and Reiner, 1991;
Medina et al., 1997; Medina and Reiner, 1997). The
GABAergic nature of the nLPT and its striatal, pallidal,
and subthalamic input and thalamic output indicates
that the nLPT could be a caudal extension of the SNr.
We were surprised to see that the ipsilateral projec-
tion of the SNr to the TeO in birds is not GABAergic.
Because GABAergic SNr-TeO projection seems to be a
conserved vertebrate feature (Araki et al., 1984; Reiner
et al,, 1998; Stephenson-Jones et al., 2012), our data
might suggest that the GABAergic nature of this projec-
tion was lost in the avian taxon (at least in Columbi-
formes). In amphibians, reptiles, and birds, a pathway
running via the pretectum from the basal ganglia to the
TeO is well developed (Wilczynski and Northcutt, 1977;
Reiner et al.,, 1980; Wilczynski and Northcutt, 1983;
Reiner et al., 1984; Medina and Smeets, 1991; Marin
et al., 1997; Reiner et al., 1998). In birds, the pretectal
relay station is the SpL. Indeed, the SpL has a promi-
nent GABAergic projection to the ipsilateral TeO (Reiner
et al.,, 1980, 1982a, 1982b, 1984; Veenman, 1997; our

results) and shares the connectivity of the SNr (Karten
and Dubbledam, 1973; Reiner et al., 1982a; Medina,
1999; Jiao et al., 2000; Reiner et al., 2005). Thus, it is
possible that the inhibitory influence of the basal gan-
glia over the TeO was completely overtaken by this pre-
tectal pathway in birds. Because the SpL-TeO
projection is exclusively ipsilateral, it is possible that
the nLPT as a caudal extension of the avian SNr
emerged to compensate for the nonexistent contralat-
eral projection of the SpL.

An alternative possibility, indicated by the reciprocal
connection with the TeO, is that the nLPT could be part
of the avian isthmic complex, a compound of several
cytoarchitectonically distinguishable nuclei at the meso-
rhombencephalic border interconnected with the TeO
(Hunt et al., 1977; Streit et al., 1980; Yan and Wang,
1986; Glnturkin and Remy, 1990; Woodson et al,,
1991; Wang et al., 1995, 2004, 2006; Hellman et al.,
2001; Faunes et al.,, 2013). Although birds possess a
highly differentiated isthmic complex, they seem to be
the only group among vertebrates that lacks a contra-
lateral projection of this complex (Graybiel, 1978;
Sherk, 1979; Roldan et al., 1983; Jen et al., 1984;
Kiinzle and Schnyder, 1984; Baizer et al., 1991; Wig-
gers and Roth, 1991; Jiang et al., 1996; Johnson et al.,
2013). Thus, it cannot be excluded that the nLPT repre-
sents the contralaterally projecting component of the
avian isthmic complex. In fact, in fish, amphibians, and
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Figure 18. Telencephalic afferents to the optic tectum are not
GABAergic. The figure shows sources of telencephalic afferents to
the tectum and GABAergic neurons (green) in these regions. Ret-
rogradely labeled neurons (magenta) are observed in the arcopal-
lium (A), hyperpallium apicale (B), and temporo-parieto-occipital
area (TPO) (C) after tracer injections into the ipsilateral optic tec-
tum. In all three cases GABAergic neurons and tectally projecting
neurons form distinct populations, as no double-labeled neurons
were observed in any of these regions. Scale bar = 50 um in A-C.

mammals the isthmic neurons projecting to the ipsilat-
eral and contralateral TeO occupy different topographi-
cal positions within the isthmic nucleus and are even
completely separated into distinct nuclei in reptiles

The indirect tecto-tectal connection

(Graybiel, 1978; Sherk, 1979; Roldan et al., 1983; Jen
et al., 1984; Kiinzle and Schnyder, 1984; Baizer et al.,
1991; Wiggers and Roth, 1991; Jiang et al., 1996; John-
son et al., 2013). In birds, different isthmic nuclei sepa-
rated from each other constitute very different
connectivity and neurochemistry patterns (Hunt et al,
1977; Streit et al., 1980; Yan and Wang, 1986;
Gunturkiin and Remy, 1990; Woodson et al., 1991;
Medina and Reiner, 1994; Wang et al., 1995, 2004,
2006; Hellman et al., 2001; Gonzalez-Cabrera et al.,
2015). For instance, the magnocellular isthmic nucleus
(Imc) is GABAergic (Granda and Crossland, 1989), and
its projections to the TeO and other isthmic nuclei are
heterotopic and confined to layers 10-12 (Wang et al.,
2004). In contrast, the parvocellular nucleus (lpc) is
cholinergic and glutamatergic (Medina and Reiner,
1994; Islam and Atoji, 2008; Gonzalez-Cabrera et al.,
2015) and provides homotopic projections to the TeO
throughout layers 2-13 (Wang et al., 2006; Gonzélez-
Cabrera et al., 2016). The cholinergic semilunar nucleus
(SLu) provides input to tectal layers 4-11 but also proj-
ects to other targets including bilaterally to the nucleus
rotundus (Hellmann et al. 2001; Wang et al.,, 2006).
Moreover, in some species, neurons in the Imc that
project to the TeO are separated from Imc neurons pro-
jecting to the Ipc (Faunes et al.,, 2013). Thus isthmic
neurons with different connectivity patterns tend to form
distinct nuclei in birds. Interestingly, the topological posi-
tion of the nLPT, its tectal connectivity, and its lack of
cholinergic neurons (Hunt et al., 1977; Medina and
Reiner, 1994) resemble the contralaterally projecting
isthmic neurons in reptiles (Kiinzle and Schnyder, 1984;
Sereno and Ulinski, 1987; Powers and Reiner, 1993). The
GABAergic nature of the nLPT indicates that nLPT neu-
rons might have demerged from GABAergic neurons of
the isthmic complex (Kiinzle and Schnyder, 1984; Sereno
and Ulinski, 1987; Granda and Crossland, 1989; Powers
and Reiner, 1993; Wang et al.,, 2004; Belekhova and
Kenigfest, 2014). Therefore, it is conceivable that the
nLPT represents a separated population of isthmic neu-
rons that project to the contralateral TeO.

Functional considerations

The idiosyncratic tecto-tectal connectivity pattern of
the nLPT suggests that this nucleus could be a key compo-
nent of interhemispheric communication. Pigeons, like the
majority of other birds, have laterally positioned eyes and
have a narrow binocular field in comparison with animals
with frontally positioned eyes (Glntirkiin and Hahmann,
1999; Glnturkiln, 2000). Moreover, they preferentially per-
ceive objects in their monocular fields before approaching
them (Blough, 1971; Guntirkin, 2000; Ortega et al,
2008). Because the optic fibers of birds cross completely,
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Figure 19. GABA and parvalbumin staining of the substantia nigra, pars reticulata. A: CTB-labeled neurons (magenta) in the substantia
nigra pars reticulata (SNr) projecting to the ipsilateral tectum and GABAergic neurons of the SNr (green) seem to be distinct populations.
B: SNr rostral section to A under higher magnification. C: Parvalbumin (PV)-expressing neurons (magenta) and GABAergic neurons (green)
are colocalized in the SNr. D-F: CTB-labeled neurons (green) (D) projecting to the ipsilateral tectum and PV-expressing neurons (magenta)
(E) in the SNr. White arrows show double-labeled cells (D and E merged in F). Only two cells were double-labeled. ThusPV-expressing neu-
rons and tectally projecting neurons are also almost completely distinct populations in the SNr. The pictures stem from three different
pigeons. Scale bar = 100 um in A; 50 um in B, C, and F (also applies to D,E).

each TeO receives virtually different input (Cowan et al.,
1961). To avoid potential conflict of the two hemispheres,
one hemisphere has to take control and guide response
selection, a phenomenon called metacontrol (Adam and
Glnturkin, 2009; Unver and Gunturkin, 2014; Valencia-
Alfonso et al., 2009, Freund et al., 2015). Metacontrol
could be accomplished by inhibitory projections from one
hemisphere to the other (Chiarello and Maxfield, 1996;
van der Knaap and van der Ham, 2011). Thus, the GABAer-
gic neurons of the nLPT appear to be suitable candidates
for such contralateral inhibition. The left and right TeO
could inhibit each other via the nLPT and thus mediate
shifts of attentional resources at the cost of the other
hemisphere in terms of each one’s visual field (Gamlin
et al.,, 1996; Theiss et al., 2003). Our data together with
previous evidence suggest that the PT could also be a cru-
cial component in inhibitory intertectal interactions (Gam-
lin et al., 1996; Karten et al., 1997), but, in contrast to the
nLPT, could be more directly involved in ascending visual
processing. The PT contains GABAergic neurons (Veenman
and Reiner, 1994), projects bilaterally to the TeO, and
receives input from the ipsilateral TeO (Gamlin et al,
1996; Karten et al., 1997; present results). Moreover, it is
interconnected with the subpretectal nucleus (nSP), which

provides GABAergic input to the nucleus rotundus (Mpodo-
zis et al., 1996; Theiss et al., 2003). The nucleus rotundus
receives bilateral input from the TeO (Glntlrkin et al.,
1998). It is possible that the nSP controls a part of the
integration of the bilateral information within the ascend-
ing visual pathway (Mpodozis et al., 1996; Theiss et al.,
2003). Thus the tecto-nLPT-tectal pathway is possibly
incorporated in a complex inhibitory interhemispheric net-
work between the bilateral TeO and pretectal and thalamic
structures.

These midbrain processes are further modulated by
forebrain areas (Valencia-Alfonso et al., 2009; Freund
et al,, 2015). We found forebrain afferents to the TeO
originating in the hyperpallium, arcopallium, and tem-
poro-parieto-occipital area, in accordance with previ-
ous studies (Zeier and Karten, 1971; Manns et al.,
2007). The hyperpallial top-down afferents were shown
to be important in lateralized visual processing (Valen-
cia-Alfonso et al.,, 2009; Freund et al., 2015). Experi-
ments inactivating the hyperpallium unilaterally
demonstrated that these forebrain afferents possibly
control the tecto-tectal inhibitory balance (Valencia-
Alfonso et al.,, 2009). Moreover, these afferents seem
to be crucial for metacontrol (Freund et al., 2015). A
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Figure 20. Lateral spiriform nucleus provides GABAergic input to optic tectum. Pictures show the nucleus spiriformis lateralis (SpL) in
three different animals. A: The vast majority of CTB-labeled SpL neurons, which project to the ipsilateral optic tectum, are GABAergic. B:
Virtually all parvalbumin-expressing neurons are GABAergic, although some GABAergic neurons are parvalbumin-negative. C: Similarly,
many TDA-labeled neurons projecting to the ipsilateral tectum coexpress parvalbumin. D: Picture of the animal shown in B under higher
magpnification. E: Magnification of C. Scale bar = 100 pm in A-C; 50 um in D,E.

further key feature of avian vision is the superiority of the
left hemisphere for categorization of visual objects based
on the discrimination of small features (Gunturkin, 1997,
Ocklenburg and Glntlirkiin, 2012). Because intertectal
inhibition is asymmetrically organized, with the left tec-
tum exerting higher interhemispheric inhibition on the
right side than vice versa (Keysers et al., 2000), it is con-
ceivable that the nLPT is a nodal point for a functional
asymmetry that in pigeons affects homing (Ulrich et al.,

1999; Prior et al., 2004; Martinho et al., 2015), pattern
discrimination and memorization (Gunturkin, 1985; von
Fersen and Gunturkiin, 1990), and complex visual cogni-
tion (Yamazaki et al., 2007; Manns and Romling, 2012).
Thus, the nLPT might be part of an intertectal and fore-
brain network, which mediates lateralized behavior and
hemispheric metacontrol.

Indeed, in mammals, the SNr projection to the contra-
lateral SC was implicated in inhibitory interhemispheric
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e GABAergic neuron

o non-GABAergic neuron

Figure 21. Disynaptic inhibitory tecto-tectal pathway. Intertectal
inhibition in pigeons is achieved by GABAergic neurons of the
nLPT. Axons of nLPT neurons cross the midline via both the tectal
commissura (CT) and the tegmentum. The SNr does not project
to the contralateral TeO, and the ipsilateral projection to TeO
originates from its non-GABAergic neurons. CT, tectal commis-
sura; L, layer; nLPT, nucleus of the lateral ponto-mesencephalic
tegmentum; SNr, substantia nigra pars reticulata; V, ventricle.

interactions (Wallace et al., 1989, 1990; Sprague, 1991;
Liu and Basso, 2008). Moreover, Rodriguez et al. (2001)
described a deep mesencephalic nucleus in rats, which is
located near the substantia nigra and shares its connec-
tivity and physiological properties. They observed a con-
tralateral projection of this nucleus to the SC in addition
to a stronger ipsilateral projection. The authors of this
study speculate that this nucleus could facilitate interhe-
mispheric interactions.

The possible functional framework of the nLPT would
be the same if this nucleus turns out to be part of the
isthmic complex (Marin et al., 2007, 2012; Asadollahi
et al., 2010; Gonzélez-Cabrera et al., 2015). In particu-
lar, because the isthmic nuclei interact only with the
ipsilateral TeO, the nLPT could extend this interaction
to the contralateral site. With its projections to layer
10, where the isthmo-tectal neurons are located (Wang
et al., 2004, 2006), it could then modulate the isthmo-
tectal interaction at the contralateral site and coordi-
nate stimulus attention between the left and right visual
fields.

CONCLUSIONS

The starting point of our study was the discrepancy
between physiological evidence for a prominent tecto-
tectal inhibition and the anatomical sparseness of direct
tecto-tectal connections. Searching for an indirect
tecto-tectal connection, we detected a new GABAergic
tegmental nucleus that could specifically mediate
tecto-tectal inhibition. In addition, our study suggests
that the pretectal pathway from the basal ganglia to
the TeO via the SpL might have overtaken the role of

the GABAergic nigrotectal projection during avian
evolution.
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