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A Golgi study of the isthmic nuclei in the pigeon (Columba livia)
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Summary. The isthmic nuclei of the pigeon were studied
with the use of three different Golgi techniques. The nucleus
isthmo-opticus (IO) consists of a single cell type in which
all dendrites of one neuron take the same direction and
ramify at identical distances from the perikaryon to form
dense dendritic arborizations. The cell bodies of the IO
neurons form two parallel layers. The dendrites of these
neurons always extend to the area between the two layers
so that the dendritic arborizations of opposite neurons
overlap. A model of the cellular organization of the 10
was constructed based upon these morphological character-
istics. The neurons of the n. isthmi/pars parvocellularis (Ipc)
have oval perikarya and long, smooth, infrequently branch-
ing dendrites. All neurons except those at the borders of
the nucleus show the same dorsoventral orientation in their
dendritic arborizations and together with their afferents
seem to have a columnar organization. The dendrites of
the neurons located at the margin of the nucleus ramify
within the Ipc along its border. The n. semilunaris (Slu)
consists of neurons with round somata that have on an
average three dendrites with small spines. The axons leave
the nucleus from the medial side and join the lemniscus
lateralis. The neurons of the n. isthmi/pars magnocellularis
(Imc) comprise a generalized isodendritic type resembling
the cells of the reticular formation. Axons from the tectum
penetrate the nucleus, making numerous en-passant con-
tacts with several neurons.
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According to Ariéns Kappers et al. (1936), the isthmic nu-
clei of birds consist of the four midbrain structures: n.
isthmo-opticus (I0), n. isthmi/pars parvocellularis (Ipc), n.
isthmi/pars magnocellularis (Imc) and n. semilunaris (Slu,
Fig. 1).

The IO is one of the best studied examples of a nucleus
manifesting a high rate of naturally occurring cell death
during ontogeny. About 60% of the original IO neurons
degenerate between the 12th and 16th days of incubation
in the chick (Clarke and Cowan 1976). Clarke (1985) sug-
gests that aberrant neuronal connections are eliminated by
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this cell loss. The 10 is part of the topographically orga-
nized avian centrifugal optic system. It constitutes the teg-
mental part of a feedback circuit consisting of a projection
from the retinal ganglion cells to the contralateral tectum,
the efferents of which in turn project to the ipsilateral 10
from which a back-projection leads to the contralateral reti-
na (McGill etal. 1966a, b). Electrophysiological (Miles
1972a, b; Holden and Powell 1972; Pearlman and Hughes
1976) and behavioral experiments (Rogers and Miles 1972;
Shortess and Klose 1977; Kniepling 1978) suggest that the
10 serves to enhance the detection of moving objects and
discrimination performance in dim-light situations.

Ipc, Slu and Imc have reciprocal and topographical con-
nections with the ipsilateral optic tectum (Showers and
Lyons 1968; Hunt and Kiinzle 1976; Hunt et al. 1977).
Due to the hodological similarities and the equivalence of
the transmitters in these nuclei, Kiinzle and Schnyder (1984)
postulated that the isthmus-tegmentum complex is homolo-
gous in mammals, birds and reptiles. According to their
study the Ipc would be comparable to the n. parabigemina-
lis of the rat, while Imc and Slu would be homologous
to the dorsal or ventral parts, respectively, of the lateral
periparabigeminal tegmentum. Despite this importance of
the isthmic nuclei for a comparative analysis of the mid-
brain, information about their neuronal morphology are,
with the exception of the 10, completely lacking (Cowan
1970; Angaut and Repérant 1978; Crossland 1979). The
present study therefore describes the cellular characteristics
of the isthmic nuclei on the basis of Golgi preparations.

Materials and methods

Three different Golgi techniques were applied to the brain
material of ten adult homing pigeons (one to three years
of age) of both sexes: Golgi-Cox, rapid Golgi and a Golgi
technique developed by Mestres (Mestres and Lafarga
1972). The Golgi-Mestres procedure, which was employed
with two brains, will be briefly summarized here: the ani-
mals were anesthetized (Mallin and Delius 1983) and per-
fused intracardially first with saline heated to 40° C and
then with a fixation solution containing potassium dichro-
mate (3%), paraformaldehyde (1%) and chloral hydrate
(1.6%) dissolved in 0.12 M phosphate buffer (pH 7.4). The
brains were quickly removed and postfixed for 4 h in the
same fixative. Then, 2-mm thin sections of the brains were
immersed for two days in a 6% potassium dichromate solu-
tion, which was renewed every day and kept at room tem-
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Fig. 1. The location of the isthmic nuclei in the pigeon. Frontal section, stained with cresyl-violet, that corresponds to the A 2.50
plane of the Karten and Hodos pigeon brain atlas (1967). Imc n. isthmi/pars magnocellularis; Ipc n. isthmi/pars parvocellularis; /0
n. isthmo-opticus; S/ n. semilunaris; 70 tectum opticum

perature in the dark. The sections were subsequently briefly
washed in 0.5% silver nitrate solution and immersed for
36 h in 1% silver nitrate. After celloidin embedding, the
blocks were cut into 100-pum thick sections.

The rapid Golgi impregnation described by Valverde
(1970) was employed using five animals. Sections from three

Fig. 2. Rapid Golgi-impregnated neurons of the 1O (n. isthmo-opticus)

pigeon brains, stained according to the Golgi-Cox tech-
nique, were processed according to Ramén-Moliner (1970).
Celloidin embedding was used throughout and 100-pm
thick sagittal as well as frontal sections were made. To
confirm the identification of anatomical structures the pi-
geon brain atlas of Karten and Hodos (1967) and series

Fig. 3. Photomontage of a group of 10 neurons in which the upper cell is located in the opposite layer to the lower three neurons.
Note the area of dense dendritic arborizations between the neurons of different layers. Rapid Golgi impregnation

Fig. 4. Somatic spines (arrows) on 10 neuron. Rapid Golgi

Fig. 5. Simplified model of the cellular organization of the 10. Only two cell rows that are separated by dendritic arborizations are

shown. The axons entering the system are presumably of tectal origin

Fig. 6. Spines (arrows) and thin appendages on dendrites of a rapid Golgi-impregnated 10O neuron

Fig. 7. Spine (arrow) on the axon hillock of a rapid Golgi impregnated 10 neuron
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of sections of control pigeon brain were used. For these
sections three adult pigeons were perfused with saline
heated to 40° C and then with 4% paraformaldehyde. The
brains were embedded in paraffin, and 20-um thick saggital
as well as frontal sections were cut and stained with cresyl
violet or Kliiver-Barrera Nissl/myelin staining, respectively.

Results

From the three Golgi techniques employed the Golgi-Cox
method was the most reliable. It consistently impregnated
a large number of neurons throughout the entire brain.
Although it was particularly useful for a general classifica-
tion of cell types, it gave only poor results in the impregna-
tion of dendritic details, such as small arborizations or
spines. With the rapid Golgi technique the dendritic mor-
phology could be clearly visualized, but generally the axons
were only impregnated for the first 20 to 30 um. The Golgi
Mestres technique yielded the best impregnations of den-
drites and spines and was also particularly successful in
visualizing a number of different axon tracts in the tegmen-
tal area. Unfortunately, in different parts of the brain such
as in the telencephalon, impregnated neurons were rather
scarce and were located generally in the outer “corticoid”
areas.

Topography

In an anterior to posterior direction the localization of the
isthmic nuclei extends in the lateral tegmental field from
the most rostral part of the commissura posterior to the
level of the n. trochlearis. The 10 consists of a small group
of cells situated in the dorsolateral tegmentum, just medial
to the optic tectum and possesses a highly convoluted la-
mina made up of two layers of medium-sized perikarya.
The Ipc is also situated in the lateral tegmental field ventral
to the IO and is composed of medium-sized cells, which
are arranged in dorsoventrally radiating rows. At its rostral
extent, the nucleus appears in frontal sections as a dorsally
flattened oval, which increases caudalward in size to assume
an elliptical appearance. The Imc is a mass of large multipo-
lar cells lying ventrolateral to the Ipc and embedded com-
pletely in the white matter of the optic tectum. This nucleus
assumes in frontal sections an archiform shape, with the
concave aspect dorsal and the convex aspect ventral. The
Slu is situated medial to Imc and Ipc and lateral to the
path of the ascending fibers of the lateral lemniscus. By
virtue of similarities in size and staining the Slu appears
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in frontal sections as a medial extension of the Ipc, only
separated by a small portion of the fibers of the brachium
colliculi superiores.

Neuronal morphology

N. isthmo-opticus (10)

The 1O consists of a single cell type with rounded to oval
perikarya of 15-20 pm diameter. Generally, one to two den-
drites arise from one pole side of the soma but in a few
cells up to five dendrites were observed (Fig. 2). There is
no apparent correlation between the number of dendrites
and the location or orientation of the neurons within the
nucleus. The dendritic trunk has a smooth surface with
few spines and generally follows a straight course after aris-
ing from the soma. In cells with more than one dendrite
these always extend in the same direction and ramify at
a distance of 50-100 pm beyond the perikaryon into numer-
ous branches, which ramify into shorter segments resem-
bling the “claws” observed by Cowan (1970). Since most
of these segments branch inward to the center of the arbori-
zation, they form a highly packed, spherical network of
about 50-70 pm diameter. Within this arborization sphere
many spines and appendages of different sizes can be seen,
so that a clear distinction between spines, appendages and
small dendritic segments is often difficult. Most spines are
localized on the distal ends of the dendrites (Fig. 6). In
some of the neurons somatic spines can also be observed
and a few cells even exhibit spines on the axon hillock
(Figs. 4, 7). The axons emerge from the soma or from the
first segment of the dendritic trunk. For at least the first
impregnated 50 um the axons coursed in the direction oppo-
site to the dendrites.

As described on the basis of Nissl-stained material the
IO consists of a convoluted lamina made up of two layers
of neurons, which are separated from each other by a nar-
row, distinct area of dendrites and axons. This organization
can be clearly seen in the Golgi-stained material. The peri-
karya of impregnated 10 neurons form two parallel rows
each representing one of the 10 layers. The dendrites of
these neurons always extend to the area between the two
layers so that the dense dendritic arborizations of opposite
neurons overlap completely (Fig. 3). On the basis of these
observations a model of the cellular organization of the
10 was drawn, which illustrates schematically a small part
of the double layer. To simplify, only two of the opposing
cell rows, separated by the dendritic arborizations and the
afferent axons from the tectum, are shown (Fig. 5).

Fig. 8. Diagrammatic camera lucida drawing of two Ipc cells (n. isthmi/pars parvocellularis), which are located at the border or in
the center of the nucleus. The axons (arrow) shown to enter the nucleus from the ventral part are presumably of tectal origin

Fig. 9. Golgi-Mestres-stained Ipc neuron

Fig. 10. Diagrammatic reconstruction of afferent axons that make several synapses along Ipc dendrite

Fig. 11. Photomicrograph of two afferent axons (open and black arrow) shown in the framed area of Fig. 10

Fig. 12. Two Golgi-Mestres-stained Ipc neurons

Fig. 13. Rapid Golgi-stained Ipc neurons in a frontal section shown at low magnification. Note the virtually equal orientation of
all cells. Dorsal is upward and lateral is to the left. The section corresponds to the A 3.00 plane of the pigeon brain atlas
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N. isthmi/pars parvocellularis (Ipc)

The Ipc consists of a single cell type with round perikarya
20 um in diameter. All somata and most of the dendrites
are completely free of spines (Figs. 9, 12). On an average
five thin (24 pm), sparsely branching dendrites leave the
soma and ramify up to a distance of 150-200 ym mainly
to the dorsal and ventral side of the perikaryon, so that
a single Ipc neuron occupies approximately a cylindrical
volume with a diameter of about 150 um and a height of
300-400 pm (Figs. 8, 9, 13). This differs only in neurons
that are located in the marginal part of the nucleus, so
that the dorsal or ventral part of the dendritic arborizations
does not traverse the borders of the Ipc but instead ramifies
within the nucleus along its border to other structures, as
shown in Fig. 8. Within the nucleus, afferent axons of pre-
sumably tectal origin (Hunt et al. 1977) follow the same
dorsoventral orientation as the Ipc dendrites (Fig. 8) and
make numerous axodendritic en-passant contacts along the
entere length of the neurons, resembling climbing fibere
in the cerebellum (Figs. 10, 11). Afferent axons were ob-
served to terminate on several Ipc-neurons along their
course through the nucleus. These axons seem to follow
a columnar organization of the Ipc, since they only contact
those neurons that lie along a narrow dorsoventrally ori-
ented path.

N. semilunaris (Slu)

The neurons of the Slu have round somata with a diameter
of 20 pm and on an average three sparsely branching den-
drites (Figs. 14, 16). Mushroom-shaped dendritic spines,
which reach a length of up to 6 um, can be detected in
all impregnated neurons (Fig. 17). The axons of the neurons
enter the lemniscus lateralis, which courses medially from
the Slu, while the afferent axons invade the nucleus from
the brachium colliculi superioris (BCS), which lies laterally
(Figs. 14, 16).

N. isthmi/pars magnocellularis (Imc)

The neurons of the Imc show a great variability in shape
and size of their perikarya (Fig. 18). The diameters of the
somata range from 12 to 50 pm. The neurons have on an
average five to six dendrites without a preferred orientation
within the nucleus. There is a considerable variance in the
diameters (3 to 8 ym) and length (up to 250 pm) of the
dendrites. Most of them are densely covered with spines
(Fig. 19). Some dendrites leave the borders of the nucleus
and penetrate into the neighboring stratum album cellulare
(SAC) or the Ipc. The axons of Imc neurons could not
be followed for a sufficient distance to allow a definite de-
scription of their terminations but most of them seemed
to course laterally towards the ipsilateral tectum (Fig. 20).
The afferent axons from the tectum enter the Imc from
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its ventral and lateral sides, terminate within the nucleus
without any orientational preference on a large number
of different cells and leave the Imc at its medial side to
join the fibers of the BCS (Fig. 20).

Discussion

All impregnated neurons in the n. isthmo-opticus (I0) had
a uniform overall morphology with short dendrites and
dense dendritic arborizations. This concurs with the results
of Cowan (1970), Angaut and Repérant (1978) and Cross-
land (1979). The latter author additionally observed at the
border of the IO a second type of neuron with long and
infrequently branching dendrites. In none of the examined
sections could a cell with these characteristics be observed
within the nucleus. Since reticular neurons close to the 10
border showed the characteristics that Crossland (1979) de-
scribed, it seems possible that he inadvertently ascribed
these tegmental neurons to the 10.

As already described by McGill et al. (1966a, b), Holden
and Powell (1972) and Clarke and Caranzano (1985), the
IO consists of a highly convoluted lamina in which two
perikaryal layers are separated by a neuropil of dendrites
and axons. These observations were confirmed in the pres-
ent Golgi study in which the perikarya of impregnated neu-
rons were found to be located in two parallel rows in which
the dendrites of neurons from opposing layers ramify to-
ward the middle of the two layers. Axons that were ob-
served to run through this interjacent area of dense den-
dritic arborizations are presumably of tectal origin since
Angaut and Repérant (1978) reported that the tectal projec-
tions terminate almost exclusively in a topographically or-
ganized axo-dendritic fashion and make up the greatest pro-
portion of the afferents of the 10.

Holden and Powell (1972) observed that afferent fibers
from the same portion of the tectum were always found
to terminate in adjoining regions of both layers. Neurons
in opposing layers were reported to have receptive fields
of similar types and in adjacent sections of visual space.
Since cells in both layers seem to share similar afferents
and visual properties, the functional significance of this du-
plication is not clear. Holden and Powell (1972) supposed
that the IO neurons in opposing layers exert a dichotomous
excitatory or inhibitory effect on the amacrine cells of the
retina. This hypothesis seems to be unlikely since Miles
(1972b) observed a rather uniform disinhibition of retinal
ganglion cells after electrical stimulation of the contralateral
I0. Maturana and Frenk (1965) and Hayes and Holden
(1983) described a dichotomy in the synaptic connections
of IO axons in the retina. They form either convergent
or divergent terminal branches, which synapse on amacrine
cells. In the convergent terminal type, the axon ends in
several branches, which usually synapse on only one ama-

Fig. 14. Diagrammatic camera lucida drawing of different neurons in the Slu. The axons coursing upward enter the lemniscus lateralis
(LL). Frontal section corresponding approximately to the A 2.25 plane of the pigeon brain atlas (Karten and Hodos, 1967). For
orientation, see small insert to the right. BCS brachium colliculi superioris

Fig. 15. Rapid Golgi-impregnated neurons of the Slu (n. semilunaris)

Fig. 16. Axons of presumably tectal origin make numerous contacts on a rapid Golgi-impregnated Slu dendrite

Fig. 17. Dendritic spines on a rapid Golgi-impregnated Slu neuron
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crine cell in the inner nuclear layer. In the divergent terminal
type, the fibers give off branches that make successive syn-
apses with several amacrine cells at the boundary between
the inner nuclear layer and the inner plexiform layer. From
these observations it seems possible to speculate that the
duplicated structure of the IO may correspond to the two
different types of retinal innervation.

The results of the Golgi impregnations demonstrate that
the n. isthmi/pars parvocellularis (Ipc) consists of a single
cell type that shows a uniform columnar orientation within
the nucleus. This concurs with the observations of Streit
et al. (1980), who found radially arranged columns of retro-
gradely labeled neurons in the Ipc after small injections
of tritiated glycine in the ipsilateral tectum. Hunt et al.
(1977) demonstrated that the neurons in the small rostral
part of the Ipc are GABAergic, while those in the larger
caudal part are glycinergic. In the presently studied Golgi
material no morphological differences could be observed
between caudal and rostral Ipc neurons so that these trans-
mitter heterogeneities do not seem to be correlated with
differences in the shape of the neurons.

Ariéns Kappers et al. (1936) suggested that the n. semi-
lunaris (Slu) is innervated by fibers of the lateral lemniscus.
This concurs with observations of Erulkar (1955), Harman
and Phillips (1967) and Newman (1970), who recorded au-
ditory-evoked potentials from this nucleus. On the other
hand, neither Wallenberg (1898), Boord (1968) nor Correia
et al. (1982) found any anatomical evidence for a projection
of the lateral lemniscus to the Slu. This accords with the
observations of the present study in which none of the affer-
ent axons to the Slu entered the nucleus from the medial
side where the path of the lateral lemniscus is located, but
from the direction of the optic tectum, lateral to the nucleus.
Many axons of Slu neurons were observed to enter the
lateral lemniscus. Since hodological studies gave no evi-
dence for a participation of this nucleus in ascending audi-
tory projections to thalamic or telencephalic structures
(Karten 1967; Schall et al. 1986), the axons of the Slu neu-
rons seem to follow the path of the lateral lemniscus for
only a short distance to leave it and to enter the optic
tectum (Showers and Lyons 1968).

According to Seller (1981), electrical stimulation of the
Imc leads to vocalizatory responses. Showers and Lyons
(1968) observed rapid pupil dilations and constrictions after
the same procedure, while Phillips (1964) elicited crouching
after Imc stimulation. This confusion concerning the func-
tion of the Imc can be partly resolved when the afferents
and the morphological details of this nucleus are closely
inspected. The projection of the tectum to the Imc arises
mainly from the deeper tectal layers (Hunt and Kiinzle
1976) in which the cells respond to visual, somatosensory
and auditory stimuli (Cotter 1976). In the Golgi sections
many tectal axons were observed to cross the Imc on their
way to the brachium colliculi superioris thereby synapsing
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on a large number of different cells. This presence of prob-
able multimodal afferents could account for the conflicting
results after stimulating this nucleus.

The morphological details of the Imc neurons match
perfectly the criteria formulated by Ramoén-Moliner and
Nauta (1966) for the neurons of the reticular formation.
According to Ramon-Moliner (1962) neurons with these
““isodendritic” characteristics generally have afferent con-
nections of heterogeneous origin. It is conceivable that the
resemblances in the morphology between reticular and Imc
neurons match functional similarities. The reticular forma-
tion is thought to be involved in the control of the activity
level of the structures on which it projects (Scheibel 1981).
By analogy to this function one can speculate that the Imc
could also modulate the gross activity level of its main effer-
ent structure, the optic tectum.
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