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ABSTRACT

The avian isthmic nuclei are constituted by a group of structures reciprocally connected
with the tectum opticum and considered to play a role in the modulation of intratectal
processes. Although the two larger isthmic nuclei, the n. isthmi pars parvocellularis (Ipc) and
the n. isthmi pars magnocellularis (Imc), have been studied in detail previously, the third and
smallest of this group, the n. isthmi pars semilunaris (SLu), has been largely neglected. The
present study demonstrates this isthmic component to be characterized by a unique connec-
tivity and immunohistochemical pattern: 1) SLu receives tectal afferents and projects back
onto the outer retinorecipient tectal layers; 2) it projects bilaterally onto the nucleus rotundus
and thus modulates the ascending tectofugal system; 3) in addition, previous studies have
demonstrated SLu projections onto the lateral spiriform nucleus (SpL), which mediates basal
ganglia output onto the tectum. In that SpL projects onto the deep layers of the tectum, SLu
indirectly modulates descending tectal output patterns. Taken together, the role of SLu goes
far beyond a local modulation of intratectal processes. Instead, this isthmic structure is likely
to play a key role in the topographically organized modulation of the ascending and, at least
indirectly, also the descending projections of the optic tectum. J. Comp. Neurol. 436:153-166,
2001. © 2001 Wiley-Liss, Inc.
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The nucleus isthmi is a visual midbrain structure with
topographically organized and reciprocal connections to
the midbrain roof. By this definition, it is present in most
vertebrates, including fish (Sakamoto et al., 1981; North-
cutt, 1982), amphibians (Gruberg and Udin, 1978), rep-
tiles (Wang et al., 1983; Welker et al., 1983; Kiinzle and
Schnyder, 1984), birds (Hunt et al., 1977), and mammals
(Graybiel, 1978; Baleydier and Magnin, 1979; Sherk,
1979; Kiinzle and Schnyder, 1984). This widespread dis-
tribution points to a critical role in tectally based visual
information processing (Bagnoli et al., 1979; Sereno and
Ulinski, 1987, Wang and Frost, 1991; Wiggers and Roth,
1991). In comparison to other classes of vertebrates, birds
possess a highly differentiated tectofugal visual system.
In pigeons, about 90% of the retinal ganglion cells project
onto the tectum, from which multiple parallel projection
streams ascend to different regional domains of the dien-
cephalic nucleus rotundus (Hellmann and Guntirkin,
2001), which itself is characterized by a spatial subdiffer-
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entiation of function (Wang et al., 1993). A high degree of
complexity is also apparent in the isthmus, which exhibits
a threefold subdifferentiation. This morphological segre-
gation suggests a spatial separation of function and opens
the possibility of studying different modulatory actions of
the isthmus independently (Wang et al., 1995).

In pigeons, the nucleus isthmi can be subdivided into
the nucleus isthmi pars parvocellularis (Ipc), pars magno-
cellularis (Imc), and pars semilunaris (SLu), all of them
receiving ipsilateral tectal input in parallel (Hunt and
Kiinzle, 1976). Apart from this general correspondence,
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Ipc and Imc differ with respect to their tectal connectivity
pattern, their neurotransmitter expression, and their
functional properties: Ipc receives strong and topographi-
cally ordered input from tectal layer 10 neurons and con-
stitutes an inhibitory return projection onto the outer
retinorecipient layers 2-5 (Hunt and Kiinzle, 1976; Wang
et al., 1995; Woodson et al., 1991). In contrast, Imc re-
ceives only sparse and probably nontopographically ar-
ranged tectal input (Hunt and Kiinzle, 1976), whereas its
output ramifies within deep tectal layers 12—14 (Hunt and
Brecha, 1984; Wang and Wang, 1990), where it exerts
excitatory influences on tectal units (Wang et al., 1995).
With the exception of some GABAergic cells within its
rostral pool (Hunt et al., 1977; Wang et al., 1993), most Ipc
neurons are cholinergic (Bagnoli et al., 1992; Medina and
Reiner, 1994; Sorenson et al., 1989), whereas virtually all
Imc neurons express y-aminobutyric acid (GABA; Do-
menici et al., 1988; Granda and Crossland, 1989; Tombol
and Németh, 1998; Veenman and Reiner, 1994).

SLu is the smallest of the three isthmic nuclei in birds.
This double-layered cell group is located ventromedially
adjacent to the Ipc in the mesencephalic tegmentum (Giin-
turkiin, 1987). Like the Ipc, SLu exhibits tight reciprocal
connections with the tectum (Hunt and Kiinzle, 1976), and
its neurons are also cholinergic (Medina and Reiner,
1994). Because these hodological and biochemical similar-
ities indicated a close functional similarity between Ipc
and SLu, physiological examinations have neglected the
Slu. However, SLu is the only isthmic structure that es-
tablishes extratectal connections, with projections onto
the lateral spiriform nucleus (SpL), which transfers basal
ganglia output to the tectum (Reiner et al., 1982a,b). The
present immunohistochemical and tract-tracing work
shows, in addition, that the connectivity pattern of the
SLu goes far beyond what has conceived until now and
makes it likely that this neglected isthmic structure is a
key component of the tectofugal system.

MATERIALS AND METHODS

Forty-four adult pigeons (Columba livia) of unknown
sex and from local breeding stocks were used. Immuno-
histochemistry was performed in six animals to reveal the
distribution of antigens against GABA, cholineacetyl-
transferase (ChAT), and ionotrophic glutamate receptor
subunits. Thirty-six animals received injections of differ-
ent tracers into the optic tectum, the nucleus rotundus, or
the lateral spiriform nucleus. For anterograde pathway
tracing, biotinylated dextran amine (BDA; 10,000 MW;
lysine-fixable, 10% in 2% DMSO; Molecular Probes, Lei-
den, The Netherlands) was used. Retrograde pathway
tracing was performed with the fluorescing tracers Texas
red dextran amine (TDA) and fluorescein dextran amine
(FDA; both 10,000 MW; lysine-fixable, 8% in 2% DMSO,;
Molecular Probes). In addition, choleratoxin subunit B
(CtB; 1% in A.dest.; Sigma, Deisenhofen, Germany) was
used. All experiments were carried out according to the
specifications of the German law for the prevention of
cruelty to animals.

Tracing experiments

Prior to surgery, the pigeons were anesthetized with
equithesin (0.33 ml/100 g body weight) and were placed
into a stereotaxic apparatus (Karten and Hodos, 1967).
For tectal tracer injections, a modified device was used
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TABLE 1. Antibodies Used and Their Concentrations

Antigen Primary antibody Secondary antibody

CtB Goat anti-CtB, 1/20,000; Biot. rabbit anti-goat, 1/200;
Sigma Vector

Goat anti-CtB, 1/8,000; Fluorescein rabbit anti-goat, 1/75;

Sigma Vector

GABA Rabbit anti-GABA, Biot. goat anti-rabbit, 1/200;
1/10,000; Sigma Vector

Glu R1 Rabbit anti-GluR1, 1/500, Biot. goat anti rabbit, 1/200;
Chemicon Vector

Glu R2/3 Rabbit anti-GluR2/3, 1/500; Biot. goat anti-rabbit, 1/200;
Chemicon Vector

ChAT Goat anti-ChAT, 1/1,000; Biot. rabbit anti-goat, 1/200;
Chemicon Vector

that allowed lateral rotation of the head along the longi-
tudinal axis over 100° to the left and to the right. The
scalps were infiltrated with Xylocaine and subsequently
incised either between eye and auditory meatus (tectal
injections) or dorsally along the midline of the head (ro-
tundal injections). Next, the scull was opened with a den-
tal drill and a glass micropipette (outer tip diameter
20-25 pm) mounted to a mechanic pressure device (WPI
Nanoliterinjector) was inserted into the rotundus or optic
tectum according to stereotaxic coordinates of the pigeon
brain atlas by Karten and Hodos (1967). The different
tracers were injected in steps of 2 nl over a period of 20—30
minutes. Overall injection volume ranged between 30 nl
(CtB) and 70 nl (dextran amines). Subsequently, the pi-
pette was removed and the skin was infiltrated again with
Xylocaine and sutured.

After survival times ranging from 2 days (rotundal and
tectal CtB applications) to 8 days (rotundal dextran amine
injections), the animals received an injection of 200 units
sodium heparin and were then deeply anesthetized with
an overdose of equithesin (0.55 ml/100 g body weight). The
pigeons were perfused through the heart with 100 ml 0.9%
(w/v) sodium chloride and 800 ml ice-cold 4% paraformal-
dehyde in 0.12 M phosphate buffer (PB), pH 7.4. The
brains were removed and stored for 4 hours in fixative
with a supplement of 15% sucrose (w/v). Subsequently, the
brains were stored overnight in a solution of 30% sucrose
in 0.12 M PB. On the following day, the brains were cut in
frontal plane at 35 pm on a freezing microtome, and the
slices were collected in PB containing 0.1% sodium azide
(whv).

Immunohistochemistry

For immunohistochemical demonstration of various an-
tigens, pigeons were perfused as described for the tracing
experiments, with the exception that primary and second-
ary fixatives additionally contained 0.2% glutaraldehyde.
Immunhistochemical visualization was performed either
according to the immuno-ABC-DAB or the immunofluo-
rescence technique.

Sections were reacted freely floating. Only in case of the
immuno-ABC-DAB technique were sections placed first
for 35 minutes in 1% hydrogenperoxidase/50% ethanol to
reduce endogenous peroxidase activity. After washing,
sections were incubated for 36 hours at 4°C in the primary
antibody solution [in 0.12 M PB after the addition of 2%
NaCl (w/v), 0.3% Triton X-100 + 0.1% sodium-azide (w/v),
and 5% normal serum from the host of the secondary
antibody; see Table 1]. After being rinsed, the sections
were incubated for 60 minutes at room temperature in the
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biotinylated secondary antibody (in 0.12 M PB + 2%
NaCl + 0.3% Triton X-100; see Table 1).

Brain slices containing either BDA or the secondary
biotinylated antibody were additionally reacted freely
floating according to the avidin-biotin-peroxidase tech-
nique (ABC). After rinsing, sections were incubated for 60
minutes in ABC solution (Vectastain ABC-Elite Kit; Vec-
tor, Wiesbaden, Germany; 1/100 in 0.12 M PB + 2%
NaCl + 0.3% Triton X-100). After additional washing, the
peroxidase activity was detected using a heavy metal-
intensified 3'3-diaminobenzidine (DAB; Sigma, Deisen-
hofen, Germany) reaction (Adams, 1981), modified by the
use of B-d-glucose/glucose-oxidase (Sigma) instead of hy-
drogenperoxidase (Shu et al., 1988). The sections were
mounted on gelatin-coated slides, dehydrated, and cover-
slipped with Permount (Fisher Scientific, Fair Lawn, NJ).
Some sections were counterstained with cresyl violet.

Sections from animals that had received fluorescent
tracer injections or that were used with a secondary fluo-
rescent antibody were mounted on gelatin-coated slides,
air dried, and coverslipped with ProLong Antifade Kit
(Molecular Probes). Sections were viewed with an Olym-
pus BH2 epifluorescence microscope with the following
filter settings: FDA, Olympus IB-set with additional
shortpass emission filter G520; TDA, Chroma filters
(Brattleboro, VT) with excitation filter HQ-577/10, di-
chroic mirror Q-585LP, and emission filter HQ-645/75.

Evaluation

Tracer injection sites were reconstructed using an
Olympus BH2 microscope. Structures were drawn using
PC software Designer 3.1 (Micrografx). For this, a digi-
tized picture of the section was displayed on a computer
monitor, using a black-and-white video camera (Kappa CF
8; Gleichen, Germany) attached to the microscope and a
PC-based computer hardware configuration (Soft Imaging
System, Miinster, Germany). Intrarotundal tracer diffu-
sion area was measured with the image-analyzing soft-
ware SIS Analysis 3.0 (Soft Imaging System). The amount
of double-labeled cells in fluorescing sections was deter-
mined with a 40X objective for three different focus planes
by manually marking fluorescein-labeled cells in digital
images and by a projection of these marks onto the corre-
sponding digital image with Texas red labeling. Photo-
graphic documentation was carried out with a 35 mm
camera system attached to the microscope using Agfa APX
25, Agfa APX 100, or Kodak Ectachrome 200 film. Digital
images of double-labeled SLu cells resulting from tectal
and rotundal tracer injections were recorded with a con-
focal laser scanning microscope (Zeiss LSM 510 attached
to a Zeiss Axiovert 100M). Color images were processed
with Photoshop 5.5 software (Adobe, Mountain View, CA).
Color balance, contrast, and brightness were adjusted to a
variable extent to meet satisfying output results with the
Fuji “Medial.ab” printer device.

RESULTS

The nucleus semilunaris is located at the lateral border
of the mesencephalon, just between the tectal hemisphere
and the lateral tegmentum. Dorsolaterally it adjoins the
Ipc at rostrocaudal levels A1.7 to A2.2. In Nissl-stained
material, SLu somata are seen to be ovoid, with mean
diameters of 7/15 pm (short/long axes). Most of these
perikarya cluster at the lateral margin, where they form

155

two dorsoventrally oriented rows within the ventral SLu
(Fig. 1). Cell density was medially 1.45 times higher than
laterally. Somata within the dorsal SLu were circularly
arranged with their long axes often oriented radially. Gal-
lyas myelin staining revealed the SLu to be surrounded by
dense fiber bundles (Fig. 2).

Tectal tracer injections

In general, the results demonstrated the existence of
reciprocal connections between tectum opticum and SLu.
CtB as well as fluorescent dextran injections into the
tectum resulted in a retrograde labeling of numerous ip-
silateral SLu somata, which were intermingled with dif-
fuse anterograde fiber fillings. As in Nissl-stained mate-
rial, the majority of retrogradely labeled somata were
located at the outer margin of the SLu. The dendritic
processes of these multipolar cells extended primarily ra-
dially into the central, cell-poor regions, where dendritic
processes of the lateral and medial cell rows intermingled.
Tectal BDA injections resulted in little somatic but often
in a dense anterograde fiber labeling within the ipsilateral
SLu. Axons entered SLu rostrolaterally and ramified sev-
eral times to constitute a network of very fine irregularly
oriented processes with highest densities in the central,
cell-poor regions.

Focal tectal tracer applications revealed a tight topo-
graphic arrangement of reciprocal tectoisthmic connec-
tions. The rostrodorsal and the ventrocaudal tectum re-
ceived input from and projected onto the rostrodorsal and
the ventrocaudal SLu, respectively. As compared to sole
anterograde labeling in correspondingly injected BDA
cases, tectal CtB injections revealed a nearly exact overlap
of anterogradely labeled fine fiber processes and retro-
gradely labeled somata within SLu (Fig. 3a). This ar-
rangement points to strict reciprocity in the tectoisthmic
connectivity. Double injections of different fluorescent
dextran amines into the dorsal as well as the ventral
tectum revealed a complete spatial segregation of retro-
gradely labeled SLu efferents; double-labeled neurons
were not observed (Fig. 4a).

Although CtB injected cases generally revealed retroga-
dely labeled cells within all isthmic nuclei, only a subset of
BDA cases with substantial tracer spread in the outer
retinorecipient tectal layers 2—7 (n = 4) exhibited retro-
grade BDA filling of SLu somata. The remaining cases
with BDA spread restricted nearly completely to the in-
termediate and deeper tectal layers 8-14 revealed an
anterograde fiber, but a very poor retrograde somata la-
beling within the SLu. Beneath the isthmic projection, the
tectal double injections of fluorescent dextrans demon-
strated a topographically ordered input to the tectum from
the pretectal nucleus spiriformis lateralis (SpL); dorsal or
ventral tectal tracer injections resulted in the retrograde
labeling of somata clustering predominately within the
dorsal or ventral SpL, respectively (Fig. 4b).

Rotundal tracer injections

Our data demonstrate a substantial projection of the
SLu onto the entire ipsilateral nucleus rotundus. Rotun-
dal CtB injections (n = 20) always resulted in retrograde
labeling of several neurons within the ipsilateral SLu.
Intrarotundal CtB spread ranged between 11% and 51% of
the entire rotundal area in frontal sections. Counts of
CtB-labeled somata in every fifth section of the SLu re-
vealed between 64 and 392 retrogradely labeled cells.



Fig. 1.

margins. Scale bar = 500 pm.

These neurons had multipolar ovoid somata and were
located primarily at the outer margins of the Slu, with
their dendritic processes ramifying predominantly within
the central core (Fig. 6a—c). Thus, they exhibited the same
morphological features as retrogradely labeled cells after
tectal CtB injections.

Focal CtB injections revealed a topography of semilunar
projections onto nucleus rotundus: Caudal rotundal injec-
tions [n = 3; A5.2-A5.65 according to the pigeon brain
atlas (Karten and Hodos, 1967)] labeled 72% (SD 16.3) of
cells [mean number 138 (SD 42.8) counted in one fifth of
all sections] within the dorsal SLu (Fig. 6a), whereas all
other rotundal injections as well as those located within n.
triangularis (n = 14) caused retrograde somatic labeling
primarily throughout the remaining SLu, with 74% (SD
7.6) of cells [mean number 186 (SD 46.0) counted in one-
fifth of all sections] located in the central and ventral
portion (Fig. 6b,c). Only within the rostralmost tip of the
SLu, neuronal somata were labeled without obvious spa-
tial segregation after all rotundal injections.

Combined multiple tectal TDA applications and focal
rotundal CtB (n = 3), with the latter tracer visualized
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Section of the caudal midbrain with the cresyl violet-stained isthmic cell groups n. isthmi pars
magnocellularis (Imc), pars parvocellularis (Ipc), and pars semilunaris (SLu). In addition, the location of the
disseminated nucleus, which is presumed to be a further isthmic component (ID; Medina and Reiner, 1994)
is indicated. Within the SLu, cells are not distributed homogeneously but cluster at its medial and lateral

via fluorescein-coupled secondary antibodies, revealed
double-labeled somata within SLu (Fig. 5). About 46% (SD
16.2) of fluorescein-labeled rotundally projecting SLu so-
mata also contained the tectally applied tracer.

In that retrogradely labeled SLu somata could in
principle also result from extrarotundal tracer spread
at the cannula track, additional CtB injections into the
dorsal thalamus (n = 3) as well as into the nucleus
lentiformis mesencephali and the ventrolateral compo-
nent of nucleus principalis precommisuralis (n = 2)
were performed. They revealed no labeled cells within
SLu. In addition, it should be noted that rotundal BDA
injections (n = 5) never resulted in anterograde labeling
of fibers within the SLu.

Contralateral projections of the nucleus
semilunaris

Rotundal CtB injections also revealed some retro-
gradely labeled neurons within the margin of the con-
tralateral SLu. In two animals, two and three cells (count-
ed in one-tenth of all sections) were located directly within
the dorsal or central contralateral SLu. Additionally, four
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Fig. 2. Gallyas silver impregnation of myelin sheets in the sur-
rounding of SLu. Although only few myelinated fibers cross the SLu,
medially oriented fibers seem to invade the brachium conjunctivum
(BC) and laterally oriented axons seem to join the tractus isthmocer-
ebellaris (TIC). Scale bar = 500 pm.

rotundal CtB injections revealed retrogradely labeled cells
directly rostrally adjacent to the contralateral SLu.

Tectal CtB injections also filled some somata within the
contralateral SLu. They were located within its rostral-
most tip (overall 2-7 cells counted in one-tenth of all
sections; Fig. 7).

Immunohistochemical characterization

Both Ipc and SLu displayed strong ChAT immunoreac-
tivity (Fig. 8). SLu cell bodies were intensely labeled, with
numerous processes reaching into the center of the nu-
cleus, where they established a dense netting. ChAT-
immunoreactive fiber bundles extended from the medial
row of SLu somata into the lateral tegmentum. Addition-
ally, more weakly labeled fiber bundles arose dorsomedi-
ally from the SLu. Compared to that in Ipc, the intensity
of the somatic labeling was remarkably stronger within
SLu. Counting of immunopositive cells and adjacent cresyl
violet-stained sections in two animals revealed 91% (SD
6.0) of SLu somata as immunoreactive with the ChAT
antibody. ChAT/cresyl violet double labeling revealed
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nearly all somata to be immunoreactive, with the excep-
tion of the caudalmost SLu, where several neurons re-
mained immunonegative. Nucleus rotundus also exhibited
ChAT immunoreactivity, which was confined to thin fiber
processes and enhanced diffuse background staining in
transverse sections (Fig. 9).

Whereas the Imc was characterized by a cellular GABA
immunoreactivity, Ipc and SLu displayed a diffuse neuro-
pil GABA staining in combination with interspersed short
fiber segments (Fig. 10). Compared to SLu, Ipc overall
labeling intensity was slightly stronger.

SLu neurons exhibited strong somatic immunoreactiv-
ity against glutamate receptor subtype GluR1 (Fig. 11),
whereas antibodies directed against GluR2/3 subunits re-
vealed no labeled cells except very weak diffuse back-
ground staining (Fig. 12). Comparison of cell counts of
GluR1-immunoreactive somata and adjacent cresyl violet-
stained sections suggested that 90% of SLu cells expressed
the AMPA receptor subunit. In contrast, Ipc revealed no
immunoreactivity against the GluR1 subunit, although
virtually all of its somata were immunopositive for an
antibody against the GluR2/3 subunit (Fig. 12).

DISCUSSION

This study reveals that SLu has unique connectivity
patterns and immunhistochemical characteristics and is
thus a key component of the isthmic complex. As is dis-
cussed below, the projections of the SLu onto the tectum,
the rotundus, and the SpL (Reiner et al., 1982a) demon-
strate that this isthmic structure is possibly able to mod-
ulate ascending tectofugal as well as descending visuomo-
tor processes.

Architecture of the semilunar
connectivity pattern

Like the other isthmic nuclei (Hunt et al., 1977), SLu
exhibits reciprocal connections with the optic tectum. Al-
though the topographic order within the tecto-Imc system
is only poor, it is very precise for the tecto-Ipc connection
(Hunt and Kiinzle, 1976; Guntirkiin and Remy, 1990).
The present data show a comparably tight topographic
arrangement for the tecto-SLu projections, with the ros-
trodorsal and caudoventral tectum being connected to the
rostrodorsal and caudoventral SLu, respectively. Data on
the tectal targets of the semilunar projection are partly
contradictory, in that previous anterograde tracing exper-
iments pointed to a projection onto the intermediate and
deep layers (Hunt and Brecha, 1984), whereas our data on
the laminar distribution of tectal tracer spread and result-
ing semilunar labeling suggest a more superficial tectal
projection, comparable to that of the Ipc (Hunt and Bre-
cha, 1984; Woodson et al., 1991). Insofar as earlier studies
used radioactive tracers with a much larger tracer spread,
it is likely that these tracers also labeled other midbrain
nuclei surrounding SLu.

In contrast to Ipc data, our data clearly show that SLu
ascends onto the diencephalic nucleus rotundus. These
newly described rotundally projecting SLu neurons con-
stitute a subgroup of the tectally projecting neurons: Com-
bined tectal and rotundal tracer injections revealed that
nearly 50% of rotundally projecting neurons exhibit axon
collaterals onto the tectum. In that the semilunar-tectal
projection is tightly topographically organized and tracer



Fig. 3. Anterograde fiber labeling within subcomponents of the
SLu after focal CtB or BDA injections into the ipsilateral tectum.
a: CtB injections into the ventral tectum resulted in anterogradely
labeled fibers concentrated within the ventralmost portion of the SLu.
Additionally, retrogradely labeled somata (arrows) were located
within its ventrolateral tip (masked by fiber fillings) and ID. b: An-

terogradely labeled fibers within the ventral and central SLu after a
BDA injection into the ventrolateral tectum. c: BDA labeled fibers
within the central and dorsal SLu after an injection into the dorso-
lateral tectum. Some additional fiber labeling is visible within the ID.
d: Anterogradely BDA-labeled fibers within the dorsalmost SLu after
a tracer injection restricted to the dorsal tectum. Scale bar = 200 pm.
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Fig. 4. Retrogradely labeled cells within the SLu (a) and nucleus
spiriformis lateralis (SpL; b) after injections of fluorescent dextrans
into the ventrolateral (FDA, green) and dorsal tectum (TDA, red).
a: Cells within the SLu were completely segregated with the dorsal
SLu projecting onto the dorsal tectum and the central and ventral
SLu projecting onto the ventrolateral tectum. Double-labeled cells

spread never covered the entire tectal surface, it is likely
that the proportion of rotundally projecting SLu neurons
with axon collaterals to the tectum is considerably higher
than this.

Focal rotundal CtB injections revealed a roughly topo-
graphic order within the SLu-rotundal projection. Thus,
within the tectofugal pathway, SLu is interposed as a
structure with topographically organized projections onto
targets that establish different functional organizations:
Whereas the tectum represents a two-dimensional (2D)
visual map, the rotundus is characterized by nonretino-
topically organized functional domains (Revzin, 1979;
Wang et al., 1993). SLu might therefore constitute a crit-
ical component in the transition from retinotopic tectal to
functionotopic rotundal coding along the tectofugal path-
way. To outline this, we will first consider the organization
of the tectorotundal projection.

Specific relay cells in lamina 13 of the tectum constitute
a massive bilateral projection onto the nucleus rotundus
(Benowitz and Karten, 1976). The rotundus itself is com-
partmentalized in different functional domains, being se-
lective for 2D or 3D movement, color, and luminance
(Wang et al., 1993). The transition from retinotopic coding

(yellow) were restricted to the disseminated isthmic nucleus (ID).
b: SpL output onto the tectum exhibits a rough topography; projec-
tions onto the dorsal tectum (red) were concentrated within the dorsal
SpL, whereas cells projecting to the ventrolateral tectum (green) were
often located within the ventral and central SpL. PT, nucleus pretec-
talis. Scale bars = 200 pm in A, 500 pm in B.

at the tectal level to functionotopic coding within the ro-
tundus is built up by the regionally discrete projection of
at least five morphologically distinct populations of tectal
layer 13 neurons (Hellmann and Giintiirkiin, 2001). Each
of these five cell groups has a distinct dendritic ramifica-
tion pattern within the retinorecipient tectal layers and
thus receives an idiosyncratic mixture of retinal ganglion
cell input. It is therefore very likely that these neurons
have distinct visual response properties. Because these
cells terminate in five different rotundal domains, this
visual specificity is transposed onto nucleus rotundus.
Thus, the tectorotundal projection is characterized by the
presence of at least five parallel streams of heterogeneous
visual coding. However, there is a further variable that
characterizes the tectorotundal projection: Tectal lamina
13 cells also differ quantitatively with respect to their
overall distribution over the tectal surface. Although two
cell populations predominantly, but not exclusively, clus-
ter in the ventral tectum, one is primarily located within
the dorsal tectum (Hellmann and Giintiirkiin, 2001). The
tectum is retinotopically organized, with the upper visual
field represented in the dorsal and the lower visual field in
the ventral tectum, so these cell-type specific distributions
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Fig. 5.
cence in a,c) and multiple TDA injections into the ipsilateral tectum (red in b,c). Within the corresponding
frames, arrowheads in a—c point to double-labeled cells (yellow in the compound figure, ¢). Arrows point
to cells labeled with only one tracer. Scale bar = 100 pm.

should result in a visual field-related specificity of the
tectorotundal transition (Hellmann and Giintiirkiin,
1999). Taken together, the parallel tectorotundal streams
can be compartmentalized according to their differential
visual coding principles as well as according to their visual
field specificity.

Apart from the direct tectorotundal pathway, indirect
projections also connect tectum and rotundus. One of
them is the tectopretectorotundal system, which connects
to nucleus rotundus via three pretectal nuclei, each receiv-
ing input via collaterals of the tectorotundal projection
(Deng and Rogers, 1998). Insofar as each rotundal domain
also receives a domain-specific mixture of afferents from
the three pretectal nuclei, the pretectorotundal connectiv-
ity mirrors the whole compartmentalization of the tecto-
rotundal system (Deng and Rogers, 1998; Hellmann and
Giintiirkiin, 2001). The second indirect tectorotundal side-
way, the tectosemilunar-rotundal system, is described for

a-c: Retrogradely labeled cells within the SLu after rotundal CtB injections (green fluores-

the first time in the present paper. This pathway seems to
be especially organized according to a visual field-specific
differentiation: Dorsal SLu is reciprocally connected to
dorsal tectum and projects to caudal rotundus. Because
caudal rotundus receives mainly afferents from dorsal
tectum (Hellmann and Giintiirkiin,2001) and because the
dorsal tectum receives input from the upper visual field
(Remy and Gintirkiin, 1991), the dorsal tectum-dorsal
Slu-caudal rotundus system seems to be a tightly inter-
linked pathway to process stimuli from the superior visual
field. The ventral tectum is interconnected to ventral SLu,
with both structures projecting to the remaining rotundal
domains (Fig. 13). At least some of these domains receive
mainly ventral tectal afferents (Hellmann and Giin-
tiirkiin, 2001). Therefore, the ventral tectum-ventral Slu-
rostral rotundus system processes mainly, but not exclu-
sively, input from the lower visual field. Taken together,
the functional organization within the tectosemilunar-



Fig. 6. Semilunar labeling patterns after CtB injections into dis-
tinct portions of the nucleus rotundus that are characterized by a
differential input from tectal cell populations (Hellmann and Giin-
tiirkiin, 2001). a: CtB injections into the caudalmost rotundus labeled

somata predominately within the dorsal SLu. b: CtB injections into
the ventral rotundus labeled cells within the central and ventral SLu.
c: The same semilunar labeling pattern resulted after CtB injections
into the rostrodorsal rotundus. Scale bar = 200 pm.
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Fig. 7. Somata labeled within the rostral one-third of the SLu
after CtB injection into contralateral tectum. Scale bar = 500 pm.

rotundal system seems to be governed mainly by a differ-
ential modulation of visual field-specific information.

In addition to the projection onto two components of the
tectofugal system, SLu exerts output to the lateral spiri-
form nucleus (SpL), which conveys basal ganglia influence
onto the tectum and hence participates in controlling the
tectal premotor output (Jiao et al., 2000; Reiner et al.,
1982a). Thus, SLu modulates tectal information process-
ing not only directly via its projections onto the presum-
ably outer retinorecipient layers but also indirectly via the
SpL, which innervates the deeper tectal layers, from
which the descending projections arise (Reiner and
Karten, 1982; Reiner et al., 1982a).

As do the ascending tectorotundal and SLu-rotundal
connections, the SpL-tectal projection exhibits a visual
field specificity along the dorsoventral tectal axis (Reiner
et al., 1982a; Fig. 4b). Therefore, it is likely that visual
field-dependent specifications are not restricted to the as-
cending information stream but are also present along the
entire tecto-SLu-SpL-tectum loop and hence might consti-
tute a characteristic feature of visuomotor integration.

Immunohistochemical characteristics
of the SLu

Like Ipc, SLu is labeled by a dense network of GABA-
immunoreactive fibers (Fig. 9). In addition, neurons of
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Fig. 8. ChAT-like immunoreactivity within SLu and Ipc. SLu so-
mata were intensely labeled. In addition, numerous processes exhibit
strong immunoreactivity. Comparatively weaker ChAT staining was
obvious in the dorsally adjoining Ipc. Scale bar = 500 pm.

both nuclei exhibit immunoreactivity against AMPA-
receptor subunits constituting ionotropic glutamate recep-
tors in a pentameric arrangement (Fagg, 1985). The func-
tional characteristics of the AMPA receptors are
determined by the specific combination of the receptor
subunits, whereby GluR2 controls their calcium perme-
ability (Boulter et al., 1990; Keinénen et al., 1990), so, in
addition to their comparable reciprocal connections with
the tectum, both nuclei share GABAergic as well as glu-
tamatergic input. However, the action of at least gluta-
mate may vary between Ipc and Slu, because they express
different AMPA-receptor subunits, with Ipc exclusively
expressing GluR1 and SLu expressing GluR2/3.

Nearly all somata of Ipc and SLu were shown to exhibit
somatic immunoreactivity against ChAT (Medina and
Reiner, 1994; Sorenson et al., 1989), a specific marker for
cholinergic neurons. The present study confirms these
data and also reveals a much stronger somatic ChAT
immunreactivity in SLu compared to Ipc. In that more
than 90% of somata are ChAT-positive, one would expect
acetylcholine (ACh) to be the transmitter of the
semilunar-rotundal projection. Available data on a cholin-
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Fig. 9. ChAT-like immunoreactivity within the thalamus. a: Com-
pared to the dorsolateral thalamus (GLd), nucleus rotundus (Rt)
exhibits enhanced binding with the ChAT antibody. ChAT-
immunoreactive fibers were also labeled in the fasciculus retroflexus

Fig. 10. Overview of GABA-like immunoreactivity within the isth-
mic nuclei. Whereas Imc exhibited somatic labeling, Ipc and SLu were
characterized by intense diffuse labeling. Scale bar = 500 pm.

ergic innervation of the rotundus are contradictory. The
rotundus exhibits moderate to high levels of acetylcho-
linesterase activity, a marker for cholinergic as well as
cholinoceptive neurons (Martinez-de-la-Torre et al., 1990;
Vischer et al., 1982). Receptor binding studies revealed
high affinity of muscarinic Ach receptor ligands within the
dorsal rotundus/nucleus triangularis (Dietl et al., 1988),
but this could also indicate a cholinergic projection from
the medial habenula to nucleus triangularis (Sorenson et
al., 1989). The remaining rotundus is characterized by low
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(fr). b: Higher magnification of nucleus Rt and the dorsally adjoining
nucleus suprarotundus (SpRt), which is a part of the GLd. Arrow-
heads point to ChAT-immunoreactive fiber processes. Scale bars =
500 pm in A, 50 pm in B.

(Vischer et al., 1982; Watson et al., 1988) to moderate
(Britto et al., 1992; Sorenson and Chiappinelli, 1992) lev-
els of nicotinic receptors. ChAT-immunoreactive fibers
were found within the rotundus of chicks (Sorenson et al.,
1989). The present study confirms these results also in
pigeons, although a previous study in the same species
failed to show intrarotundal ChAT immunoreactivity (Me-
dina and Reiner, 1994). A possible explanation for the
different results is that rotundal labeling was confined to
thin fiber processes, without strongly enhanced diffuse
tissue staining.

Although Ach can principally exert excitatory as well as
inhibitory actions, Wang et al. (1995) demonstrated an
excitatory action of ACh at least for the Ipc recipient pool
of tectal units. The immunohistochemical characteriza-
tion of the three rotundally projecting systems suggests
the existence of differential physiological actions on rotun-
dal neurons. Whereas the direct glutamatergic tectorotun-
dal projection exerts excitatory influences onto the rotun-
dus (Huang et al., 1998), the indirect pathways might
modulate rotundal processing in an opposing way, with
inhibitory (GABAergic) input from the pretectum (Gao et
al., 1995; Mpodozis et al., 1996) and a cholinergic inner-
vation from the SLu for which presently no physiological
information exists.

Isthmothalamic projections in other
vertebrates

Nucleus isthmi, defined as a midbrain region with re-
ciprocal and topographically organized connections with
the tectum opticum, is present in most if not all verte-
brates (see introductory paragraphs). Studies in reptiles



164

Fig. 11.

Immunoreactivity against the AMPA receptor subunit
GluR1 within the SLu. In addition to diffuse background staining
throughout the SLu, most of its cells were intensely labeled. Scale
bar = 200 pm.

and mammals demonstrated, in addition to its tectal con-
nections, a projection onto the rotundus (Berson and Hart-
line, 1988), and its mammalian equivalent, the colliculus-
recipient posterolateral pulvinar (cat: Spreafico et al.,
1980; monkeys: Benevento and Standage, 1983; Diamond
et al., 1992). The existence of an isthmorotundal projec-
tion within all amniotes suggests isthmothalamic projec-
tions to constitute an ancient feature of the isthmic con-
nectivity pattern. However, within the scope of the
phylogenetic subdifferentiation of the avian isthmic com-
plex, only one substructure, the SLu, establishes an as-
cending projection presumably in response to its specific
role within the isthmic complex.

The parabigeminal nucleus, the mammalian homologue
of the nucleus isthmi, also projects onto the thalamic
center of the geniculocortical visual pathway (Benevento
and Standage, 1983; Graybiel, 1978; Hashikawa et al.,
1986). Its avian counterpart, the nucleus geniculatus late-
ralis, pars dorsalis (GLd), was shown to exhibit strong
ChAT activity (Vischer et al., 1982) as well as immunore-
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Fig. 12. Overview of the differential immunoreactivity for gluta-
mate receptor subunits within the isthmic nuclei. a: GluR1 immuno-
reactivity was nearly confined to the SLu. b: Many GluR2/3-positive
somata were labeled within Imc and Ipc, whereas SLu exhibited weak
background labeling. Scale bar = 500 pm.

activity against ChAT (Giintiirkiin and Karten, 1991). In
addition, immuncytochemical data (Britto et al., 1992;
Lohmann et al., 2000; Sorenson et al., 1989) and ligand-
binding studies (Sorenson and Chiappinelli, 1992; Watson
et al., 1988) confirmed high levels of nicotinic ACh recep-
tors within GLd. Thus, a cholinergic projection of SLu onto
GLd could in principle be possible in pigeons, but our
control experiments, which included CtB injections within
wide regions of the dorsal thalamus, including GLd, could
rule out this possibility.

Taken together, the SLu assumes a highly specific po-
sition within the concert of the isthmic nuclei. Unlike the
Ipc and Img, it is not only reciprocally connected to the
tectum but also projects onto the rotundus and the SpL.
Its role thus goes far beyond a local modulation of intra-
tectal processes.
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Rt
cRt

TO

Fig. 13. Schematic summary of the connectivity pattern of nucleus
semilunaris. SLu exhibits tight topographic and reciprocal connec-
tions with the ipsilateral tectum. Axon collaterals of tectally project-
ing neurons also innervate nucleus rotundus in a roughly topographic
manner. This resembles the weak topologic order of the direct tecto-
rotundal projection, which is characterized by predominantly dorsal
tectal input to the caudal rotundus and a dominance of ventral tectal
input to the ventral and central rotundal domains (Hellmann and
Giintiirkiin, 1999, 2001). cRt, caudal rotundal domain; Rt, remaining
rotundal domains; SLu, nucleus semilunaris; TO, tectum opticum.
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