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ABSTRACT
The cholinergic division of the avian nucleus isthmi, the homolog of the mammalian

nucleus parabigeminalis, is composed of the pars parvocellularis (Ipc) and pars semilunaris
(SLu). Ipc and SLu were studied with in vivo and in vitro tracing and intracellular filling
methods. 1) Both nuclei have reciprocal homotopic connections with the ipsilateral optic
tectum. The SLu connection is more diffuse than that of Ipc. 2) Tectal inputs to Ipc and SLu
are Brn3a-immunoreactive neurons in the inner sublayer of layer 10. Tectal neurons pro-
jecting on Ipc possess “shepherd’s crook” axons and radial dendritic fields in layers 2–13. 3)
Neurons in the mid-portion of Ipc possess a columnar spiny dendritic field. SLu neurons have
a large, nonoriented spiny dendritic field. 4) Ipc terminals form a cylindrical brush-like
arborization (35–50 �m wide) in layers 2–10, with extremely dense boutons in layers 3–6,
and a diffuse arborization in layers 11–13. SLu neurons terminate in a wider column
(120–180 �m wide) lacking the dust-like boutonal features of Ipc and extend in layers 4c–13
with dense arborizations in layers 4c, 6, and 9–13. 5) Ipc and SLu contain specialized fast
potassium ion channels. We propose that dense arborizations of Ipc axons may be directed to
the distal dendritic bottlebrushes of motion detecting tectal ganglion cells (TGCs). They may
provide synchronous activation of a group of adjacent bottlebrushes of different TGCs of the
same type via their intralaminar processes, and cross channel activation of different types of
TGCs within the same column of visual space. J. Comp. Neurol. 494:7–35, 2006.
© 2005 Wiley-Liss, Inc.
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The isthmic complex in birds, consisting of the nucleus
isthmi pars magnocellularis (Imc), pars parvocellularis
(Ipc), and pars semilunaris (SLu, see Fig. 1), is recipro-

cally connected with the optic tectum (TeO). The avian
isthmi and its homologous structure in amphibians and
reptiles are postulated to participate in various visual
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activities of the tectal system, such as stabilization of
retinotectal terminals (frog: Gruberg et al., 1991), con-
struction of center-surround interactions or “winner-take-
all” networks (turtle: Sereno and Ulinski, 1987; Pigeon:
Wang and Frost, 1991; Wang, 2003), generation of tectal
fast oscillations (pigeon: Marı́n et al., 2005), and syn-
chrony of parallel tectothalamic channels (chick: Wang et
al., 2004).

Despite growing interest in these nuclei over the past 20
years, their connections and functional roles have been
obscure. In a recent study (Wang et al., 2004), we de-

scribed the organization and connections of the Imc. Imc
contains GABAergic neurons and receives a coarse topo-
graphical projection from the radial neurons located in
tectal layers 10–11. Neurons in Imc are grouped into two
types on the basis of their differential projections: 1)
Imc-Is neurons, which terminate extensively on the Ipc
and SLu, and 2) Imc-Te neurons, which terminate on the
deep tectal layers in a heterotopic manner, i.e., Imc neu-
rons project diffusely on the TeO but not to the locus from
which they receive input. The organization and connec-
tions of Imc may mediate its participation in a center-

Fig. 1. Relative location and cy-
toarchitecture of isthmic nuclei in
coronal Nissl-stained sections. A–C:
Microphotographs and line draw-
ings of the caudal (A) and interme-
diate (B,C) optic lobe. Note that SLu
and the more rostrally located VLTg
are not continuous. D–G: Nissl-
stained neurons in Imc (D), Ipc (E),
SLu (F), and VLTg (G). Imc, nucleus
isthmi pars magnocellularis; Ipc, nu-
cleus isthmi pars parvocellularis;
SLu, nucleus isthmi pars semiluna-
ris; VLTg, nucleus ventrolateralis
tegmenti; TeO, optic tectum; ION,
nucleus isthmo-opticus; Tii, tractus
intraisthmicus; VT, ventriculus tecti
mesencephali; MLd, nucleus mesen-
cephalicus lateralis pars dorsalis;
BCS, brachium colliculi superioris.
Scale bars � 1 mm in B (applies to
A–C); 50 �m in G (applies to D–G).
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surround interaction. A major mode of action of Imc, how-
ever, appears to occur consequent to its projections on Ipc
and SLu. Thus, in order to understand the totality of
operations of these nuclei, we need additional information
regarding the organization and functions of Ipc and SLu.

The current article extends our analysis to the Ipc and
SLu. Ipc and SLu, collectively, appear to be homologous to
the nucleus parabigeminalis of mammals (Le Gros Clark,
1933; Diamond et al., 1992) and the nucleus isthmi of
other nonmammalian vertebrates (see Wang, 2003). The
avian Ipc and SLu lie adjacent to each other and share a
number of prominent features. They both contain cholin-
ergic neurons (Sorenson et al., 1989; Medina and Reiner,
1994) and maintain parallel and independent topograph-
ically organized reciprocal connections with the TeO
(Hunt and Künzle, 1976; Hunt et al., 1977; Brecha, 1978;
Güntürkün and Remy, 1990; Hellmann et al., 2001).
These reciprocal connections are organized in a precisely
homotopic manner, i.e., any single portion of the TeO is
connected with a corresponding point in Ipc and in SLu
(Brecha, 1978; Hellmann et al., 2001; Wang et al., 2004).
They both receive a nontopographical input from the Imc
(Wang et al., 2004). A major difference between the orga-
nization of Ipc and SLu is a thalamic/pretectal projection
in pigeons arising from SLu but not from Ipc (Hellmann et
al., 2001).

The almost identical pattern of the organization of Ipc
and SLu within the isthmotectal circuitry appears para-
doxical. Are they separate cell groups of distinct func-
tional importance, or do they act as a unitary functional
structure divided into two parts by passing fibers? An-
other mystery pertaining to this system is the functional
role of the precisely homotopic reciprocal isthmotectal con-
nections. What is the purpose of such a complex system of
sending axons outside the TeO to a cell group, only to
project back to the same location? In order to clarify these
issues a detailed description of the cellular substrate of
the interaction between the TeO and Ipc/SLu is required.

The detailed morphology and laminar distribution of
the axonal terminals of Ipc/SLu neurons have not been
adequately clarified, although the projection from the isth-
mic area on the TeO was first described in Golgi-stained
materials by Pedro Ramón (cited in Ramón y Cajal, 1899,
1911) more than a century ago. “Fibers ending in a pin-
ceau or brush-like arrangement form a very curious type
of axonal arborization. The fibers themselves are the
thickest in the optic lobe. … The branches generate a
strange plexus with no counterpart anywhere in the cen-
tral nervous system. … The unusual thickness of the
parent fibers, the dendritic varicosity at the base of the
ramification, and the extraordinary shape of the ramifica-
tion itself were so surprising that we dared not consider it
neuronal in nature” (Ramón y Cajal, 1911; translated by
Swanson and Swanson, 1995:172–173).

However, Pedro Ramón erroneously attributed the ori-
gins of the unique “brush-like” axonal terminals to the Imc
and not to the Ipc. Later investigators clearly ascribed the
columnar axonal terminals to Ipc neurons by tract-tracing
studies (Hunt et al., 1977; Sereno and Ulinski, 1987; Töm-
böl et al., 1995; Wang et al., 2004). Still, the description of
the morphology and laminar distribution of Ipc terminals
by different authors are not consistent with each other.
Brush-like axonal terminals as described by Pedro Ramón
extend from layer 10 externally to the margin of layer 1 in
a relatively uniform density with a “dendritic varicosity at

the base of the ramification” (fig. 139 in Ramón y Cajal,
1911). Hunt et al. (1977) suggested that the Ipc axons
terminate most densely in layers 3 and 5, consistent with
the characteristic laminar distribution in turtles (Sereno
and Ulinski, 1987). Tömböl and colleagues (Tömböl et al.,
1995; Tömböl and Németh, 1998) identified two types of
columnar axonal terminals, a long one extending from
layer 10 to 2 and a short one from 6 to 2, and suggested
that only the short ones come from Ipc. In addition, the
origin of brush-like axonal terminals from the Ipc has not
been unambiguously confirmed at the single-cell level.
The pattern of the axonal terminals of SLu neurons is
even less well understood and their laminar distribution
within the TeO has remained controversial. Anterograde
tracing studies demonstrated a projection from SLu onto
the intermediate and deep tectal layers (Brecha, 1978;
Hunt and Brecha, 1984). However, retrograde tracing
studies suggested that SLu neurons only terminate in the
superficial tectal layers (Hellmann et al., 2001).

Whether tectal inputs on the Ipc and the SLu originate
from the same tectal layers or cell types remains un-
known. Bipolar neurons that lie within layers 10–11 of the
TeO and project on Ipc have long been recognized (Ramón
y Cajal, 1911; Woodson et al., 1991). These neurons are
characterized by unusual “shepherd’s crook” axons that
arise from the apical dendrite, and then immediately
make a 180° turn to leave the TeO through the deeper
layers. Tectal neurons projecting on SLu have not been
previously investigated, probably due to the difficulty in
reaching this cell group located along the lateral margin of
the tegmentum.

The current report, using multiple tract-tracing and
intracellular filling techniques, provides a detailed de-
scription of the morphology and connections of Ipc/SLu
neurons, with an emphasis on the cellular substrate of
their reciprocal connections with the TeO. Distributions of
cholinesterase, cytochrome oxidase, choline acetyltrans-
ferase, nicotinic acetylcholine receptors, and specific fast
voltage-gated potassium channels Kv3.1 in the isthmotec-
tal circuitry are also examined. Our results, together with
the detailed knowledge of the morphology and connections
of Imc (Wang et al., 2004) and tectal neurons (Luksch,
2003), provide the anatomical substrate of the isthmotec-
tal interaction and allow a better assessment of the func-
tions fulfilled by isthmic feedback loops.

MATERIALS AND METHODS

This study was performed on 98 White Leghorn chick
hatchlings (Gallus gallus). All procedures used in this
study were approved by University of California, San Di-
ego Animal Care Committee, or the Animal Care Commit-
tee of RWTH Aachen and the Regierungspräsidium Köln,
and conformed to the guidelines of the National Institutes
of Health Guide for the Care and Use of Laboratory Ani-
mals.

Nissl, histochemical, and
immunocytochemical staining

Six chicks of less than 5 days of age were anesthetized
with a mixture of 40 mg/kg ketamine and 12 mg/kg xyla-
zine and transcardially perfused with 0.9% saline followed
by chilled 4% (or 2% for immunohistochemistry for nico-
tinic acetylcholine receptors) paraformaldehyde in phos-
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phate buffer (PB; 0.1 M, 7.2–7.4 pH). The brains were
removed from the skull, postfixed overnight in the para-
formaldehyde solution, and then transferred to 30% su-
crose in PB until they sank. Each brain was frozen, cut
coronally or parasagittally at 30 �m on a freezing sliding
microtome, and each section was collected in phosphate-
buffered saline (PBS; 0.1 M, 7.2–7.4 pH). Sections from
alternate series were stained for Nissl substance, histo-
chemically for acetylcholinesterase (AChE; according to
the procedure of Horton, 1984) and cytochrome oxidase
(according to the procedure of Katz and Karten, 1983), or
immunocytochemically for various substances described
below.

Standard or fluorescent immunocytochemical methods
were used to visualize the localization of choline acetyl-
transferase (ChAT), POU-domain transcription factor
Brn3a, paired homeodomain factor Pax7, calbindin
(CaBP), parvalbumin (PV), �7, �8, and �2 subunits of
nicotinic acetylcholine receptors (nAChRs), and potassium
channels Kv3.1. Briefly, sections were incubated with ap-
propriate primary antibodies solution diluted in PBS
(Anti-ChAT, 1:5000; Anti-Brn3a, 1:50; Anti-Pax7, 1:10;
Anti-CaBP, 1:10,000; Anti-PV, 1:10,000; Anti-�7 nAChR,
1:500; Anti-�8 nAChR, 1:500; Anti-�2 nAChR, 1:500; Anti-
Kv3.1b, 1:1,000) with 0.3% Triton X-100 overnight at 4°C,
followed by biotinylated IgG antibodies (1:200; Vector
Laboratories, Burlingame, CA) or secondary antibodies
conjugated with fluorescent dyes (1:100; Jackson Immu-
noResearch Laboratories, West Grove, PA) for 1 hour at
room temperature.

Polyclonal anti-ChAT was kindly donated by Dr. Miles
Epstein. The antibody was made in mouse against the
protein of ChAT extracted from chick optic lobes (Johnson
and Epstein, 1986). In Johnson and Epstein’s study
(1986), the specificity of the antiserum was evaluated in
immunoblots. The immune serum “bound to a single
band” of 64K molecular weight from the affinity-purified
enzyme preparation, “identical to the single protein band
observed in purified ChAT,” and “stained immunoblots of
the partially purified enzyme preparation.”

Anti-Brn3a and anti-Pax7 antibodies were kindly do-
nated by Dr. Eric Turner. Polyclonal anti-Brn3a antibody
was generated in rabbits immunized with amino acids
130–210 of chick Brn-3.0 protein (Gerrero et al., 1993;
Fedtsova and Turner, 1995). In Fedtsova and Turner’s
study (1995), the specificity of the Brn-3.0 antisera was
tested by Western blotting, which “revealed a major band”
of 43K molecular weight, “consistent with the predicted
size of the Brn-3.0 cDNA open reading frame.” Monoclonal
anti-Pax7 was produced in mouse against chick Pax7,
amino acids 352–523, in Dr. Atsushi Kawakami’s labora-
tory (Nagoya University, Japan). The specificity of the
antibody was not reported; however, the antibody “does
not react with Pax3” based on unpublished data of Dr.
Kawakami cited in Ericson et al. (1996).

Monoclonal anti-calbindin-D-28K and anti-parval-
bumin were purchased from Sigma (St. Louis, MO; Lot
#082K4879 and Lot #017H4821). Both antisera were
made in mouse. Calbindin-D-28K purified from bovine
kidney and parvalbumin from carp muscle were used as
the immunogens, respectively. Anti-calbindin-D-28K re-
acts specifically with calbindin-D-28K in different tissues
and cell populations. Anti-parvalbumin reacts specifically
with parvalbumin of cultured nerve cells and tissue, and

specifically stains the 45Ca-binding spot of parvalbumin
(12K molecular weight) by immunobinding.

Localization of �7, �8, and �2 nAChR were identified by
means of monoclonal antibodies 306, 305, and 270, respec-
tively, kindly donated by Dr. Jon Lindstrom. The 305 and
270 antisera were produced in mouse and 306 antiserum
in rat, using affinity-purified �8, �2, and �7 immunogen
from chick brain (Schoepfer et al., 1990, Whiting et al.,
1990). Western blot analysis showed that antibodies 306
and 305 bound, respectively, �-bungarotoxin binding pro-
teins �1 and �2 subtypes of native chicken tissue (Scho-
epfer et al., 1990). Subunit specificity of the antibody 270
was determined by Western blot analysis in Whiting et al.
(1990), which revealed a major band of 49K molecular
weight.

Polyclonal anti-potassium channel Kv3.1b made in rab-
bit was purchased from Alomone Laboratory (Jerusalem,
Israel, #APC-014). The immunogen is a synthetic peptide
corresponding to amino acids 567–585 of rat Kv3.1b.
Western blot analysis showed that the antibody “specifi-
cally recognized the same 92 kDa protein bands in both
rat and chicken synaptosomal preparations” (Paramesh-
waran et al., 2001).

Immunohistochemistry for these antibodies revealed
identical patterns of morphology and distribution of stain-
ing in the chick brain as in previously published data
(Anti-ChAT: Johnson and Epstein, 1986; Anti-Brn3a and
Anti-Pax7: Fedtsova and Turner, 2001; Anti-CaBP and
Anti-PV: Pfeiffer and Britto, 1997; Anti-�7, �8, and �2
nAChR: Britto et al., 1992; Anti-Kv3.1b: Lu et al., 2004).

For standard immunocytochemical staining, sections
were then incubated in avidin-biotin-peroxidase complex
solution (ABC Elite kit; Vector Laboratories, Burlingame,
CA) diluted 1:100 in PBS with 0.3% Triton X-100 for 1
hour at room temperature. Sections were incubated for
3–5 minutes in 0.025% 3-3�-diaminobenzidine (DAB;
Sigma) with 0.01% hydrogen peroxide in PB. Sections
were mounted on gelatin-coated slides and stained with
0.05% osmium tetroxide for 30 seconds. Sections were
then dehydrated, cleared, and coverslipped with Per-
mount (Fisher Scientific, Pittsburgh, PA). For fluorescent
immunocytochemical staining, sections were washed in
PBS, mounted, and coverslipped with glycerin in carbon-
ate buffer.

In vivo CTB and PHA-L injections

Cholera toxin B-subunit (CTB) was used in vivo as both
an anterograde and a retrograde tracer to examine the
general pattern of the reciprocal connections between the
TeO and Ipc/SLu. CTB was injected into Ipc in five ani-
mals, SLu in seven animals, and different portions of the
TeO in 12 animals, according to the procedure described in
our previous study (Wang et al., 2004). Briefly, animals
were anesthetized using a mixture of ketamine and xyla-
zine, placed in a stereotaxic head holder, the skull ex-
posed, and a hole made above the injection site. A solution
of 1% CTB (List Laboratories, Campbell, CA) in PB was
injected through a glass micropipette using a pressure
device (PicoSpritzer II; General Valve, Fairfield, NJ). In
six other animals, Phaseolus vulgaris leucoagglutinin
(PHA-L; Vector Laboratories) was placed into Ipc (two
cases) or SLu (four cases) as an anterograde tracer to
further examine the terminal pattern of Ipc and SLu ax-
ons. A 2.5% solution of PHA-L was injected iontophoreti-
cally by means of glass micropipettes whose tip diameter
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varied from 2–10 �m. The parameters of iontophoretic
injection were a constant positive current of 2–10 �A for
10 minutes to deposit a small amount of tracer.

After CTB or PHA-L injections, the micropipette was
withdrawn from the brain and the wound was closed.
After a survival time of 3–5 days animals were anesthe-
tized with an overdose of anesthesia and transcardially
perfused with 0.9% saline followed by chilled 4% parafor-
maldehyde. The brain was removed from the skull, post-
fixed overnight in the paraformaldehyde solution, and
then transferred to 30% sucrose until they sank. Each
brain was frozen and cut coronally at 30 �m on a freezing
sliding microtome. Alternating series of sections were col-
lected and stained for standard or fluorescent immunocy-
tochemistry for CTB or PHA-L, Giemsa, and Nissl, respec-
tively. The primary antibodies against CTB and PHA-L
were purchased from List laboratories (CTB: made in
goat, #703, 1:12,000; PHA-L: made in rabbit, #Q0205,
1:1000).

In vitro BDA and biocytin deposits and
intracellular filling

Fifty-two chicks were anesthetized as described above
and then decapitated. The brains were quickly removed
from the skull, placed in a dish of chilled, oxygenated, and
sucrose-substituted artificial cerebrospinal fluid (ACSF;
240 mM sucrose, 3 mM KCL, 3 mM MgCL2, 23 mM
NaHCO3, 1.2 mM NaH2PO4, 11 mM D-glucose). The mid-
brain was blocked and sectioned at 500–1000 �m on a
Vibroslice (Campden Vibroslice; World Precision Instru-
ments, Sarasota, FL) in appropriate planes. Slices were
collected and submerged in a collecting chamber contain-
ing ACSF (119 mM NaCL, 2.5 mM KCL, 1.3 mM Mg2SO4,
1.0 mM NaH2PO4, 26.2 mM NaHCO3, 11 mM D-glucose,
2.5 mM CaCL2) at room temperature and continuously
oxygenated with carbogen (95% O2, 5% CO2).

Procedures used for depositing tracers into a nucleus
and for intracellularly filling individual neurons have
been described in detail in our previous study (Wang et al.,
2004). Briefly, tracer was deposited into Ipc or SLu by
inserting a metal needle into the tissue, whose tip was
covered with crystals of either biotinylated dextran amine
(BDA, 10,000 molecular weight, Molecular Probes, Eu-
gene, OR), BDA conjugated rhodamine (10,000 molecular
weight, Molecular Probes), or biocytin (Sigma). Intracel-
lular filling was done in different slices which were trans-
ferred to a chamber (Model RC-27L Large Bath Chamber,
Warner Instrument, Hamden, CT) perfused continuously
with oxygenated ACSF at room temperature. A recording
electrode (100–300 M�) filled with 4% biocytin (Sigma) in
0.3 M KAc (7.2–7.8 pH) was positioned over Ipc or SLu and
advanced through the tissue. Cell penetration was indi-
cated by a sudden negative voltage drop and cell dis-
charges. Biocytin was iontophoresed into the neuron with
2–3 nA of positive current for 2–3 minutes. Only one cell
was filled in a single slice.

Slices were kept in oxygenated ACSF for 6 hours follow-
ing tracer deposit, or 15–60 minutes following intracellu-
lar filling. All slices were subsequently fixed by immersion
in 4% paraformaldehyde in PB overnight. Sections in-
jected with BDA conjugated rhodamine were washed in
PBS, mounted, and coverslipped with glycerin in carbon-
ate buffer. Other sections were transferred to 30% sucrose
in PB until they sank. Each slice was frozen and resec-
tioned at 80 �m on the freezing sliding microtome. Sec-

tions were collected in PBS, kept for 10 minutes in 0.6%
hydrogen peroxide in methanol to block endogenous per-
oxidase activity, and washed again in PBS. Sections were
then incubated in ABC complex solution at 4°C overnight.
The reaction product was visualized with DAB. Counter-
staining was avoided so as to not obscure fine cellular
processes.

Imaging and cell reconstruction

Digital images of selected sections and cells were cap-
tured with a Nikon D100 digital camera mounted on a
Nikon photomicroscope (Nikon, Tokyo, Japan), a Phase
One digital studio camera system (Phase One A/S Den-
mark, Frederiksberg, Denmark), or an Olympus FV 300
confocal microscope. Image contrast adjustments and pho-
tomontages were performed using Adobe PhotoShop
(Adobe Systems, Mountain View, CA). Detailed morphol-
ogy of individual cells was reconstructed with a camera
lucida on a Zeiss WL microscope (Carl Zeiss, Thornwood,
NY). Measurements of dendritic field dimensions of indi-
vidual cells were based on the cell reconstructions. Mea-
surements of other cellular structures, such as soma size,
dendritic and axonal caliber, and dimensions of injection
sites and transportation zones, were done on calibrated
images captured with a BW CCD camera, using the public
domain NIH Image program. No corrections were made
for tissue shrinkage.

RESULTS

Topography of the tecto-isthmic connections

In vivo CTB injections into the TeO confirmed the ho-
motopic reciprocal connections between the TeO and both
Ipc and SLu. In all cases the injection spread to both
superficial and deep layers of the TeO and covered 1/100 to
1/20 area of the tectal surface. Within both Ipc and SLu,
labeled terminals and neurons overlapped and were orga-
nized in columns perpendicular to the long axis of the
nuclei (Fig. 2A,B). These columns were topographically
distributed within the Ipc and SLu in direct relationship
to the location of the injections (Fig. 2D). Injections into
the caudal (cases a and b in Fig. 2D), intermediate (cases
c and d in Fig. 2D), or rostral (case e in Fig. 2D) portions
of the TeO labeled terminals and neurons in the caudal,
intermediate, or rostral portions of Ipc and SLu, respec-
tively. Injections into the dorsal (cases b and c in Fig. 2D)
or ventral (cases a and e in Fig. 2D) portions of the TeO
labeled terminals and neurons in the lateral or medial
portions of Ipc and the dorsal or ventral portions of SLu,
respectively.

Comparison of the extent of terminal labeling within
Ipc and SLu further demonstrated that tectal inputs on
SLu are organized in a less clearly segregated manner
than the TeO-Ipc projection. For a given injection into
the TeO, tectal terminals occupied a larger percentage
of area in SLu than in Ipc. We define the relative occu-
pation (RO) as the width of the labeled terminal col-
umns at its largest extent divided by the length of the
long axis of the nucleus. A larger RO suggests a more
diffuse and extensive tectal input than a smaller RO. In
our preparations, the value of RO in Ipc is consistently
smaller than that in SLu in all cases (Fig. 2C). In order
to evaluate the extent of distinct tectal projection zones
within Ipc and SLu, BDA was placed into two adjacent
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locations of the TeO at the same caudorostral level, with
one ventral to the other (Fig. 3A). The distance between
the centers of these two injections was 450 �m. Two
parallel terminal columns were labeled in Ipc, each
about 80 �m in width with a 50-�m-wide label-sparse
zone between them (Fig. 3B). In SLu, labeled terminals

formed a single 150-�m-wide zone (Fig. 3C). This obser-
vation suggests that tectal terminals arising from these
two injection sites were distributed in more obviously
restricted and separate zones in Ipc, whereas the pro-
jections on SLu demonstrated greater overlap. How-
ever, this may merely reflect the more compact nature of

Fig. 2. Distribution of labeled neuropil and cells within Ipc and
SLu in the coronal plane following in vivo CTB injections into the TeO.
A,B: Columnar organization of labeled neuropil and cells within Ipc
(A) and SLu (B). C: Relative occupation (RO) of tectal terminals in Ipc
is smaller than that in SLu in five given cases (a–e) whose injection
sites are charted in D. D: Line drawings illustrating the distribution
of CTB labeling within Ipc and SLu in relationship to the injection
sites in the TeO. The upper row illustrates the injection sites in the
TeO. Black and gray areas represent the primary and peripheral
zones of the injections, respectively. The middle and bottom rows

illustrate the labeling patterns in Ipc and SLu, respectively. Gray
shading and black dots indicate labeled neuropil and cells, respec-
tively. Note that the labeled neuropil contains both anterogradely
labeled tectal terminals and the dendrites of retrogradely labeled
cells, which could not be differentiated from each other in CTB-
labeled sections. For each drawing, up is dorsal and right is medial.
The caudorostral level of each drawing is indicated by the underlying
column. nBOR, nucleus of the basal optic root; nRt, nucleus rotundus;
Ov, nucleus ovoidalis. Other abbreviations, see Figure 1. Scale bars �
500 �m in A; 200 �m in B.
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SLu, and smaller injections sites in the TeO may reveal
a similar isolated topographical projection on SLu.

Tectal neurons projecting on Ipc and SLu

The TeO is a highly laminated structure and contains
15 alternating cell and fiber layers according to the no-
menclature of Ramón y Cajal (1911). Some of these layers
exhibit a sublayered organization. Of specific interest for
the current study, layer 10 can readily be subdivided into
layer 10a and 10b, the outer and the inner sublayers of
layer 10, based on the variation of cell density and align-
ment, and the relative distribution of Pax7 vs. Brn3a
labeled neurons. Within layer 10, Pax7-immunoreactive
neurons are mostly situated in layer 10a, while layer 10b
contains mostly Brn3a-immunoreactive neurons (see Fig.
6C,D).

TeO-Ipc neurons. In vivo CTB injections into Ipc
demonstrated the laminar distribution of tectal neurons
projecting on Ipc. Figure 4 illustrates an injection into the
dorsal portion of Ipc, as well as the capsule dorsal to Ipc.
Imc contained darkly labeled neurons throughout the nu-
cleus, consistent with the extensive projection from Imc on
Ipc (Wang et al., 2004). Within the TeO, most retrogradely
labeled neurons were located in a restricted lateral portion
of the TeO in layers 10–11, with the highest density in
layer 10b. Other labeled cell populations included scat-
tered neurons in layers 9, 12, 13, and 14 throughout a
large portion of the TeO. As the TeO-Ipc projection is
precisely topographical, those neurons may be labeled by
tracer leakage into the capsule or cell groups located dor-
sally to Ipc. This assumption is supported by precise de-
posits of BDA into Ipc using slice preparations.

As in vivo injection of CTB usually produces a large
diffuse deposit and CTB-labeled structures do not consis-
tently provide sufficient details of their morphology, we
further investigated the morphology of the TeO-Ipc neu-
rons by depositing BDA or biocytin into Ipc in slice prep-
arations. This technique has several advantages: 1) a rel-
atively restricted injection could be achieved in slice
preparations under direct visual control; 2) BDA and bio-
cytin injection results in less diffusion at the injection site,
with clearer definition of the immediately adjacent neu-
rons; and 3) BDA and biocytin provide a clearer image of
distant retrogradely labeled neurons, often filling the

most distal terminals and their spine-like processes
(Veenman et al., 1992; Wouterlood and Jorritsma-Byham,
1993). A significant disadvantage, however, is the relative
insensitivity of these tracers, compared to that of CTB.
With relatively comparable sized injections, CTB is more
likely to label greater numbers of neurons.

In vitro BDA deposits into Ipc (Fig. 5A) confirmed the
predominant location of retrogradely labeled neurons in
layer 10b (Fig. 5B). Every single retrogradely labeled neu-
ron in layer 10 was also immunoreactive for layer 10b
marker Brn3a. These neurons had a radial dendritic field
occupying a cylinder �50–100 �m wide extending from
layer 2 to 13 (Figs. 5C–F, 9). The basal dendrite extended
deeply down to layer 13, with fine ramifications in layers
11, 12, and 13. The apical dendrite usually split into
several parallel secondary branches in layers 9–10 (Figs.
5C,E, 9). Occasional neurons maintained a single thick

Fig. 4. Low-power view of the caudoventral optic lobe in the coro-
nal plane following an in vivo CTB injection into Ipc. White arrow
indicates the injection site. Labeled tectal neurons were mainly situ-
ated in layer 10b. Black arrow indicates a columnar axonal structure
in layer 5. Scale bar � 500 �m.

Fig. 3. Distribution of labeled axonal terminals within Ipc and SLu in the coronal plane following
deposits of BDA in two adjacent locations of the lateral TeO. A: Deposit sites in the TeO. B: Two separate
labeled columns of anterograde terminals in Ipc. C: One continuous labeled zone in SLu. Scale bars � 500
�m in A,B; 200 �m in C.
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Fig. 5. In vitro BDA (A,B,D–F) or biocytin (C) deposits into Ipc in
the horizontal plane. A: Low-power darkfield image of the injection
site in Ipc (black arrow) and anterogradely labeled columnar struc-
ture terminals in the superficial tectal layers. B: Double labeling of
immunocytochemistry for Brn3a (green) and BDA-labeled neurons
(red). BDA-labeled neurons were mostly located in layer 10b and
consistently double-labeled (yellow; white arrows) for Brn3a. C: Ret-

rogradely labeled neurons in the TeO. D: Higher-power Nomarski-
DIC image of a columnar axonal termination (left) and a radial tectal
neuron (right). E,F: Camera lucida reconstructions of two radial tectal
neurons. Small black arrows in C–F indicate the shepherd’s crook
axons. Arrowheads indicate the local dendrites emerging from the cell
bodies and the trunk of the primary dendrites. Scale bars � 100 �m
in A,E,F; 200 �m in B; 50 �m in C,D.
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apical primary dendrite until layer 5 (Fig. 5D). Regardless
of the arborization pattern, the apical dendrite extended
up to layer 2 with the highest terminal density in layer 9.
In addition, a few relatively thin dendritic branches issued
from the soma or the basal trunk of the primary dendrites
and terminated locally around the soma (arrowheads in
Fig. 5D–F). The main axon arose from the primary apical
dendritic trunk in layer 10 or along the border between
layers 10 and 9, and turned immediately to course
through deeper tectal layers in a classical “shepherd’s
crook” shape (arrows in Figs. 5C–F, 9), parallel to the
basal dendrite with a distance up to 20 �m. The main axon
issued some axonal collaterals within layers 11–13 (Fig.

5E,F). In addition to these radial neurons in layer 10, few
neurons were labeled in layers 11 and 14. None of these
neurons appeared to have shepherd’s crook axons and
radial dendritic fields.

TeO-SLu neurons. In vivo CTB injections into SLu
revealed a similar laminar distribution of the TeO-SLu
neurons as the TeO-Ipc neurons (Fig. 6). To avoid the
leakage and damage of the TeO, Imc, and Ipc, the injection
pipette was inserted from the opposite side of the brain
through the cerebellum ventromedially across the midline
to reach the SLu (Fig. 6A). The injection involved most
parts of SLu and the capsule dorsomedial to SLu. The
capsule lateral to SLu contained darkly labeled fibers that

Fig. 6. In vivo CTB injection into SLu in the coronal plane. A: Low-
power view of the caudal optic lobe illustrating the injection site and
the general labeling pattern. Black shade indicates the center of the
injection. B: Darkfield image of the ventrolateral TeO. Layers 4c, 6, 9,
and 10b–13 contained heavily labeled neuropil. C,D: Double labeling
of immunocytochemistry for CTB-labeled neurons (red) and Pax7

(blue, C) or Brn3a (green, D). CTB-labeled neurons were mostly lo-
cated in layer 10b and exclusively double-labeled for Brn3a (yellow)
but not for Pax7. Note that layer 10a contains more Pax7-
immunoreactive cells and less Brn3a-immunoreactive cells than layer
10b. VLV, nucleus ventralis lemnisci lateralis. Other abbreviations,
see Figure 1. Scale bars � 1 mm in A; 250 �m in B; 50 �m in C,D.
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Fig. 7. Nomarski-DIC photomicrographs and camera lucida recon-
structions of the somata and dendrites of intracellularly filled Ipc
neurons in coronal slices. A: An Ipc neuron (cell h in E) gave off
dendrites extending to the margins of the nucleus. Dashed lines
indicate the borders of Ipc and Tii. B: Dense dendritic processes of a
Type I Ipc neuron (cell h in E). C: Relatively sparse dendritic spines

(arrowheads) of a Type II Ipc neuron (cell a in E). D: A spiny dendrite-
like branch (right to the arrow) of a Type I Ipc neuron (cell h in E)
turned into a smooth axon (left to the arrow). E: A montage drawing
illustrates various dendritic patterns of Ipc neurons and their distri-
bution within the nucleus. Scale bars � 100 �m in A,E; 40 �m in B–D.



extended ventrally along the lateral margin of the teg-
mentum. Imc contained darkly labeled neurons through-
out the nucleus, consistent with the extensive projection
from Imc on SLu (Wang et al., 2004), while Ipc did not
contain any labeled neurons. Within the TeO, retro-
gradely labeled neurons were mainly found in layer 10b.
Every single retrogradely labeled neuron in layer 10 was
immunoreactive for layer 10b marker Brn3a (Fig. 6D),
and was not immunoreactive for the layer 10a marker
Pax7 (Fig. 6C). Apical and basal dendrites emerged from
the ventral and dorsal poles of the cell body. However,
their course and ramification could not be traced, and
axons could not be detected unequivocally. In addition, a
few scattered neurons were found in layers 14, 13, and 9.
Unfortunately, we were unable to prepare slices that re-
tain axons between the TeO and SLu. Morphology of the
tectal neurons projecting on SLu could not be further
examined in slice preparations.

Morphology of neurons in Ipc and SLu and
their axonal terminations in the TeO

Figure 1A–C demonstrates the general cytoarchitecture
of Ipc and SL in Nissl-stained sections. In contrast to the
loosely packed large stellate cells in Imc (Fig. 1D), Ipc and
SLu consist of closely packed round or oval cells, 18.0 �
2.1 �m and 17.4 � 2.3 �m, respectively, in diameter (Fig.
1E,F). Neurons in SLu form clusters of 3–8 cells. In addi-
tion to Imc, Ipc, and SLu, there is a fourth cell group
located ventromedially to Ipc that may be mistakenly
considered a rostral extension of SLu. However, this cell
group is cytoarchitectually discontinuous from SLu (Fig.
1A–C) and contains slightly larger neurons, 19.4 � 4.7 �m
in diameter, than SLu (Fig. 1G). As this nucleus has not
been named before, we call it the nucleus ventrolateralis
tegmenti (VLTg) based on its location along the lateral
margin of the tegmentum. No retrograde or anterograde
labeling was detected in the VLTg following CTB injec-
tions into the TeO in our preparations.

Somatodendritic and local axonal morphology of Ipc

neurons. Somatodendritic and local axonal morphology
of Ipc neurons was investigated using intracellular fillings
of individual neurons in 500-�m-thick slices in the coro-
nal, parasagittal, and horizontal planes (Fig. 7). Somata of
the filled neurons were mostly oval or round in shape. The
long and short axes of the soma were, respectively, 19–29
and 8–18 �m long, with the long one usually oriented
dorsoventrally. Four to six primary dendrites emerged
from the dorsal and ventral portions of the soma and
ramified two or three times within the nucleus. Most neu-
rons in the middle of the nucleus formed a columnar
dendritic field perpendicular to the long axis of the nu-
cleus (cells b–f in Fig. 7E). These dendritic fields tended to
cover the dorsoventral dimension of the nucleus so that
the neurons located ventrally had longer dorsally oriented
dendrites than the ventral ones (cell e in Fig. 7E), and vice
versa (cell f in Fig. 7E). A single Ipc neuron occupied
approximately a cylindrical volume of 70–150 �m width
and 200–300 �m height. Neurons in the marginal part of
the nucleus displayed various shapes of the dendritic
fields and appeared to match the curving boundaries of
the nucleus (Fig. 7A, cells a, g, and h in Fig. 7E).

Based on the density and distribution of dendritic
spines and the origin of the axon, intracellularly filled Ipc
neurons could be grouped into two types. Type I neurons
carried a very high density of filiform spines, mushroom
varicose, and/or hairlike processes in all orders of the
dendrites and the soma (Fig. 7A,B, cells b, c, d, f, and h in
Fig. 7E). Except for the most distal processes, the den-
drites were thick, 2–5 �m in diameter, and labeled darkly.
A comparable thick axon (2–4 �m in diameter) emerged
either from a spiny primary dendrite or directly from the
soma. For the latter, the first segment of the axon was
always covered with a high density of spines and tapered
with distance (Fig. 7D), resembling the basic features of a
classical dendrite. At a distance of 10–40 �m from the
soma, the dendrite-like structure became thicker and
turned into a smooth axonal branch with a relatively
stable caliber (arrow in Fig. 7D). Type I neurons were the
major cell type in Ipc and distributed throughout the
nucleus. In contrast, Type II neurons were much less
frequently observed and mostly located in the marginal
part of the nucleus (cells a, e, and g in Fig. 7E). They had
relatively smooth soma and lower-order dendrites. Only
the highest-order dendrites bore a moderate density of
filiform spines (Fig. 7C). Dendrites of Type II neurons
were 1–3 �m in diameter, relatively thinner than that of
Type I neurons. A smooth primary axon was issued di-
rectly from the soma of Type II neurons. For both types of
neurons the axon coursed laterally through Ipc and Imc
without collateral within these two nuclei and penetrated
into the tectal layer 14 where they usually passed out of
the slices.

Distal axonal morphology of Ipc neurons within the

TeO. The morphology of the distal axonal terminations
of Ipc neurons within the TeO was examined with both in
vivo and in vitro tracing studies and confirmed at the
single cell level with intracellular filling of Ipc neurons.

In vivo CTB injections into Ipc labeled neuropil mainly
in tectal layers 3, 5, and 9 (Fig. 4). Occasionally, a few
dense columnar structures were found in layer 5 (black
arrow). Some processes in layer 9 could be traced to ret-
rogradely labeled somata in layer 10. As CTB was trans-
ported in both directions, anterogradely labeled axonal

Fig. 8. Line drawings of the course of anterogradely labeled Ipc
axons in the coronal plane after an in vivo PHA-L injection into the
lateral Ipc. Scale bar � 1 mm.



terminals of Ipc neurons could not be reliably distin-
guished from retrogradely labeled tectal neurons and
their dendrites. In contrast, PHA-L is mainly transported
in an anterograde direction, and in comparison to CTB
provides a denser and more uniform staining of single
axons. After a restricted PHA-L injection into the lateral

portion of Ipc, a bundle of thick axons left the injection site
and extended rostrolaterally to the most distal terminals
in the superficial tectal layers (Fig. 8). The trajectory of
the Ipc axons was reconstructed from a series of coronal
sections. The axons passed through Imc without any col-
lateral arborizations, turned dorsally within layer 14 for a

Fig. 9. Extended focus view of
confocal microscopic Z-series of an
individual Ipc brush-like ending in
the horizontal plane following an
in vitro injection of BDA conju-
gated with rhodamine into Ipc.
Note the densest arborization in
layer 5. Arrows indicate shep-
herd’s crook axons of the tectal
neurons labeled in the same slice.
Arrowheads point out the long ra-
dial apical secondary dendrites of
a tectal neuron. Note its dense fine
dendritic ramification in layer 9.
Scale bar � 50 �m.
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short distance, then abruptly turned laterally again and
extended approximately perpendicular towards the sur-
face of the TeO. These axons issued fine collaterals in
layers 13–11, split into secondary branches in layer 10,
and formed dense columnar terminations in layers 10–2.

Although in vivo PHA-L injections into Ipc suggested
the columnar organization of the axonal terminations of

Ipc neurons, the complete Ipc terminations across layers
could not be visualized in the same sections because slices
were made tangentially. To address this issue, we used
500-�m-thick brain slices with BDA deposits into Ipc and
made repeated in vitro slice injections until we had sam-
ples cut in the radial plane of the TeO. This allowed us to
demonstrate the full columnar extent of individual end-

Fig. 10. Two variations of Ipc brush-like endings in the coronal
plane following an in vitro injection of BDA conjugated with rhoda-
mine into Ipc. A: Extended focus view of the complete confocal Z-series
of the section. Note the densest arborization in layer 5. B: Extended
focus view of the upper half of the section. Two thick axons issued

many fine axonal branches in layer 10–7. C: Extended focus view of
the lower half of the section. An individual axon remained smooth
until layer 6, where it abruptly started to display dense terminations.
Scale bars � 100 �m in A; 10 �m in B,C.
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ings, which were usually found in the caudal and ventro-
lateral portions of the TeO.

A large number of columnar axonal terminations were
labeled in the TeO extending from layer 10 to 2 (Figs. 5A,
9, 10). Individual columnar endings were 35–50 �m wide

and their terminal morphologies are consistent with the
conspicuous dense vertical array of several thousand bou-
tons in cylindrical brush-like endings described by Pedro
Ramón (fig. 139 in Ramón y Cajal, 1911). Most of the
axonal boutons were very small, �0.7–1.5 �m in diameter,

Fig. 11. Low-power view of an intracellularly filled Ipc neuron
with its complete axonal arborizations. A,B: Axonal terminals of the
Ipc neuron within the TeO in two adjacent sections from a single slice.
A is at a more caudal level than B. Black arrows indicate the point

where the Ipc axon was cut off during tissue resection. C: Darkfield
image illustrating the location of the neuron in Ipc and a segment of
the main axon within the Tii (white arrow). Scale bars � 50 �m in
A,B; 200 �m in C.
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Fig. 12. Higher-power Nomarski-DIC view of the intracellularly
filled Ipc neuron depicted in Figure 11. A–C: Distinct morphology of
the brush-like endings in layers 3 (A), 5 (B), and 9 (C). D–F: Dense
boutons in layers 3 (D), 5 (E), and 9 (F). G: A thick axonal stem gave
off extremely thin branches. H: Fine axonal arborizations in layers

11–13 (bottom), in contrast to a thick axon stem (up). I: The origin of
the primary axon (lower to the arrows) from a dendrite-like branch
(upper to the arrows) which emerged directly from the soma. Scale
bars � 20 �m in A–C,H; 5 �m in D–G; 10 �m in I.



while some large-size boutons up to 2.2 �m in diameter
were also found throughout layers. These large boutons
were most frequently observed, although not consistently,
in layer 3. Regardless of the variation of the bouton size,
the highest density of boutons was always found in layer
5 and probably the adjacent layer 6.

The brush-like endings displayed some variations in
their detailed morphology. Some endings demonstrated a
distinctly laminated distribution of terminals and boutons
with a predominately high density in layers 3–5 or 6 (for
example, Fig. 5D). Others displayed a relatively uniform
localization throughout layers 2–10, although layer 5 con-
sistently contained the highest density of boutons (for
example, Fig. 9). Figure 10 presents an example of two
variations of Ipc endings overlapping in the same location
but situated in different depths of the section. Two thick
Ipc axons coursed adjacent to each other and issued many
fine radial axonal collaterals in layers 7–10 before they
arborized densely in more superficial layers 2–6 (Fig.
10B). In contrast, a third relatively thin axon was situated
below the first two axons and remained smooth and un-
split in layers 7–10. The major arborization of the third
axon started from layer 6 (Fig. 10C).

However, these variations do not simply imply distinct
types of brush-like endings and may be either due to
overlap of multiple endings or apical dendrites of labeled

tectal neurons, can result from incomplete labeling of a
structure, or may be caused by incomplete preservation of
a structure in a section. Unfortunately, it could not be
resolved whether these two variations in brush-like ap-
pearance shown in Figure 10 originated from one or two
neurons, as the axons could not be traced back to the
somata in Ipc. In order to unambiguously clarify the ax-
onal terminal pattern of Ipc neurons within the TeO,
individual neurons in Ipc with their distal axonal termi-
nations were intracellularly filled in thick brain slices.

Complete axonal terminals of individual Ipc neurons
were visualized in 1000-�m-thick slices in a tilted coronal
plane, with the dorsal portion of the slice at a more rostral
level than its ventral portion. These specially designed
slices increase the opportunity of retaining caudally lo-
cated somata and rostrally located axonal terminations of
Ipc neurons in single slices. Three Ipc neurons with com-
plete axonal terminations were successfully filled, with all
three showing an identical morphology. Figure 11 illus-
trates one filled Ipc neuron which had a spiny columnar
dendritic field (Fig. 11C) and a columnar brush-like end-
ing in the TeO (Fig. 11A,B). The axon (2.7-�m-wide)
emerged directly from the soma and its first segment was
covered with short spines and processes and tapered with
distance (Fig. 12I). The axon coursed laterally through Ipc
and Imc and penetrated into the TeO at a 70° angle with

Fig. 13. Camera lucida reconstruction (A) and photomicrographs (B,C) of an intracellularly filled SLu
neuron in the horizontal plane. Arrows indicate the primary axon and arrowheads indicate a fine
collateral issuing from the primary axon. Scale bars � 100 �m in A (applies to A,B); 50 �m for C.
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Fig. 14. Columnar axonal terminals within the TeO following an
in vivo PHA-L injection into SLu. A,B: The injection involved the
rostral (A) and caudoventral (B) portion of SLu. C: Darkfield image of
the rostrolateral TeO with two labeled columnar structures extending
from layer 13 to 4. D: Labeled neuropil in the superficial tectal layers
4–6 in a Giemsa-counterstained section. The most superficial layer

appears to be layer 4c. E: Nomarski-DIC image of an individual SLu
termination. Note distinct morphological segregation between super-
ficial layers 4–8 and deeper layers 9–13. See Figure 1 for abbrevia-
tions. Scale bars � 500 �m in A,B; 200 �m in C; 50 �m in D; 100 �m
in E.
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the tectal surface. The axon remained smooth and unsplit
until it entered layer 13, where a fine collateral was issued
and arborized diffusely in layers 11–13 and densely in
layer 10 (Figs. 11A, 12H). Within layers 11–12, the main
axon was divided into two parallel secondary branches
which turned perpendicularly to the tectal surface in layer
10 (Fig. 11A). The secondary branches and their further
ramifications formed a 50-�m-wide brush-like ending ex-

tending from layer 10 to 2 with differential morphologies
among these layers (Fig. 11B). Layers 10–7 contained
mainly radial thick axonal stems and a large number of
fine branches that coursed parallel to each other (Figs.
11B, 12C). Layers 6–4 contained numerous laterally ori-
ented fine arbors with several thick stems in the middle of
the column (Fig. 12B), while layer 3 was filled almost
exclusively with fine arbors (Fig. 12A). Only sparse arbors
penetrated into layer 2.

A prominent feature common to both the diffuse ar-
borization in the deeper layers (L11–13) and the columnar
termination in the more superficial layers (L2–10) is very
thick primary or low-order axonal stems (2–3 �m) giving
off extremely fine branches less than half of a micrometer
(for example, Fig. 12G,H). These fine branches and their
distal arbors bore a high density of small boutons, 0.7–2.2
�m in diameter (Fig. 12D–F) in all tectal layers, with the
highest density in layers 5 and 6. Two comparable dense
bands were detected in the outer and inner portions of
layer 5. Whether these two bands correspond to sublayers
5a and 5b requires further double staining for calbindin,
the chemical marker that distinguishes these two sublay-
ers from each other (Karten, unpubl. obs.). Layer 3 ap-
peared to be the second-densest layer of axonal arbors and
boutons. No obvious laminar distribution was detected
based on the size of the axonal boutons.

Somatodendritic and local axonal morphology of

SLu neurons. The morphology of SLu neurons was vi-
sualized by intracellular fillings of individual neurons in
the coronal or horizontal planes (Fig. 13). All filled neu-
rons in our preparations share similar somatodendritic
and local axonal morphology. The soma was round or oval
in shape with the long axis 18–30 �m and the short one
12–23 �m in length. Three to four primary dendrites ram-
ified within a large field that tended to cover the whole
mediolateral range of the nucleus (120–200 �m) and ex-
tended 200–300 �m in its dorsoventral dimension. Both
primary and distal dendrites were covered with a high
density of filiform spines. Although the primary axon
could not be reliably detected in some neurons, other neu-
rons issued a smooth axon directly from the soma and
usually coursing medially or ventrally. Figure 13 illus-
trates a typical SLu neuron in the horizontal plane whose
axon could be traced dorsally to the level of the nucleus
tegmenti pedunculo-pontinus, pars compacta (TPc; Kuen-
zel and Masson, 1988) where the primary axon turned
laterally toward the optic lobe after giving off a fine col-
lateral extending dorsally. Terminal distribution and mor-
phology of the individual SLu axons could not be visual-
ized in any of the intracellularly filled neurons due to the
lengthy and changing course of their axons from their
origins in SLu to their terminations within the TeO.

Distal axonal morphology of SLu neurons within the

TeO. The morphology of the distal axonal terminations
of SLu neurons within the TeO was examined with in vivo
tracing studies. Following in vivo CTB injections into SLu,
densely labeled neuropil in the TeO was found in layers
11–13, 9, 6, and a sublayer along the border between
layers 4 and 5 (Fig. 6B). This most superficial sublayer
appeared to be layer 4c in most cases. However, in some
portions of the TeO, especially the dorsal portion, the
boundary between layers 4c and 5a was hard to establish
without additional chemical markers. Within the con-
tralateral TeO, sparse terminals were found in the deep
layers, which were not detected following a more precise

Fig. 15. ChAT immunoreactivity within Imc/Ipc (A), SLu (B), and
VLTg (C). Ipc, SLu, and VLTg contained immunoreactive neurons,
while none of Imc neurons were reliably labeled. Note a stronger
intensity of the somatic and neuropil labeling in SLu compared to that
in Ipc and VLTg. Scale bar � 500 �m in C (applies to A–C).
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injection into SLu with PHA-L. In vivo PHA-L injections
into SLu revealed the columnar organization of axonal
terminations of SLu neurons within the TeO, consistent
with a previous report in pigeons (Brecha, 1978). Figure
14 illustrates the anterograde label within the TeO follow-
ing an injection into the rostral (Fig. 14A) and caudoven-
tral (Fig. 14B) portions of SLu. Leakage of tracer was
found in a small area dorsomedial to SLu. Although
PHA-L was mainly transported in an anterograde direc-
tion, weakly labeled retrograde neurons were detected in
Imc but not in TeO (not shown). Anterogradely labeled
fibers and terminals were found mostly in the rostral
portion of the ipsilateral TeO and organized in columns
(Fig. 14C). The columns were about 120–180 �m wide and
extended from layer 4c to 13 with dense arborizations in
layers 4c, 6, and 9–13. In contrast to the combination of
very thick axonal stems and extremely fine spiny arbors of
Ipc brush-like endings, the labeled columnar structures
followed PHA-L injections into SLu consisted of smooth
axonal arbors of the same caliber (0.5–0.8 �m). No obvious
boutons were detected on these axonal arbors. The termi-

nal pattern of individual columns differed in deep tectal
layers 9–13 and more superficial layers 4c–8 (Fig. 14D,E).
Arbors in layers 9–13 coursed in a curving and seemingly
random fashion, without preferred orientation. Layers
4c–8 contained mostly parallel radial arbors passing
through the major portion of layer 5, 7, and 8, and arboriz-
ing in layers 4c and 6. In some cases the superficial portion
of the column seemed to extend slightly wider than the
deep portion. The densest arborization of the whole col-
umn occurred in layers 10b–13.

Biochemical features of isthmic neurons

Distribution of various histochemical and immunocyto-
chemical staining within the nucleus isthmi and the TeO
was examined to explore the possible biochemical substrate
of the tecto-isthmic circuitry, as well as to reveal the differ-
ent nature of neurons in Imc, Ipc, SLu, and VLTg. In con-
trast to the negative somatic staining in Imc, neurons in Ipc,
SLu, and VLTg were darkly labeled for ChAT (Fig. 15).
Within the TeO, ChAT-immunoreactive neuropil displayed a
wide distribution and occupied all tectal layers with the

Fig. 16. ChAT immunoreactivity within the TeO. A: Darkfield
image through the most ventromedial portion of the TeO. The whole
range of the TeO contains dense immunoreactive neuropil, in contrast
to the sparse staining in BCS. B: Histogram of the signal intensity
(up) among layers in the lateral portion of the TeO (bottom). Dark
gray zone in the histogram corresponds to the background outside the

TeO and the VT. Light gray zone corresponds to the tectal layer 15
which does not contain substantial staining. All other tectal layers
contain dense immunoreactivities, indicated by the white zone above
the light gray level. Note several signal peaks in layers 1, 4c, 7, 10,
and 13. C: Brightfield view of the lateral TeO illustrating immunore-
active neurons mainly located in layer 10. Scale bars � 200 �m in A,C.
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exception of the stratum griseum periventriculare (layer 15;
Fig. 16). Sublayer 4c, corresponding to the most superficial
layer of the SLu axonal terminations, contained conspicuous
ChAT-immunoreactive coarse arbors. Layers 6–2 were com-
posed of numerous extremely fine granular particles and
relatively thick radial processes. ChAT-immunoreactive

neurons were located mainly in layer 10 and scattered in
layers 3, 4, 5, 9, and 13 (Fig. 16C). These neurons were
morphologically different from the tecto-isthmic neurons
and did not show shepherd’s crook axons. However, consid-
ering the incomplete staining of the cellular morphology in
ChAT immunocytochemistry, clarification of the proposed

Fig. 17. Distribution of AChE (A), CO (B), PV (C), CaBP (D), and
nAChRs (E–G) in Imc/Ipc (left column), SLu (intermediate column),
and VLTg (right column). Boundaries and relative location of the

isthmic nuclei are illustrated in the line drawings at the top. Imc, Ipc,
SLu, and VLTg exhibited differential neuropil and somatic staining.
See details in the text. Scale bar � 200 �m (applies to all panels).
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cholinergic inputs to the nucleus isthmi in birds requires
further double label for ChAT immunocytochemistry and
retrograde tracing studies.

In AChE histochemical staining (Fig. 17A), both neuro-
pil and cells within Imc, Ipc, SLu, and VLTg were darkly
stained. A more intense staining was found in SLu than in
Imc, Ipc, and VLTg. In cytochrome oxidase histochemical
staining (Fig. 17B), cells in Imc and VLTg were conspicu-
ously labeled against relatively light staining in the sur-
rounding neuropil. In contrast, Ipc and SLu exhibited a
strong neuropil staining with lightly labeled cells.

Various isthmic nuclei displayed a distinct pattern of
immunoreactivity for parvalbumin and calbindin (Fig.
17C,D). Imc contained both parvalbumin-immunoreactive
and calbindin-immunoreactive neurons against a lightly
labeled background. In contrast, darkly labeled neuropil
for parvalbumin and calbindin surrounded unlabeled cell
bodies in Ipc. Within SLu, neuropil was immunoreactive
for both parvalbumin and calbindin while cell bodies were
only labeled for calbindin. Neither cells nor neuropil in
VLTg contained immunoreactivity for parvalbumin or cal-
bindin, providing unambiguous evidence of a unique dif-
ference between VLTg and the isthmic nuclei.

Imc, Ipc, SLu, and VLTg were equally notable in their
intense immunoreactivity for �7 nAChR (Fig. 17E) and
their lack of immunoreactivity for �8 nAChR (Fig. 17G).
They differed from each other in the pattern of �2 nAChR
immunocytochemical staining (Fig. 17F). Neurons were

moderately labeled in Imc and SLu and lightly labeled in
Ipc. No staining for �2 nAChR was detected in VLTg.

Immuncytochemical staining for the fast voltage-gated
potassium channel Kv3.1 revealed intense neuropil stain-
ing surrounding the unlabeled cell bodies in Imc, Ipc, and
SLu (Fig. 18A,C–E). While in SLu and Ipc the neuropil
staining was rather diffuse (Fig. 18D,E), the outline of the
large Imc neurons could clearly be differentiated due to
the dense studding with immunoreactive profiles (Fig.
18C). Within the TeO, labeling was found in a population
of radial neurons in layer 10b (Fig. 18B). The somata and
the apical primary dendrites were well outlined; however,
labeling decreased in the more distal aspects of the den-
dritic field, and thus did not allow identification of a shep-
herd’s crook morphology. We could not precisely deter-
mine whether labeled structures were located on afferent
axons (i.e., presynaptically) or within the tectal neurons
(i.e., postsynaptically).

DISCUSSION

Columnar axonal terminations of Ipc and
SLu neurons

The major contribution of the current study is the con-
firmation of the columnar organization of the axonal ter-
mination of Ipc and SLu neurons within the TeO at the
individual cell level and a detailed description of their

Figure 17 (Continued)
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morphology. Individual Ipc neurons terminate densely in
the superficial layers 3–6, moderately in the intermediate
layers 7–10, and lightly in the deep layers 11–13. Their
termination in the superficial and intermediate layers is
organized in a narrow brush-like column, consistent with
previous reports (Ramón y Cajal, 1899, 1911; Brecha,
1978; Tömböl et al., 1995; Tömböl and Németh, 1998). A
terminal varicosity in layer 10 described by Ramón y Cajal
(1911) in sparrows was not seen in the current study. Two
major variations of Ipc brush-like endings were observed
in the current tracing studies and may correspond to the
long and short axonal arborizations identified by Tömböl
et al. (1995, 2005; 1998), although our observation does
not support their previous suggestion that short and long
endings, respectively, arise from Ipc and Imc. The light,
diffuse projection from Ipc on the deep tectal layers 11–13
was first identified in our PHA-L tracing studies and fur-
ther confirmed with intracellular filling of individual Ipc
neurons.

The current study visualized individual columnar ax-
onal terminations of SLu neurons and clarified the previ-
ously controversial reports in their laminar distribution
(Brecha, 1978; Hellmann et al., 2001). These terminations
extend from layer 13 superficially to layer 4c. Arborization
occurs in layers 4c, 6, and 9–13, with a higher density in
layers 10b–13 than in the more superficial layers. Auto-
radiography experiments in pigeons identified a compara-
ble dense innervation of SLu axons to tectal layers 6–13 in
a radial fashion but not as superficial as to layer 4c (fig. 29
in Brecha, 1978). This discrepancy may be due to technical

limitations (see Cowan and Cuénod, 1975) or interspecies
variation. The latter possibility is supported by the differ-
ent pattern of cholinergic fibers in the layer 4c between
these two avian species. In chicks, layer 4c contains coarse
cholinergic arbors, while these cholinergic arbors are lack-
ing in the corresponding layer in pigeons (fig. 18 in Me-
dina and Reiner, 1994; Wang and Karten, unpubl. obs.).
However, unambiguous confirmation of the laminar dis-
tribution of SLu neurons still requires intracellular filling
experiments.

In addition to the coarsely separate laminar domains,
columnar axonal terminations of Ipc and SLu axons differ
in several important morphological features, including the
width of the column, the thickness of axonal arbors, and
the density of axonal boutons. Individual columnar termi-
nations of SLu neurons (120–180 �m) are two to three
times wider than Ipc brush-like endings (35–50 �m). Ipc
brush-like endings possess very thick axonal stems (2–3
�m) surrounded by extremely fine arbors (less than 0.5
�m), while SLu terminations are composed of coarse ax-
onal arbors of the same caliber (0.5–0.8 �m). Further-
more, Ipc axons carry a high density of small boutons on
their distal fine arbors, while SLu axons and their distal
arborizations are almost free of obvious boutons.

Ipc and SLu provide a major contribution to
the tectal ChAT and AChE

Both the somata of Ipc and SLu neurons and their distal
axonal terminations within the TeO display a strong im-
munoreactivity for choline acetyltransferase (ChAT), a re-

Fig. 18. Immunoreactivity of
Kv 3.1 in the TeO, Imc, Ipc, and
SLu. A: An overview of the TeO,
Imc, and Ipc. B–E: Higher-power
view of neurons in tectal layer 10
(B), Imc (C), Ipc (D), and SLu (E).
Imc, Ipc, and SLu all contained in-
tense neuropil staining while their
neurons were unlabeled. Scale
bars � 500 �m in A; 10 �m in B; 50
�m in C–E.
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liable marker for the presence of cholinergic systems. Con-
sidering the dense termination and extensive laminar
distribution of the Ipc and SLu efferents in the TeO, as
well as the glutamatergic nature of the retinal inputs
(Wang et al., 1978; Dye and Karten, 1996), Ipc and SLu
may provide a substantial contribution to the tectal cho-
linergic system. In addition, Ipc and SLu may also con-
tribute to the tectal cholinesterase (AChE). The presence
of high concentrations of AChE in the TeO of all verte-
brates has long been recognized (for example, birds:
Scharrer and Sinden, 1949; mammals: Ross and Godfrey,
1985; reptiles: Schmidt et al., 1989; amphibians: Wallace
et al., 1990). Retinal inputs provide a contribution to the
presence of AChE in the superficial TeO. Unilateral ocular
ablation results in a detectable reduction, but not a com-
plete loss, of the tectal AChE staining in birds, reptiles,
and amphibians (Ciani et al., 1978; Ciani and France-
schini, 1982; Wallace et al., 1990; Villani and Contest-
abile, 1982; Karten, unpubl. obs.). The residual AChE
staining may be due to AChE content within axons of Ipc
and SLu that terminate in these layers of the TeO. In
frogs, retinal and bilateral nucleus isthmi deafferentiation
leaves virtually no AChE activity in the outer tectal layers
(Wallace et al., 1990).

What are the postsynaptic targets
of Ipc and SLu?

Although physiological studies reported a dramatic in-
fluence of the nucleus isthmi on visual responses and the
receptive field organization of tectal neurons (Wang SR et
al., 1995; Wang Y et al., 2000), the target neurons of the
isthmotectal terminals have not been identified so far. As
any suggestion on the role of the isthmi nuclei in tectal
function requires identification of the specific targets,
more detailed analysis with electron microscopy, immuno-
cytochemistry, and cell filling, as well as single-cell elec-
trophysiology, is required. Specifically, the synaptic rela-
tionship between isthmotectal terminals and retinotectal
terminals remains obscure (see discussion in Gruberg et
al., 1994). Within the TeO there is a lack of presynaptic
profiles on retinal axonal endings (for example, Hayes and
Webster, 1975; Hughes, 1990; Udin et al., 1990; Gruberg
et al., 1994). However, there are two reasons to entertain
the possibility of a direct action of the isthmotectal termi-
nals on the retinotectal terminals. 1) Several studies have
reported significant effects of cholinergic isthmic inputs on
the retinotectal neurotransmission. Activity of the nucleus
isthmi enhances calcium influx into optic nerve fiber ter-
minals (Dudkin and Gruberg, 2003), enhances the long
latency component of retinotectal transmission (King and
Schmidt, 1991), and sharpens the tectal retinotopy
(Schmidt, 1995). Unilateral lesions of the frog nucleus
isthmi result in a scotoma in the contralateral monocular
field (Gruberg et al., 1991). 2) Titmus et al. (1999) reported
that nicotinic receptors are present on retinotectal axons
and activation of those receptors increases spontaneous
release of glutamate, a major neurotransmitter used in
the retinotectal projection. The rich presence of nicotinic
receptors in retinal ganglion cells does not correlate with
the intraretinal arborization of their dendrites in relation-
ship to the laminar distribution of cholinergic amacrine
cell processes. Thus, the retinal ganglion cells expressing
these receptors may indicate that their axons utilize these
receptors, and are influenced by cholinergic inputs at their
central terminations. An interesting hypothesis that

might resolve this issue was put forward by Sargent et al.
(1989), who suggested a nonclassical, paracrine action of
cholinergic input to the TeO. This interpretation is corrob-
orated by the columnar morphology of isthmic terminals
that do not show a concentration on a target structure, but
are rather homogeneously distributed.

Tectal inputs to Ipc and SLu

Another major finding of the current study is that tectal
input to Ipc and SLu arises from a particular cell popula-
tion located in the same sublayer of the TeO. Double-
labeling studies have revealed that these neurons are
immunoreactive for antibodies against the transcription
factor Brn3a in layer 10b. Although the functional signif-
icance of this factor in the tectum remains unknown, our
observation suggests that layer 10 is a heterogeneous
layer and only a particular cell population in layer 10 is
responsible for the tectal inputs on the nucleus isthmi.
These neurons do not correspond to three types of radial
neurons in layer 10 with side dendritic branches in layer
7 identified by Sebestény et al. (2002, see discussion in
Wang et al., 2004). The radial tectal neurons with side-
branches in layer 7 were not encountered in our experi-
ments following both in vivo and in vitro tracing studies in
Ipc and SLu. Rather, neurons with such a morphology
were labeled after CTB injections into the nucleus genicu-
latus lateralis pars ventralis (Mpodozis and Karten, un-
publ. obs.). However, it remains unknown whether it is
the same population of tectal neurons that innervates
both Ipc and SLu. Tectal axons terminate in a restricted
columnar fashion in both Ipc and SLu (Hunt and Künzle,
1976; Streit et al., 1980; Güntürkün, 1987). The wide-
spread tectal terminals within Ipc reported by Ramón y
Cajal (1911, fig. 139) rather resemble the pattern of Imc
arborizations (see Wang et al., 2004).

There is physiological evidence that acetylcholine
and/or glutamate play important roles in the tecto-isthmic
transmission (Felix et al., 1985; Wu et al., 1994; Wang,
2003). The avian Imc, Ipc, and SLu show a strong somatic
staining for �7 subunit of nicotinic acetylcholine receptors
(Britto et al., 1992) and glutamate receptor subtypes
GluR1 or GluR2/3 (Hellmann et al., 2001). However,
ChAT-immunoreactive neurons appear morphologically
different from the TeO-Ipc neurons. Clarification of the
neurotransmitter used in this pathway requires further
investigation with a combination of physiological, tract-
tracing, and immunocytochemistry studies.

Ipc and SLu are two closely related but
independent nuclei

On the basis of the data presented here, the organiza-
tion, connection, and biochemical features of Ipc and SLu
can be compared (Table 1). Our study confirmed the obvi-
ous similarities of Ipc and SLu in the general pattern of
their cytoarchitecture, cell morphology, connection, and
some biochemical features, and further revealed their dis-
tinct features. The most important feature that distin-
guishes Ipc and SLu from each other is the distinct mor-
phology and laminar distribution of their columnar axonal
terminations in the TeO. In addition, Ipc and SLu differ in
the precision of their topographical relationship to the
TeO, dendritic shape and orientation, and calbindin-
immunoreactive cells in SLu, which is lacking in Ipc.
These distinct features have resolved the seeming paradox
of the identical pattern of the Ipc and SLu, indicating their
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parallel and independent roles in the isthmotectal inter-
actions.

Is VLTg another isthmic nucleus?

In addition to Ipc and SLu, the current study has con-
firmed another cholinergic cell group ventromedial to Ipc
and rostral to SLu that was first identified by Sorenson et
al. (1989). The current study termed this cell group the
nucleus ventrolateralis tegmenti (VLTg). VLTg shares
many features with Ipc and SLu, but differs in its conspic-
uously labeled cells for cytochrome oxidase and the total
lack of immunoreactivity for parvalbumin, calbindin, and
�2 nAChR. While Sorenson et al. (1989) reported a cho-
linergic connection between SLu and VLTg, we did not
find such a projection or a connection with the TeO, indi-
cating that VLTg is not a simple extension of Ipc and SLu.
In addition, VLTg is not consistent with the description of
other small cell groups which have been suggested to be
related to the isthmic system, including the disseminated
isthmic nucleus, which is located dorsally to Ipc and
projects on the ipsilateral TeO (see fig. 19 in Medina and
Reiner, 1994; previously called the nucleus lemnisci late-
ralis, pars dorsalis in Karten and Hodos, 1967), and the
nucleus isthmi ventralis, which projects on the contralat-
eral TeO (Vaage, 1973; Martinez and Puelles, 1989; also
see discussion in Wang et al., 2004). Whether the VLTg is
an independent isthmic nucleus, or completely unrelated
to the isthmic system requires further studies.

Identical nuclei and pathways in the
mammalian brain

The Ipc and SLu, collectively, appear to be homologous
to the nucleus parabigeminalis of the mammalian brain
(Le Gros Clark, 1933; Diamond et al., 1992). Neurons in
the nucleus parabigeminalis are reciprocally connected
with the superficial layers of the superior colliculus, the
homologous structure of the nonmammalian TeO (Harting
et al., 1973; Graybiel, 1978; Sherk, 1979a; Méndez-Otero

et al., 1980; Major et al., 2003). As in birds, reptiles,
amphibian, and teleosts, most neurons in the nucleus
parabigeminalis are cholinergic (Mufson et al., 1986; Hall
et al., 1989; Jeon et al., 1993). Although the nucleus para-
bigeminalis appears to be a uniform structure in cats and
ferrets (Graybiel, 1978; Baleydier and Magnin, 1979; Ed-
wards et al., 1979; Sherk, 1978, 1979a,b; Roldán et al.,
1983; Jiang et al., 1996), it is divided into two or three
cytoarchitectonically distinct subdivisions in the squirrel
and rat (Tokunaga and Otani, 1978; Watanabe and
Kawana, 1979; Linden and Perry, 1983; Wang and
Karten, unpubl. obs.). In squirrels, two subdivisions of the
nucleus parabigeminalis maintain independent sets of re-
ciprocal connections with the ipsilateral superior collicu-
lus and terminate in a columnar fashion (Wang and
Karten, unpubl. obs.), resembling the relationship of Ipc
and SLu to the avian TeO.

Functional implications of the isthmotectal
interaction

Reciprocal connections between the TeO and the nu-
cleus isthmi consist of one heterotopic GABAergic and two
homotopic cholinergic feedback components (Fig. 19). The
most remarkable feature of the homotopic components is
the columnar organization of the efferents from Ipc and
SLu that extend over many tectal layers. These columns
constitute juxtaposed cartridges throughout the TeO that
contain a single termination of Ipc or SLu axons, their
postsynaptic target structures, and other extrinsic inputs
to these targets. Since every element contained within
such a cartridge samples the same small region of the
visual field, the function of the cholinergic Ipc and SLu
axons might be the synchronization of excitation across
one cartridge. In contrast, the heterotopic GABAergic
component of the isthmotectal interaction consists of
widely spreading terminals of Imc neurons that might
inhibit the Ipc/SLu neurons that project on the TeO.
Taken together, both systems constitute a complex mech-

TABLE 1. Comparison of the Cell Morphology, Connections, and Biochemical Features of Ipc and SLu1

Similarities Differences

Ipc SLu

Cell morphology Small round or oval cells Uniform distribution Cell clusters
Spiny dendrites Narrow radial dendritic pattern Large dendritic field without preferred orientation

Imc input GABAergic input from single Imc axon
upon both Ipc and SLu

Relationship to the
TeO

Homotopic reciprocal connected with the
ipsilateral TeO

Precise Relatively diffuse

Same topography

Tectal input Radial neurons in layer 10b Shepherd’s crook axons Unknown
Brn3a immunoreactive neurons

Axonal terminations Columnar organization Brush-like endings rich in boutons Arbors of same caliber lack in boutons
within the TeO 35–50 �m wide 120–180 �m wide

Extending in layers 2–10 Extending in layers 4c–13
An additional diffuse arborization in

layers 10–13
—

Other efferent
targets

None Pretectum and thalamus (Hellmann et al., 2001)

Biochemical features AChE:cell bodies (		); neuropil (			) ChAT: cell bodies (		); neuropil (?) ChAT: cell bodies (			); neuropil (?)
CO: cell bodies (	); neuropil (		) CaBP: cell bodies (
); neuropil (		) CaBP: cell bodies (	, scattered); neuropil (		)
GABA: cell bodies (–); neuropil (			) GluR1: cell bodies (
) GluR1: cell bodies (			)
PV: cell bodies (–); neuropil (			) GluR2/3: cell bodies (		) GluR2/3: cell bodies (
)
�7 nAChR: cell bodies (			); neuropil (?) �2 nAChR: cell bodies (	); neuropil (
) �2 nAChR: cell bodies (		); neuropil (
)
�8 nAChR: cell bodies (–); neuropil (–)
KV 3.1: cell bodies (–); neuropil (			)

1The similarities and differences between Ipc and Slu indicate that they are two closely related but independent cell groups; 			, heavy staining; 		, moderate staining; 	, light
staining; –, none; ?, uncertain.
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anism to enhance excitation and inhibition in specific tec-
tal domains. Whether this network is fundamental for the
implementation of a “winner-take-all” network or for the
production of center-surround receptive field organization
in tectal neurons is still unclear.

The finding that a high-threshold (Kv3.1) voltage-
activated potassium channel is expressed by all isthmic
nuclei is consistent with a function in the time domain. In
avian brains, this ion channel has been reported predom-
inantly in structures of the auditory system dedicated to
time-coding (Parameshwaran et al., 2001; Lu et al., 2004).
The members of the Kv3 subfamily of voltage-activated
potassium channels activate rapidly at potentials positive
to –10 mV and allow for the rapid repolarization after an
action potential, a feature that enables high-frequency
firing and improves postsynaptic temporal coding preci-
sion (Wang et al., 1998). This function is essential for the
time-coding circuits in the auditory brainstem, and could
also relate to the high-frequency oscillations in the tectum
that were reported to be mediated by the isthmic system
(Marı́n et al., 2005).

Although the exact targets of Ipc and SLu axons remain
unknown, the high concentration of Ipc synaptic boutons
in layers 3–6 imply that structures contained in these
layers could be its primary targets. Distal dendritic arbors
of tectal ganglion cells (TGCs) of layer 13 might be such a
target. TGCs are the main ascending output of the TeO on

the thalamus, and since the nucleus isthmi is involved in
modulation of tectal activities, an interesting possibility is
a direct action from the nucleus isthmi on the tectal as-
cending system.

TGCs have large dendritic fields and generate large arrays
of small columnar dendritic endings (bottlebrush endings)
positioned in specific tectal layers, (Luksch et al., 1998, 2001;
Major et al., 2000). Based on the laminar position of the
bottlebrushes, several subtypes of type I TGCs have been
identified in chicks (Luksch et al., 1998) and in pigeons
(Hellmann and Güntürkün, 2001; Marı́n et al., 2003). As
subtle interspecies variations in the laminar distribution of
both isthmic terminations and TGCs bottlebrushes may ex-
ist, we will discuss the functional implications only for the
chick where most of the relevant structures have been ana-
lyzed at the single-cell level. In chicks, bottlebrushes of type
I TGCs are monostratified in retinorecipient tectal layers 5a,
5b (Luksch et al., 1998) and probably layer 3 (Brzozowska-
Prechtl and Karten, unpubl. obs.), where Ipc brush-like end-
ings densely terminate. Type II TGCs have endings strati-
fied in deeper nonretinorecipient layer 9 that are also
significantly innervated by Ipc endings, although to a greatly
reduced degree.

Some possible insight into the operational domains of the
Ipc terminals is suggested by the dimensions of their arbors
(Fig. 20A,C). Individual brush-like endings of Ipc neurons
are 35–50 �m wide. Each bottlebrush ending in layer 5a and

Fig. 19. Schematic drawing of the
neuronal circuitry of the TeO, Imc, Ipc,
and SLu. Radial tectal neurons (blue) in
layer 10b project topographically on Imc,
Ipc, and SLu. Imc-Is neurons (a, red) and
Imc-Te neurons (b, red) project widely on
Ipc/SLu and the TeO, respectively. Ipc
and SLu axons (green) terminate within
different tectal layers in a columnar fash-
ion. The gray shadings of the TeO indi-
cate retinorecipient tectal layers. The
blue shadings within Imc, Ipc, and SLu
indicate the tectal terminal projection.
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5b is about 4–5 �m in diameter. Since the spacing between
bottlebrush endings of single TGCs is usually much larger
than 50 �m in chicks (Luksch et al., 1998), individual Ipc
terminations are likely to terminate on only a single den-
dritic ending from an individual TGC neuron, but on numer-
ous endings from different TGCs of the same subtype. The
vertical distribution of a single brush-like ending then can
act on spatially related TGCs of the remaining Type I TGC
that receive input from the same point of the visual field, but
from different ganglion cells.

SLu axons do not arborize in layer 3 and the major
portion of layer 5; thus, their synaptic interaction with
bottlebrushes of type I TGCs is rather restricted. On the
contrary, SLu may contribute to the modulation of the
TGCs by contacting the distal dendrites of type II TGCs in
layer 9, and in contrast to the sparse innervation of layer
9 by Ipc (Fig. 20B). SLu terminations are 120–180 �m
wide and may contact more than one bottlebrush of indi-
vidual TGCs. In addition, the dense arborization of SLu in
layers 10b–13 may contact the somata and primary den-

Fig. 20. Schematic drawings of the proposed cellular circuitry of
Ipc and SLu axons terminating on bottlebrushes of type I and II
TGCs. A: Individual Ipc endings (green) densely arborize in layers 3,
5a, and 5b and contact bottlebrushes of three subtypes of type I TGCs,
TGC I-3 (yellow), TGC I-5a (pink), TGC I-5b (red), and probably type
II TGCs (blue) to a lesser extent. In each of these layers one Ipc ending
contacts numerous bottlebrushes from different TGCs of the same

subtype, but only contacts a single bottlebrush from any individual
TGC neuron. B: SLu endings (green) contact bottlebrushes of type II
TGCs (blue) and probably the somata and proximal dendrites of all
types of TGCs. Dark and light green indicate heavy and light inputs
of Ipc/SLu in the TeO. C: Individual TGCs are innervated by numer-
ous Ipc neurons with each of its bottlebrush contacting one Ipc ending.
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drites of both types of TGCs. The synaptic mechanism of
these proposed connections remains unclear, as no dis-
tinct bouton-like structures were detected on SLu axons.

We propose that Ipc and SLu axons serve to produce
precisely coordinated activation in the time domain across
the various processing channels of type I and II TGCs
within a single small region of the congruent receptive
field of these cells. As a result, retinally evoked excitation
at a given tectal locus will lead to a complex pattern of
reafferent excitation and inhibition through all feedback
loops of the isthmic complex. Given that distinct subtypes
of TGCs project on functionally distinct subdivisions of the
nucleus rotundus (Benowitz and Karten, 1976; Mpodozis
et al., 1996; Karten et al., 1997; Luksch et al., 1998;
Hellmann and Güntürkün, 2001; Marı́n et al., 2003), the
isthmic circuitry provides an early stage of interaction
across information-processing streams. In a general con-
text, this circuitry might maintain spatial relatedness and
thus overcome an inherent problem of splitting informa-
tion into various processing streams.

Despite the present circumstantial evidence of substan-
tial projections of the Ipc and SLu on the TGCs, we have
no direct evidence as to the immediate postsynaptic tar-
gets of the Ipc or SLu. The presence of nicotinic AChR
within the TGC somata (Britto et al., 1992) is suggestive of
a major role for cholinergic inputs in the regulation of
TGCs. However, the immunoreactivity for the nicotinic
nAChR is mainly confined to the somata and proximal
dendrites. This may reflect the relative insensitivity of
immunohistochemistry in detecting low levels of immuno-
reactivity in very thin distal dendrites, or may indicate a
selective distribution within the various domains of the
TGCs. Whether TGCs express muscarinic receptors at
their distal terminals remains unknown. Furthermore,
our emphasis on the possible synapses of Ipc and SLu on
the TGCs should not obscure isthmic inputs on other
tectal systems.

Several lines of evidence in studies of the nucleus isthmi
of fish and amphibians have led to the suggestion that the
nucleus isthmi plays a role in depth perception and/or
stereopsis (Gruberg and Udin, 1978; Collett et al., 1987;
Wiggers, 1998). These studies identified the existence of a
retinotopic projection of the nucleus isthmi on both the
ipsilateral and contralateral TeO. A similar, although less
substantial, projection has been identified in various
mammalian brains (rats: Linden and Perry, 1983; cats:
Graybiel, 1978; monkeys: Baizer et al., 1991). As discussed
in our previous article (Wang et al., 2004) and confirmed
in the current study, we found no evidence of any neurons
in Ipc, SLu, or Imc that project on the opposite optic
tectum in chicks. This is puzzling, as birds appear to have
particular needs for accurate depth perception in flight
and landing, and stereopsis may play a major role in the
high speed motor acts required for feeding in insectivorous
birds, fish-hunting birds such as herons, as well as the
bifrontally directed eyes of owls. However, in the light of
recent work on owls (Wagner and Frost, 1993; van der
Willigen et al., 1998; Nieder and Wagner, 2001) and pre-
vious studies in pigeons (Perisic et al., 1971; Karten et al.,
1973), the mechanisms that exploit binocular information
in birds are likely to be contained in the visual wulst, the
homolog to the striate cortex in mammals.
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