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Afferent Connections of the Ectostriatum and Visual Wulst in the Zebra Finch
(Taeniopygia guttata castanotis Gould) — an HRP Study
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Afferent connections of the two main areas in the telencephalon, the visual wulst and the ectostriatum, were traced in the zebra
finch by injection of horseradish peroxidase and staining with tetramethylbenzidine (TMB). Nuclei projecting to the hyperstriatum
accessorium (HA) or the HIS region (Iamina hyperstriatica intercalatus superior) were: (1) ipsilaterally the n. dorsalis anterior pars
lateralis (DLL) with its two subdivisions DLLd and DLLy, the n. dorsolateralis anterior pars magnocellularis (DLAmc), and the
area pretectalis (AP); (2) bilaterally the nucleus of the septomesencephalic tract (SPC) with the ipsilateral component coming from
the medial, the contralateral component from the lateral part of the nucleus. As in the pigeon or the owl the ectostriatum of the
zebra finch receives massive input, which is topographically ordered, from the n. rotundus. In addition to this pathway the
ectostriatum receives additional visual input from the ipsilateral area pretectalis, the n. subrotundus and eventually a bilateral
projection from the n. tegmenti pedunculopontinus pars compacta (TPC).

INTRODUCTION

In birds as in other vertebrates one can distinguish
between two different visual pathways: (1) the so-
called thalamofugal projection, where visual infor-
mation from the retina is relayed by nuclei of the
dorsal thalamus to the visual wulst?:15.16  which
may be homologous to the geniculo-cortical system
of mammals10.2%, and (2) the tectofugal pathway.
The latter leads visual information from the retina
to the tectum opticum (TO) of the mesencephalon,
further to the n. rotundus, the most prominent
nucleus of the diencephalon, and then to the telen-
cephalic station of this projection, the so-called ecto-
striatum1,14,30,32_ This projection may be compa-
rable with the mammalian pathway: retina — supe-
rior colliculus — pulvinar — extrastriate cortex10:14,
16,27,

The principal wiring of these pathways has been
well known for some time. Benowitz and Karten!
studied the afferent connections of the ectostriatum

in pigeons by injection of horseradish peroxidase
(HRP); they demonstrated a complex topographi-
cally ordered organization of the rotundo-ectostria-
tal pathway. Kimberley et al.l? and Cohen and
Karten* described some more inputs to the ecto-
striatal nucleus. The thalamic area projecting to the
ipsi- and contralateral visual wulst?,16,18,21,22,24-26
has been called nucleus opticus principalis thalami
(OPT, ref. 16). This nuclear mass is composed of
several distinct nuclei, including the nucleus dorso-
lateralis anterior thalami (DLA) with its subunits
pars magnocellularis (DLAmc) and pars lateralis
(DLL). The latter can be further divided into a
dorsal (DLLd) and a ventral part (DLLv).

The connections between OPT and wulst are not
clear yet. Some features are generally accepted, such
as e.g. the connection between the n. dorsolateralis
anterior pars lateralis ventralis (DLLv) and the ipsi-
lateral hyperstriatum accessorium (HA), or between
the DLLd and ipsi- and contralateral HID?9:21.24,
Others are still controversial as is the role of the
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nucleus of the septomesencephalic tract (SPC, n.
superficialis parvocellularis). Some authors could
demonstrate connections between this nucleus and
the wulst area, while others failed to confirm these
findings16.21,

In this study we have tried to add some more
information about connections between the thala-
mic nuclei and the main visual telencephalic regions,
and to broaden the basis for interspecific compari-
son by investigation of another species, the zebra
finch (Taeniopygia guttata castanotis Gould), which
has recently developed as a new standard object for
behavioral and physiological research.

MATERIALS AND METHODS

A total of 30 adult zebra finch males from the
institute’s stock were used for this study. For the
application of HRP they were anesthetized by 0.1 ml
Equithesin (0.01 ml/g b.wt.), and mounted in a
stereotaxic apparatus, especially designed for small
birds?. HRP (Boehringer Type 1, 0.03-0.1 ul, 30%
in 1% DMSO) was injected into the brain tissue at
coordinates estimated by a stereotaxic atlas of the
zebra finch brain (Bischof and Nixdorf, unpubl.) with
a glass pipette, tip diameter of about 30 #m, which
was glued to the tip of a 1 ul microsyringe. The tip
was left in position after the injection for about 20
min. Survival time was 24 h. The birds were then
anesthetized with 0.03 ml Nembutal, perfused via
the left ventricle with a 0.9% NaCl solution for 15
min, followed by 10 min with 1.25 9/ glutaraldehyde,
19, paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4), and another 10 min with the same solution
to which 309 glucose was added.

After removal of the brain the tissue was stored in
a fixative-sucrose solution overnight, until the brain
had sunk to the bottom of the jar.

The brain was blocked with the help of a stereo-
taxic apparatus and cut on a freezing microtome in
the transverse stereotaxic plane in 30 um sections.
Every third section was stored in 0.1 M phosphate
buffer, pH 7.4, processed with tetramethylbenzidine
according to the method of Mesulam?3, and counter-
stained with neutral red, fixed to a coverslip with
Canada balsam (Merck, artificial) and examined
with bright- and dark-field microscopy.

Identification of the different nuclei was obtained

by comparing our results with the stereotaxic atlas
of the pigeon!3, and that of the canary33.

As the ectostriatum of the zebra finch is very small
{about 1.2 mm?3) it was not possible to inject selec-
tively into very small distinct parts of the nucleus.
We succeeded, however, in differentiating between
rostral, medial and caudal injections. Occasionally
we happened to inject only lateral parts or regions at
the medial boundary. If involvement of the sur-
rounding areas (paleostriatum augmentatum, trac-
tus fronto-archistriatalis, neostriatum) was obser-
ved, the brains were rejected from interpretation.

Our wulst injections were limited to the hyper-
striatum accessorium (HA) in all experiments, in
some cases with possible diffusion into the hyper-
striatum intercalatus superior (HIS). Sometimes we
were not able to decide exactly whether HIS was
labeled or not. This effect was due to the diffusion of
the enzyme which makes it impossible to define
sharp boundaries of the injection. The hyperstria-
tum dorsale, however, was free of visible HRP-
labeling in all cases.

RESULTS

Thalamofugal pathway

The architecture of the OPT complex as well as
the hyperstriatum of the zebra finch is very similar to
that of the pigeon (see Introduction). Nuclei of the
thalamic region are clearly distinguishable in Nissl
sections and silver impregnations, and are not as
densely packed as in the owl. As in the pigeon the
hyperstriatum of the zebra finch can be divided into
3 layers: hyperstriatum accessorium (HA), hyper-
striatum intercalatus superior (HIS) and hyperstri-
atum dorsale (HD). The hyperstriatum accessorium
receives fibers from the following thalamic nuclei, as
revealed by injection of horseradish peroxidase:

DLA. With injections into the hyperstriatum ac-
cessorium the dorsal and the ventral part of the n.
dorsolateralis anterior, pars lateralis (DLLd and
DLLv) were labeled at the ipsilateral side (Fig. 1).
No contralateral labeling occurred. DLLJ is situa-
ted just beside the medial part of the nucleus of the
septomesencephalic tract (SPC); however, both nu-
clei could easily be distinguished, as DLLd contains
neurons of much smaller size than SPC. The ventral
part of DLLd seems to be stained more intense than



Lateral

Fxg 2. HRP-labeled cell bodies in the SPC. Left: ipsilateral side. Labeling occurs only in the medial part of the nucleus (SPCm).
Right: contralateral side. HRP granula are visible solely in the cells of the lateral part. TrSM, tractus septomesencephalicus.
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Fig. 3. Area of labeled cells in the contralateral HA.

the dorsal part, indicating that this nucleus can be
further divided into subunits, as suggested by histo-
logical and electrophysiological data24.

AP. The visual function of the area pretectalis
(AP) has been considered in two papers?-15. We
found HRP-labeled cells in all injections. They were
diffusely distributed mainly in the rostral part of the
area. The caudal part, however, was also slightly
stained.

SPC. The nucleus of the septomesencephalic tract
or n. superficialis parvocellularis (SPC) is located at
the very edge of the dorsolateral thalamus, and
forms a tube-like structure round the septomesen-
cephalic tract (TrSM). In frontal sections one can
separate two distinct portions of the nucleus, a
lateral and a medial component. Fig. 2 demonstrates
the results of injection of HRP into the hyper-
striatum accessorium. By these injections the medial
part of the nucleus is labeled ipsilaterally, whereas at
the contralateral side only the lateral part of the
nucleus contains HRP reaction product.

HA. Although we found this wulst—wulst projec-

ipsilaferal

tion only in one case, we would like to draw atten-
tion to this result, as it would demonstrate a direct
route from one hemisphere to the contralateral one,
not relayed by the thalamic nuclei, a path which has
not been demonstrated before. The labeled area is
situated at the most ventral part of the HA, inside the
angle built by the boundaries of the brain midline
and the telencephalic ventricle (Fig. 3). In the rostro-
caudal plane it occupies an area of 400 um, just
contralateral to the injection site. It seems unlikely
that this labeling is an artifact of diffusion of HRP
from one hemisphere to the other, independent of
nerve structures, as the staining was found to be
concentrated to cell bodies, and the labeled cells
form a clear patch with relatively sharp boundaries.
There is some evidence now that the fibers connect-
ing the two areas do not pass through the decussatio
supraoptica (DSO) but cross by the commissura
pallii (CP, Karten, pers. comm). We cannot decide
this question, as we got stained fibers in both
commissural connections.

In addition to nuclei which are known to belong



to the visual system, we could detect HRP-labeled
cell bodies in the following thalamic nuclei: nucleus
dorsolateralis posterior thalami (DLP), n. inter-
medius posterior thalami (DIP), tractus occipito-
mesencephalicus (OM), HOM (OM, pars hypo-
thalami, which is a separate fiber bundle in spite of
its name). All these areas were labeled ipsilaterally.
Bilateral labeling was only obtained in one case in
DIP.

Tectofugal pathway

Independent of the localization within the ecto-
striatum, labeled cells were found in the area pre-
tectalis (AP), n. subrotundus (SRt), and n. rotun-
dus (Rt). Within the latter nucleus different areas,
depending on the injection site, were observed, the
pattern of which will be described later. With caudal
ectostriatum injections labeling was observed in the
n. tegmenti pedunculo-pontinus pars compacta
(TPC), n. sensorius principalis nervi trigemini
(PRYV) and n. ventralis lemnisci lateralis (VLV). Oc-
casionally, labeling of the n. subpretectalis (SP), n.
interstitio-pretecto-subpretectalis (IPS) and n. spiri-
formis lateralis (SPL) was found. Fibers of the
supraoptic decussation (DSO) were stained in two
preparations.

N. rotundus. Analysis of the rotundal projection
of the zebra finch demonstrates a high degree of
similarity between our results and those obtained in
the pigeon!. Distinct areas within the n. rotundus
project to different parts of the ectostriatum. Rostral
injections labeled about 609, of the nuclear mass,
particularly the n. triangularis and the caudal part of
the rotundus. With more precise investigation it
appears that n. triangularis labeling occurs in rostro-
lateral injections ; rostromedial ones are followed by
labeling of a wedge-shaped area in the medial part of
the rotundus (Fig. 4).

Cells with HRP reaction product were seen in all
parts of the rotundus and in the nucleus triangularis,
if the injection site was in the caudal part of the
ectostriatum. In these injections it is possible to
identify a clearly distinguishable portion of cells in
the ventral part of the rotundus, which is the source
of the majority of all fibers leaving the nucleus.
Fibers of the ventrolateral portion of these cells are
tracking through the whole nuclear mass and leave
the area at its dorsal boundary, forming there a
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Fig. 4. Rostromedial injection into the ectostriatum yielded
labeling of a wedge-shaped portion of larger cells in the
medial part of rotundus. Dark-field micrograph, transverse
section, bar = 500 um.

component of the fasciculus prosencephali lateralis
(FPL, Fig. 5). Efferents of the ventromedial region,
however, leave the nucleus at the lateral side to join
the FPL (Fig. 6). The destination of these fibers is
the mediocaudal region of the ectostriatum. Addi-
tional fiber outputs are observed at the dorsolateral
and the dorsomedial boundaries of the nucleus (Fig.
5).

Area pretectalis. This region was labeled in 909
of all experiments. In caudal injections two subdivi-
sions of the nucleus were visible, a dorsal part with
large cell bodies, and a smaller ventral part with
small cells (Fig. 7).
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Fig. 5. Cells in the ventral portion of the rotundus as revealed
by caudolateral injections. Fibers tracking through the nu-
clear mass to the lateral forebrain bundle. Bright-field micro-
graph, bar = 100 um.



Fig. 6. Labeled cells in the ventromedial part of the rotundus.
Fibers are tracking to the medial boundary of the nucleus to
join the lateral forebrain bundle. Bright-field micrograph, bar
= 100 pm.

Bilateral projections. Of the other labeled nuclei
only two will be mentioned here, since they seem to
project bilaterally, namely the n. ventralis lemnisci

Fig. 7. Area pretectalis. Two subdivisions of cells divided by
a narrow strip of unlabeled cells dorsal to the posterior
commissure (Cp). Transverse section, dark-field micrograph,
bar = 250 um.

lateralis (VLV) and n. sensorius principalis trigemini
(PRV), both situated in the medulla. Labeling oc-
curred in all caudal ectostriatum injections. In com-
bination with occasionally observed staining of the
decussatio supraoptico (DSO) these results demon-
strate that the ectostriatum may not only process
ipsilateral information.

DISCUSSION

Thalamofugal pathway

Studies of the connections between single thala-
mic nuclei and the different wulst regions were
carried out mainly in pigeons?.16,18,21,22,24-26 There
are some differences in the results of recent reports,
but they are not really controversial, and with a few
exceptions, can be combined (Fig. 8). All authors?-21-
24 demonstrate ipsilateral projections from the n.
dorsolateralis anterior pars lateralis (DLL) to the
hyperstriatum accessorium (HA) and hyperstriatum
dorsale (HD), and contralateral projections from
the dorsal part of that nucleus (DLLd) to HD. The
ipsilateral projections are confirmed by the present
study; HD projections were not investigated here.

The role of SPC is unclear. No projections direct-
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Fig. 8. Schematic diagram of the connections of the thalamo-
fugal pathway combined from the results of different authors
and the present study. For the sake of simplicity only the
inputs of one hemisphere are drawn. Combined from the
results of refs. 9, 21 and 24, and the present report. Abbre-
viations: HA, hyperstriatum accessorium; HIS, lamina hy-
perstriatica intercalata superior; HD, hyperstriatum dorsale;
DLLd (DLL) pars dorsalis anterior pars; DLLv (DLL), pars
ventralis; DLLmc (DLL), pars magnocellularis; DLAmc,
n. dorsolateralis anterior pars magnocellularis; SPCm,
n. superficialis parvocellularis medialis; SPCI, pars lateralis;
AP, area pretectalis; DSO, decussatio supraoptico; CO,
chiasma opticum.
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ly from the retina have been demonstrated by histo-
logical techniques21.22.24, Responses to visual sti-
muli, however, were obtained in SPC by electro-
physiological experiments!®, so we can declare this
nucleus to be visual. Connections of this nucleus to
the hyperstriatum have been demonstrated?, but the
distinction of two different parts with different pro-
jections as revealed by this study has not been
mentioned before. Unfortunately, there are no in-
vestigations available concerning the topology of the
projection to that area. Nevertheless, it is tempting
to speculate that the information from the eye may
be split in this relay station, e.g. by leading the
information of one hemifield of the visual space to
the contralateral hemisphere (via lateral SPC) and
the information of the other hemifield to the ipsi-
lateral side (via medial SPC), as proposed by Petti-
grew and Konishi2® for the owl thalamic relay. It
seems to be important that both parts of the SPC
project to the same part of the hyperstriatum: only
in such a configuration would direct convergence of
the input of the two eyes to binocularly driven cells
be possible. The other parts of the OPT complex
seem to project mainly to different parts of the
hyperstriatum; DLLd pars ventralis and DLLv pro-
ject ipsilateral to HA/HIS, a result supported by our
data. DLLd pars dorsalis and DLLmc seem to
project mainly to the contralateral HD/HIS24, the
only overlap of these two projections can be seen in
HIS, and it remains unclear whether this overlap is
true or must be regarded as an artifact. However,
DLLd seems to project to some extent ipsi- and
contralaterally to HD?:2!, and therefore this pro-
jection might also be designed for direct binocular
comparison. It seems unlikely that this is really the
case, as the electrophysiological results demonstrate
that binocularity, whenever found, was restricted to
HAZ?8:2%_If one accepts the similarity of the thala-
mofugal projection of birds with the geniculo-corti-
cal system of mammals29, where the information of
the two hemifields of the eyes are represented each in
the contralateral hemisphere of the cortex, the above
demonstrated HA-HA projection would make sense
as a functional analogue of the corpus callosum of
mammals.

The projection from the area pretectalis will be
discussed below, as this region gets additional input
from the ectostriatum.
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Fig. 9. Schematic diagram of the subdivisions of rotundus as
revealed by injection of HRP into different ectostriatal re-
gions. Explanations see text.

Tectofugal pathway

Our histological results concerning the rotundo-
ectostriatal connections are in good agreement with
the results obtained in the pigeon!. The nucleus can
be divided into a caudal, medial, dorsal and ventral
component by means of HRP injection into different
parts of the ectostriatum (Fig. 9). In addition to the
results of Benowitz and Karten! we could identify a
group of large cells in the ventral region of the
nucleus, the axons of which pass through the ro-
tundus and leave the nucleus at its dorsal boundary
(Fig. 5).

Recent morphological and physiological results
are only in part consistent!:$-19:31, The dorsal and
ventral zones have been identified in all studies. The
caudal area identified by histology also has a physio-
logical correlate3l. The medial part found in this
study has not yet been established in electrophysio-
logical experiments.

Projections of the different parts of the rotundus
are similar in our results and those obtained by
other authors!: medial regions of the rotundus
project to medial parts of the ectostriatum, ventral
areas to lateral, caudal regions to the whole ecto-
striatum, and ventromedial caudal rotundal areas to
the mediocaudal ectostriatum.

Of the other nuclei we have found labeled in our
experiments, two are expected to be visual, viz. the
area pretectalis”-15 and the n. subrotundus8, as they
receive input from the retina. The area pretectalis
may be another example of a connection between
the thalamofugal and the tectofugal pathways. We
also found labeled cells in this area by injection of
HRP into the hyperstriatum accessorium. As the
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distribution of cells is different in the two studies
(injection into the ectostriatum causes two sub-
divisions of labeled cells, whereas in HA injections
the cells were evenly spread over the whole area),
there may in fact be different portions of cells
projecting to one or the other telencephalic station.
The function and significance of this connection
cannot be speculated about yet.

The role of the remaining nuclei (TPC, SP, IPS,
SPL) is not as clear. They are situated in the ventral
thalamus and therefore one can suppose that they
are not comparable to the dorsal thalamic nuclei
relaying information from sensory organs to telen-
cephalic fields. Recent studies3:12 indicate projec-
tions of these nuclei to the paleostriatal complex
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