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Summary. Efferent projections of the optic tectum of
zebra finches were investigated by injection of the radio-
active anterograde tracer *H-proline. In addition to a
variety of ipsilateral projections, some contralateral con-
nections were found. Quantitative evaluation of the re-
crossing tecto-rotundal and nucleus subpraetectalis/nu-
cleus interstitio-praetecto-subpractectalis projection re-
vealed that these connections are much stronger than
previously believed. In contrast, the tecto-tectal projec-
tion is very weak, as has been shown previously. Further
support for this comes from results obtained using injec-
tions of retrograde tracers. The role of the different pro-
jections in conveying information from the ipsilateral
eye to the ectostriatum, the telencephalic end-station of
the tectofugal pathway, is discussed.
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Tectofugal pathway — Recrossing fibers — 3H-proline,
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The optic tectum is a highly developed part of the tecto-
fugal pathway of birds, leading from the cye via the
optic tectum of the contralateral side to the nucleus ro-
tundus and then to the telencephalic target of this path-
way, the ectostriatum. Until recently, the tectofugal
pathway was considered to process information mainly
from the contralateral eye, because of the lack of ipsilat-
erally projecting ganglion cell fibers in adult birds
(McLoon and Lund 1982; O’Leary et al. 1983; Weidner
ct al. 1985; Bagnoli et al. 1980). A few recrossing fibers
were found that connected the two tecta or the tectum
and nucleus rotundus of the contralateral side. These
were thought to have little impact on processing of visual
information (Benowitz and Karten 1976).

However, recent experiments from our laboratory
have demonstrated that prominent responses to ipsilat-
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eral stimuli appear in the ectostriatum and that, under
normal conditions, this ipsilateral response is largely
suppressed by the activity of the contralateral eye (Enge-
lage and Bischof 1988, 1989). If the contralateral eye
is enucleated, the ipsilateral response of the ectostriatal
neurons becomes nearly as large as the contralateral re-
sponse in intact birds. Similarly, monocular deprivation
studies (Herrmann and Bischof 19864, b; Nixdorf and
Bischof 1987) demonstrate that the effects of deprivation
of one eye can be detected in both hemispheres. These
findings show that a substantial amount of visual infor-
mation crosses over to the ipsilateral hemisphere. We
have therefore re-examined the efferent projections of
the optic tectum of the zebra finch to evaluate the extent
to which the tectum is connected to the contralateral
hemisphere.

Materials and methods

The experiments were performed on a total of 30 adult zebra
finches of both sexes obtained from the Institute’s stock. For quan-
titative evaluations only males were used. The birds were anesthe-
tized by an injection of 0.05 ml Equithesin and mounted on a
stereotaxic headholder especially designed for small birds (Bischof
1981).

Injections were made using a 1 pl microsyringe with a glass
pipette (inner tip diameter = 3-5 um) glued to the tip of the injec-
tion needle. For tectal injections, the skull was opened dorsorostral-
ly from the ear canal, and the spongious bone and second bone
layer which covers the tectum, were removed. The glass pipette
was then lowered into the tectum with the help of a micromanipula-
tor under visual control. Rotundus injections were made stereotaxi-
cally. Coordinates (2.0 mm lateral, 2.6 mm anterior from the refer-
ence point, 5.0 mm depth measured from the brain surface) were
derived from a stereotaxic atlas of the zebra finch brain (H.-J.
Bischof and B. Nixdorf, unpublished).

Efferent projections

To demonstrate efferent projections, radioactively labeled proline
(2,3,4,5-*H-a-proline, NEN, 0.4 uC in 0.4 pl saline, 0.9%) was
injected into the tectum. To assure equal distribution of the tracer
over a large part of the tectum, the total amount of the tracer
was injected in four 0.1 pl aliquots at different positions. This nor-
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mally resulted in a rather uniform distribution of the tracer in
about 2/3 of the stratum griseum centrale (SGC) of the tectum
opticum.

The survival time of the animals was 14 days. Each bird was
then decapitated, the brain quickly removed from the skull and
immediately frozen on a cryostat specimen holder with dry ice.
One day later, 30 um sections were cut in the coronal plane. The
sections were then melted onto microscope slides and immediately
dried at 60° C to keep the liquid phase as short as possible. The
next day, the sections were fixed with 4% formaldehyde for 1/2
h, defatted in an ascending alcohol series and dried in a drying
cupboard overnight at 37° C.

The slides were then dipped into Kodak NTB2 emulsion (1:1
with distilled water) at 40° C under safelight conditions and hung
in the dark to obtain an equal thickness of the emulsion. When
dry, the slides were stored at 4° C in light-proof boxes for 14 days
and then developed with Kodak D19 developer. Every third section
was stained with hematoxylin, and all sections were coverslipped
with Canada balsam.

The slides were examined by dark-field optics and the projec-
tions were identified using the stereotaxic atlasses of the pigeon
(Karten and Hodos 1967), the canary (Stokes et al. 1972) and the
zebra finch (H.-J. Bischof and B. Nixdorf, unpublished). The ab-
breviations were mainly derived from the atlas of Stokes et al.
(1972) (see Abbreviation list in Fig. 3).

The density of silver grains induced by the transported radioac-
tive proline was estimated by counting the grains on photographs
of a given area (magnification 768 x ) within grids of 2 x 2 cm (26 x
26 um). Counts were performed on at least 5 successive sections
in at least 100 grid partitions. Aliernatively, the luminance of a
given area was measured using the spot measurement mode of
the exposure meter of the photomicroscope (Zeiss Photomikroskop
III with integrated camera). The diameter of the employed spot
was 25 pm, about 1/20 of the diameter of the nucleus rotundus.
As the exposure meter of the microscope had an unexact scale,
the voltages representing the luminance were measured by an exter-
nal voltage meter attached to the luminance measuring circuit of
the microscope.

Two measurements were taken from each of at least 5 succes-
sive sections. significant luminance differences between different
parts of nucleus rotundus were not detected. Relative densities
were then calculated with the luminance of the nucleus rotundus
ipsilateral to the injection set as 100%. This method was much
faster than the grain counts and gave essentially the same results
(see Table 2).

Afferent projections

Tecto-rotundal projections were confirmed by injections of either
30% horseradish peroxidase (HRP; Sigma; w/v) in 2% dimethyl-
sulfoxide (DMSO), or 2% rhodamine isothiocyanate (RITC; Sig-
ma, w/v) in 2% DMSO into the nucleus rotundus. The amount
of tracer injected varied between 0.02 and 0.05 pl. This resulted
in injection sites with diameters of 80 to 120 um with diffusion
zones of about the double size. Spreading of the tracer to regions
outside nucleus rotundus was observed in some preparations. How-
ever, this most probably did not influence the results, as injections
located around nucleus rotundus never caused the appearance of
labeled neurons within the tectum opticum.

HRP-injected birds were deeply anesthetized with 0.03 ml
Nembutal after 24 h, perfused with 0.9% saline followed by a mix-
ture of 1.25% glutardialdehyde/1% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4), and then by the same solution with
10% sucrose added. The brains were removed from the skull and
stored overnight in the fixative-sucrose solution. The next day,
40 pm sections were cut on a freezing microtome. The sections
were then processed using tetramethyle benzidine as chromogen
according to the protocol of Mesulam (1978), mounted on gelatine-
coated slides and counterstained with neutral red. Labeled neurons

within the tecta were counted in every third section using dark-field
optics.

RITC-injected birds were perfused after 24 h survival with
0.9% saline followed by 4% paraformaldehyde in phosphate buffer
and by paraformaldehyde/10% sucrose. The brains were stored
overnight in the same solution, and then 40 pm sections were cut
on a freezing microtome. The sections were mounted onto slides,
dried and coverslipped with Fluoromount. Sections were examined
with a Zeiss fluorescence microscope. Adjacent sections were
stained with cresyl violet to identify the labeled structures and
to localize the injection site.

In one brain, all labeled neurons within the tecta were counted
on every third section. In the other brains, samples from at least
10 sections were taken from the central part of the tectum using
on ocular grid that covered an area of 400 x 400 pm (marked with
asterisks in Table 3).

Results

Proline injections

As a result of proline injections into the optic tectum,
a variety of brain areas were labeled mainly in the dien-

cephalon, mesencephalon and brainstem (Table 1).
Nineteen different structures were labeled ipsilaterally.

Table 1. Brain areas labeled by *H-proline injections into the optic
tectum

Diencephalon Ipsi- Contra- Bilateral

Rt X

T X
SRt
DLL
1A%
VLT
GLv
DLP

Pl e

Mesencephalon

TeO X
AP
SP
IPS
LM
GT
PT
Imc
Ipc
SLu
ION

Pl

PP KR KR

Brainstem

ICO
PM
PL
RPO
GCt
FRL
FRM
PAP
Pam

KRR KR A

PP

Abbreviations : see Fig. 3



Fig. 1.1-10. Interhemispheric connections. .7 Decussatio supraop-
tica ventralis (DSw). *H-proline, tectum injection, dark field. 7.2
Commissura posterior (CP) and commissura tectalis (CT); GCT
substantia grisea centralis. *H-proline, tectum injection, dark field.
1.3, 1.4 Nucleus rotundus ipsilateral (3) and contralateral (4) to
the injection site. *H-proline, tectum injection, dark field. 1.5, 1.6
Ipsilateral tectal label after injection of RITC (5) and HRP (6)
to nucleus rotundus. Arrow in (6) points to Jabeled neurons within

the stratum griscum centrale (SGC). 1.7, 1.8 Ipsilateral (7) and
contralateral (8) tectal label after injection of RITC into the nucleus
rotundus. Note that the magnifications are different. 1.9 Nucleus
practectalis ipsilateral to the injection site. *H-proline, tectal injec-
tion, dark field. 7.70 Nucleus ventrolateralis thalami (VLT) and
nucleus geniculatus lateralis, pars ventralis (GLv) ipsilateral to the
injection site. DSy decussatio supraoptica ventralis. *H-proline, tec-
tal injection, dark field
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Fig. 3. Diagrammatic representation of efferent projections ob-
tained in this study. Abbreviations: AP Area praetectalis; BCS
Brachium colliculi superioris; CP Commissura posterior; CT Com-
missura tectalis; DLP N. dorsolateralis posterior thalami; DLL
N. dorsolateralis anterior thalami, pars lateralis; DSv Decussatio
supraoptica ventralis; £ Ectostriatum; FPL Fasciculus prosence-
phali lateralis; FRL Formatio reticularis lateralis; FRM Formatio
reticularis medialis; GCT Substantia grisea centralis; GLv N. geni-
culatus lateralis, pars ventralis; GT Griseum tectale; JCO N. inter-
collicularis; Ime N. isthmi, pars magnocellularis; JON N. isthmo-
opticus; Ipc N. isthmi, pars parvocellularis; /PS N. interstitio-
praetecto-subpraetectalis; LM N. lentiformis mesencephali; NT
Neostriatum intermedium; Pam N. paramedianus; PAP N. papil-
lioformis; PL N. pontis lateralis; PM N. pontis medialis; PT N.
praetectalis; PV N. posteroventralis thalami; RPO N. reticularis
pontis oralis; Rt N. rotundus; SGC Stratum griseum centrale; SLu
N. semilunaris; SP N. subpraetectalis; SRt N. subrotundus; T
N. triangularis; TeO Tectum opticum; 77 Tractus tecto-isthmicus;
TPT Tractus tecto-pontinus; TR Tractus tecto-reticularis; VLT N.
ventrolateralis thalami

Fig. 2. Coronal section
through a zebra finch
brain. *H-proline injection
to the right-side tectum.
Abbreviations, see Fig. 3

Examples are shown in Fig. 1: nucleus praetectalis
(Fig. 1.9), nucleus ventralis thalami (Fig. 1.10) and nu-
cleus geniculatus lateralis, pars ventralis (Fig. 1.10). Bi-
lateral labels were found in five brain areas (Table 1).
Fig. 1.3 shows the nucleus rotundus of the ipsilateral
side, Fig. 1.4 the nucleus rotundus of the contralateral
side. Both pictures were taken from one section. Contra-
lateral labels were found in three areas of the brainstem
(Table 1) and in the optic tectum.

Transport to the contralateral side was further shown
by the labeling of some of the interhemispheric com-
missures. The decussatio supraoptica ventralis (Fig. 1.1)
was particularly heavily labeled. The commissura tectalis
and the commissura posterior also showed enhanced
grain densities (Fig. 1.2). Fig. 2 shows a coronal section
demonstrating, once more, the difference between the
labeling of the nucleus rotundus of the ipsi- and contra-
lateral side. In addition, the ectostriatum, the telence-
phalic end-station of the thalamofugal pathway, was la-
beled above background on the ipsilateral side, most
probably because of transneuronal transport of *H-pro-
line. The contralateral ectostriatum also showed slightly
enhanced labeling.

The complexity of the tectofugal projections ob-
tained in this study is shown diagrammatically in Fig. 3.
The connections between the different areas are partly
taken from other studies (Robert and Cuenod 1969a,
b; Voneida and Mello 1975; Benowitz and Karten 1976;
Hunt and Kiinzle 1976a, b).

The density of grains was counted for the nucleus
rotundus on both hemispheres and the relative density
of the label was calculated (100% =density of the nucle-
us rotundus ipsilateral from the tectal injection). The
results are depicted in Table 2. As can be seen from this
Table, the mean relative density for the contralateral
nucleus rotundus is 24.1%. This means that the density
of labeled axon terminalis within the contralateral nucle-
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Table 2. Mean density of silver grains in the nucleus rotundus obtained by grain counts (left) or luminance measurements with the
exposure meter (middle). Right side: luminance measurements of SP/IPS. x=mean; s=standard deviation; percentages with respect
to the ipsilateral nucleus rotundus (100%)

Experiment Grain counts Optical density

(Bird ID)
Rt Rt Rt Rt SP/IPS SP/IPS
ipsilat. contralat. ipsilat. contralat. ipsilat. contralat.

Prol. IV x=103.4 x=21.75 x=179.25 mV x=42.03 mV X=185.74 mV x=28.83 mV
s=14.21 §=5.66 §=20.87 s=8.60 §=17.24 s=4.97
100% 21.03% 100% 20.24% 103.77% 12.57%

Prol. V x=288.82 x=19.47 x=184.65 mV x=48.55mV x=205.70 mV x35.94 mV
§=10.16 s=54 §=28.55 s=4.42 §=30.15 §=2.65
100% 21.95% 100% 21.67% 112.14% 14.41%

Prol. VI x=42.14 x=12.07 x=95.48 mV x=41.43 mV x=96.93 mV x=40.54 mV
§=8.39 s=4.23 s=8.86 §=3.69 §=8.62 5§=2.00
100% 28.64% 100% 23.42% 102.50% 22.19%

Prol. VI x=53.18 x=13.11 x=120.02 mV x=38.78 mV x=143.40 mV x=46.56%
§=10.20 s=4.38 s=11.67 s=4.00 s=18.42 §=2.57
100% 24.65% 100% 19.82% 123.08% 27.50%

mean 100% 24.1% 100% 21.29% 110.26% 19.17%

us rotundus is roughly one quarter that of the ipsilateral
side.

A slightly lower percentage was obtained by measur-
ing the optical density using the exposure meter of the
microscope. By use of this method, the mean density

Table 3. HRP- and RITC-labeled tectal neurons in birds with injec-
tions into the nucleus rotundus. Values without asterisks are total
counts, values with asterisks are random from the center of the
tecta (means + SEM)

) ) : . Experiment Number of neurons

of the radioactively labeled terminals in the contralateral  (Bird ID)
nucleus rotundus amounted to 21.29%, showing again TeO ipsi TeO contra % contra
that a substantial amount of tectal neurons project to
the contralateral nucleus rotundus. The nucleus sub- glfg % 13?; gz ‘2‘-2
praetectalis/nucleus interstitio-praetecto-subpraetectalis HIRP 28 952 7 0‘,7] 4
(SP/IPS) complex was heavily labeled on both sides. The  yrp 32 1629 18 11

S o) o i
densities were 110.26% 1p31l.aterally anc{ 19.17% contra RITC I 4516 1373 304
laterally, when calculated with the density of the ipsilat- " " "

. RITC III 100.9+2.59 49.1+2.01 48.6

eral nucleus rotundus as 100% (Table 2). With both  grrTc1V 127.0F 5.45* 59.7+3.34* 47.0%
measurements, there was no indication of differences be- RITCV 25.2+1.69* 6.440.80* 25.4%

tween different parts of the ipsilateral or contralateral
nucleus rotundus.

Nucleus rotundus-injections

As the densities of *H-proline-labels within the nucleus
rotundus contralateral to the injection site were much
higher than expected from a survey of the literature,
we injected the retrograde tracers HRP and RITC into
the nucleus rotundus to confirm this finding.

Our experiments demonstrate that there are large dif-
ferences in the numbers of contralaterally labeled neu-
rons; this is probably caused by the sensitivity of the
different tracers. Table 3 shows the results of cell counts
within the ipsi- and contralateral tectum opticum after
HRP and RITC injections into the nucleus rotundus.
The percentage of contralateral neurons ranges between
0.74% and 4.2% of the number of neurons labeled on
the ipsilateral side in HRP-injected animals. On the
other hand, RITC injections reveal a much larger
number of labeled neurons on both the ipsi- and on
the contralateral side. In contrast to the HRP-experi-

ments, the percentage of neurons labeled on the contra-
lateral side ranges from 25.4 to 48.6% depending on
the size of the injection. This is even higher than the
percentage obtained by anterograde labeling with *H-
proline. This difference between the methods can be seen
in photographs of the ipsi- and contralateral tectum
(Fig. 1.5-1.8).

In addition, injections into the nucleus rotundus
revealed labels within the nucleus subpraetectalis/nucle-
us interstitio-praetecto-subpraetectalis (SP/IPS) complex
and within a nucleus that could not be clearly identified.
Most probably, this nucleus was the nucleus decussa-
tionis supraopticae ventralis (ND, Reperant 1973). In
one case, a few labeled neurons were found within the
contralateral nucleus rotundus. We did not find a clear
relation between the site of the injection and the distribu-
tion of labeled neurons within the tectum opticum. At
best, there was a tendency that ipsilaterally more neu-
rons were labeled in the dorsal part of the tectum, where-
as the neurons on the contralateral side were slightly
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more concentrated in the ventral part of the stratum
griseum centrale.

RITC injections, optic tectum

The 3H-proline injections also resulted in a very low
labeling of the contralateral tectum opticum, indicating
that the tectum-tectum projection is small. We injected
RITC into the tectum opticum to confirm this. In agree-
ment with our anterograde tracing results, these injec-
tions showed that only a very small number of neurons
can be found in the contralateral tectum. This cannot
be the result of low sensitivity of the RITC method,
since this method has been shown to be very sensitive
by our nucleus rotundus-injections. Qur results strongly
suggest that the tectum-tectum projection in the zebra
finch is much smaller than the projection between tectum
opticum and the contralateral nucleus rotundus.

Discussion

Our results demonstrate that the optic tectum is one
of the major relay stations in the avian brain; it projects
to a variety of visual areas, and to acoustic, somatosen-
sory and other areas of as yet unknown function (Har-
mon and Phillips 1967 ; Karten 1967; Delius and Bennet-
to 1972; Knudsen and Knudsen 1983). Studies with ret-
rograde tracers (Niemann and Bischof in preparation;
Bagnoli et al. 1980; Reiner et al. 1982; Henke 1983)
show that there is also multiple input to the tectum opti-
cum.

In this discussion, however, we will concentrate on
the connections with the contralateral hemisphere be-
cause the examination of these connections was the main
aim of our experiment. As mentioned in the introductory
section, the “classical” view of information processing
within the visual system of birds is that the thalamofugal
pathway is involved in processing information from the
binocular visual field (Pettigrew and Konishi 1976; Wil-
son 1980a, b; Pettigrew 1977), whereas the tectofugal
pathway is mainly involved in the processing of the con-
tralateral monocular visual field (Revzin and Karten
1966/67; Revzin 1970; Kimberly et al. 1971 ; Parker and
Delius 1972; Mori 1973).

Studies from our laboratory, however, have demon-
strated that the tectofugal pathway also processes data
from the ipsilateral eye (for review, see Bischof 1989).
Therefore, it is likely that the tectofugal pathway is in-
volved in binocular vision. As the optic nerve in adult
birds crosses completely to the contralateral side (sece
Cowan et al. 1961), recrossing projections between the
two hemispheres must be present. Such projections from
the optic tectum have been demonstrated in the pigeon
by several authors. The areas found to receive recrossing
tectal projections are the tectum opticum, the nucleus
rotundus, the nucleus subpraetectalis, the nucleus inter-
stitio-praetecto-subpraetectalis, area praetectalis, and
nucleus geniculatus lateralis, pars ventralis (Hunt and
Kuenzle 19764a; Robert and Cuenod 1969a, b; Voneida

and Mello 1975; Benowitz and Karten 1976). The infor-
mation obtained from these studies, however, is not very
uniform. For example, Voneida and Mello (1975), on
the basis of degeneration studies, could not demonstrate
recrossing tecto-rotundal projections. However, Benow-
itz and Karten (1976) have demonstrated using HRP
injections that a small recrossing tecto-rotundal projec-
tion exists. In contrast, autoradiographic studies with
the anterograde tracer *H-proline indicate that this pro-
jection is massive (Hunt and Kuenzle 1976a, b). Because
we suspected (Engelage and Bischof 1988) that the tecto-
rotundal projection may be very important for ipsilateral
stimulus processing, we have tried to estimate the
number of tecto-rotundal fibers in the zebra finch quan-
titatively by the use of different methods.

Our results suggest that the large variation obtained
in the studies mentioned above probably results from
the different techniques used. We also find a much
smaller ipsi/contra percentage in the HRP studies than
in those involving *H-proline. The neurons that project
to the contralateral nucleus rotundus may have very
strongly aborized axons; this would lead to an enhanced
labeling of terminals within the nucleus rotundus in spite
of the small number of neurons projecting from the tec-
tum to the nucleus rotundus. However, our RITC injec-
tions into the nucleus rotundus reveal that the small
amount of labeled neurons obtained with HRP may be
a result of a lower efficiency of this method in demon-
strating contralateral projections, when compared with
the anterograde tracing technique using radioactive pro-
line, or with the application of the retrograde tracer
RITC. At present, we are unable to explain this conspic-
uous differences. It is unlikely that the difference is
caused, for example, by different size of the injection,
or extent of diffusion, as these were similar in both the
RITC and the HRP experiments. Moreover, even a very
circumscribed injection of RITC located at the dorsal
border of rotundus (experiment RITC V, Table 3) causes
a percentage of contralaterally labeled neurons of
25.4%, which is much larger than the values obtained
with the use of HRP. This experiment shows that the
size of the injection has influence on the number of la-
beled neurons, but not on the percentage of contralater-
ally labeled cells.

Even if the percentage values of contralateral label-
ing may be overestimated in the RITC preparations,
because the ipsilateral counts may be too low as a conse-
quence of the high density of neurons on this side, our
results show that the projection from the tectum opticum
to the nucleus rotundus is much stronger than previously
thought. In contrast, we have confirmed the finding that
the tecto-tectal projection is very weak. Even with RITC
injections into the optic tectum only a few, quite weakly
labeled neurons can be found within the contralateral
tectum.

We presume that, in the zebra finch, the most impor-
tant pathway for the processing of stimuli from the ipsi-
lateral eye is the projection from the optic tectum to
the contralateral nucleus rotundus. This is supported by
our electrophysiological data (Engelage and Bischof
1988). In this study, we found only very weak responses



to ipsilateral stimulation within the optic tectum, even
in unilaterally enucleated birds, where the ipsilateral re-
sponse of the ectostriatum was drastically enhanced by
removal of the contralateral eye. In addition to the tecto-
rotundal projection, the recrossing tecto-IPS/SP projec-
tion may contribute to the processing of ipsilateral stim-
uli, as these two nuclei are also heavily labelled in our
study. Recent results from Shimizu et al. (1988) have
provided evidence that these nuclei, which in turn project
to the ipsilateral nucleus rotundus, mediate inhibitory
effects. However, as the two nuclei also receive input
from the ipsilateral tectum, it is not yet clear whether
this inhibition mainly stems from ipsi- or contralateral
information, or from both.
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