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I GENERAL INTRODUCTION
Original

objective

of the present

investigation

The visual system of teleosts is widely used as a model for mammalian and
especially human vision research for two main reasons. Firstly, the retina of
many teleosts presents a structural and functional pattern basically similar
to the human retina, as e.g. appears from the composition by similar layers
and cell types, the occurrence of rods as well as cones for dark- and light
adapted vision respectively, and the involvement of three types of cones in
colour-vision. Secondly, many teleosts are readily available and more easily
accessible to experimental manipulation than higher vertebrates (see
Schellart, '73).
One of the groups using the teleostean retina as a model in vision
research is the "visual system analysis group" at the Laboratory of Medical
Physics of the University of Amsterdam, where in particular the retina of the
goldfish (Сагаввіиа auratue)
is investigated, in situ as well as isolated.
This goldfish-research is combined with fundamental research on human vision,
which, in turn, is linked with clinically related system analysis of eye
diseases at the Netherlands Ophthalmic Research Institute (N.O.R.I, or I.O.I.,
i.e. Interuniversitair Oogheelkundig Instituut). After elaborate investiga
tions of the characteristics of retinal ganglion cells in the isolated retina
(Spekreyse, '69; Spekreyse et al., '72; Schellart and Spekreyse, '72, '73;
Schellart, '73) interest was conceived in the signal processing properties of
the target nuclei of these ganglion cells, of which the tectum mesencephali
or optic tectum is the most important one. It has been in support of this
biophysical investigation of the goldfish tectum that the present histological
study has originally been set up and performed.
Literature

preceding

the present

investigation

The tectum mesencephali constitutes the most highly developed part of the
brain of fishes (Figs. 1.1 and 1.2). In most teleosts this structure is
differentiated into seven layers which from deep to superficial are indicated
as follows: layer 1 or stratum periventriculare (SPV); layer 2 or stratum
album centrale (SAC); layer 3 and layer 4, together named stratum griseum
centrale (SGC), while layer 4 is also called the inner plexiform layer (IPL);
layer 5 or stratum fibrosum et griseum superficiale (SFGS); layer 6 or stratum
opticum (SO) and layer 7 or stratum marginale (SM). In goldfish, the thickness
of the tectum is about 600 vim. At the time the present investigation started
(1974) the following data concerning the structure and function of the
teleostean tectum were available.
The retino-tectal projection was analysed by means of degeneration
techniques (Sharma, '72a; Vanegas and Ebbesson, '72; Laufer and Vanegas, '74b)
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Tig. I.l. The brain of the goldflah. as in litu t b: dorsal view ι ci lateral view.
b.olf." bulbus olfactorlus; oereb.- cerebollua; hypoth.» hypothalamusι med.spin.·
medulla spinalis! rhomb.» rhombencephalon) telene. - telencephalon.
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Fig. 1,2. Transverse sections through the tectum mesencephali of the goldfish, a: The
position of the tectum shown at low magnification

(Luxol fast blue-Cresyl fast violet

staining).TL= torus longitudlnalis; TS= torus semicircularis; TTB= tractus tecto-bulbaris
b: The tectal layers in a section stained with Hematoxllin-Eosin. SAC= stratum album
centrale; SFGS= stratum fibrosum et griseum superficiale; SGC= stratum griseum centrale;
SM= stratum marginale; S0= stratum opticum; SPV= stratum periventriculare.
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and by autoradiographic tracing methods (Grafstein, '67; Neale et al., '72).
These studies revealed a massive, exclusively contralateral projection to the
SO and SFGS, and a sparse projection, also contralateral, to the SAC. In
addition, contralateral as well as bilateral retinal projections to several
diencephalic nuclei were described (Ebbesson, '68; Campbell and Ebbesson, '69;
Sharma, '723; Vanegas and Ebbesson, '73; Anders and Hibbard, '74). The
existence of precise retinotopic order in the retinotectal projection was
known from multi-unit recordings of optic nerve terminals during visual
stimulation of the eye with small spots (Buser and Dustardier, '53; Jacobson
and Gaze, '64, '65; Schwassmann and Kruger, '65; Kruger, '70) and had let to
various regeneration experiments concerning the (chemo-) specificity of this
projection (e.g. Jacobson and Gaze, '65; Gaze and Sharma, '70; Yoon, '71;
Sharma, '72^. It should be mentioned that the precise retinotopic order found
with multi-unit recordings was not confirmed by single unit recordings (Niida
and Sato, '72b). The ultrastructural characteristics of the optic nerve were
analysed by Hayes ('72) in the goldfish and by Tapp ('73, '74) in the teleost
Eugerree
plumieri.
The first electrophysiological studies of the teleostean tectum concerned
tectal evoked responses (TER's), i.e. summated electrical activities of large
tectal areas as recorded with low-impedance electrodes. These potentials were
studied extensively both after electrical stimulation of the optic nerve
(Buser, '493, b, '50, '51; Buser and Scherrer, '50; Motokawa et al., '58;
Konishi, 'бОЬ; Vanegas et al., '713, b, с; Vanegas et al., '74) and after
Visual stimulation of the eye (Adrian and Buytendijk, '31; Stockfleth Enger,
'57; Schade and Weiler, '59; Konishi, 'бОа; Schulze, '61; Schade, '62;
Fiedler, '64, '67; Hara et al., '65; Prosser, '65; Peyrethon and Dusan, '67;
Ingle, '71). More detailed information was acquired by single unit recording.
Most authors used visual stimulation of the eye, with the exception of
Vanegas et al. ('74a), who used electrical stimulation of the optic nerve.
Many characteristics of the visual tectal units were analysed, including
spatial and temporal characteristics (Jacobson and Gaze, '64; Sutterlin and
Prosser, '68, '70; Zenkin and Pigarev, '69; Niida and Sato, '72a, b; Guthrie
and Banks, '74), spectral selectivity (Jacobson, '643, b ) , directional
selectivity (Cronly-Dlllon, '64; Warzok and Marks, '73).adaptation
characteristics (Sato and Niida, '72; Sato, '74) and the sensitivity to the
Ε-vector direction of
polarized light (Hashimoto et al., '73; Waterman and
Hashimoto, '74; Waterman and Aoki, '74). Visual units appeared to be almost
exclusively located in the SO and SFGS
, as was determined by electro
lytic lesioning of the recording site (Gaze and Jacobson, '63; Jacobson and
Gaze, '64; Sutterlin and Prosser, '70; Niida and Sato, '723; Ramstad and
Hughes, '73). Small populations of ipsilateral- (Niida, '73), binocular(Guthrie and Banks, '74) and multimodal units were described. The latter did
not only respond to visual stimulation, but also to lateral line (Callens et
al., '67) or auditory stimulation (Niida, '73). In two electrophysiological
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studies responses of tecto-retinal fibers (Vanegas et al., '73; Sandeman and
Rosenthal, '74) were mentioned.
Several histological studies of the teleostean tectum were available in
1974. Early Golgi-studies, of which that of P. Ramon (1899) is the most
important one, have been extensively summarized by Ramon y Cajal ('11). Later
Golgi studies were published by Leghissa ('55: mainly based on goldfish);
Bathelt ('70: Salmo irideue)
and Vanegas et al. ('74b: Eugerrea
plumieri).
These studies revealed a large variety of cell types and a complex cytoarchitecture. Electronmicroscopical studies showed the presence of many types of
pre- and postsynaptic elements (Ito, '70; Alley et al., '73; Laufer and
Vanegas, '743) and described the characteristics of neuroglial elements
(Kruger and Maxwell, '66, '67). Hietochemical studies localized several
enzymes and neurochemicals in the various tectal layers (Warzyniak, '62;
Kusunoki and Masai, '66). Experimental results concerning tectal connections
other than the retino-tectal fibers were not yet available (except for an
abstract of Schroeder, '74), but several afferent and efferent tracts were
well known from descriptive histological studies (Ariens Kappers, '21; Ariëns
Kappers et al., '36; Schnitzlein, '64; Singh and Khanna, '70).
With respect to general functions ascribed to the tectum of téleoste,
visual information processing was by far the most important one. Behavioral
studies revealed many visual capacities for teleosts, including the
performance of visually guided discrimination-, localization- and orientation
tasks (Herter, '29, '30; Hager, '39; McCleary and Bernstein, '54; Saxena, '60;
Botsch, '60; Cronly-Dillon and Muntz, '65; Yager, '67; Ingle, '68; Waterman
and Forward, '70, '72; Forward et al., '72; Forward and Waterman, '73;
Kleerekoper et al., '73; Zuckerman, '73; Zuckerman and Blough, '74). Since the
bulk of the retinal fibers projects to the tectum, the role of this structure
in the visual information processing necessary for this behavioral capacity
was greatly stressed. Apart from the electrophysiological studies described
above, evidence for this visual function of the tectum could be derived from
comparative anatomical studies relating tectal development with visual
specialization (Schmatolla, '72; Winkelmamand Winkelmann, '68), and from the
finding that the differentiation of tectal neurons, especially periventricular
ones, depends on retinal innervation (Schmatolla, '72). In addition, the RNA
and protein synthesis of tectal neurons appeared to be related to visual
stimulation (Skrzipek, '69; Kroker, '73).
However, visual information processing was not the only function ascribed
to the tectum. The presence of several non optic projections to the tectum
(Ariëns Kappers et al., '36; Kirsche and Kirsche, '61; Schnitzlein, '64;
Singh and Khanna, '70) as well as the presence of a rather well developed
tectum mesencephali in blind fishes (Charlton, '33; Stefanelli, '54;
Schmatolla, '62; Alley et al., '73) and deep-sea fish (Shanklin, '34) were
considered as an indication for a multisensory integrative function of the
tectum. Some electrophysiological results confirmed this idea (Callens et al.,
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'67; Niida, '73). In addition, the tectum was considered as a pre-motor-center,
since focal electrical stimulation elicited specific and goal-directed
behavioral responses (Chauchard and Chauchard, '273, b; Akert, '49; Meyer et
al., '70; Demski and Gerald, '74). It is remarkable that some authors
reported to have found only very slight behavioral changes after tectal
ablation (Baudelot, 1864; Dijkgraaf, '49). However, Kirsche and Kirsche ('61)
found large disturbances in body posture maintainance and locomotion after
removal of one tectal half.
Course of the investigation

and framework of this

thesis

As has been outlined at the outset, the present morphological investi
gation of the tectum mesencephali of the goldfish was originally started in
combination with a biophysical investigation of the tectum. The purpose of
this combined biophysical and histological study was to Increase the insight
in the functional anatomy of the goldfish tectum, i.e. insight in the relation
between morphological and functional characteristics of the constituent
neuronal elements. The approach selected to realize this purpose ultimately
was intracellular recording with a micropipette and subsequent dye injection,
a current technique which enables a combined description of physiological,
light- and electronmicroscopical properties of the same neuron (Kater and
Nicholson, '73). This type of investigation was a logic continuation of both
the retinal research performed at the Laboratory of Medical Physics in
Amsterdam and the literature on the teleostean tectum available. However,
during this research tectal cells appeared to be not resistant to penetration
with a microelectrode, and even extracellular recordings of tectal neurons
were difficult to obtain. These technical difficulties have prevented a real
coupling between morphology and biophysics. Hence, the results of the
biophysical (Schellart and Spekreyse, '76; Riemslag and Schellart, '78;
Schellart et al., '79; Ruigt, '79) and histological parts (present thesis) of
the project have been published separately.
After a preliminary reconnaissance aimed at the general cytoarchitecture
of the tectum and the electrode tip location (see Riemslag and Schellart, '78;
Schellart et al., '79) the morphological part of the tectal research was
concentrated on an extensive analysis with the Golgi technique. The purpose
of this study was to obtain detailed Insight in the characteristics of the
tectal neurons, which could be used for interpretation of physiological data
and to facilitate the identification of intracellularly labelled neurons.
This Golgi-study is presented in chapters Π and III of this thesis and was
published in Stain Technology (Meek, '78) and in the Journal of Comparative
Neurology (Meek and Schellart, '78).
Because it appeared to be impossible to stain tectal neurons intra
cellularly, the most appropriate histological continuation of the Golgi study
seemed to be a combined Golgi-electron microscopical analysis of some
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Important tectal cell types with the aid of one of the techniques available at
that time (Blackstad, '70, '75; Ramon Moliner and Ferrari, '72, '76; Le Vay,
'73; Scott and Guillery, '74; Ito and Kishida, '74; Ito and Atencio, '76;
Ribi, '76; Fairén et al., '77). Of these, the gold-toning and deimpregnation
technique of Fairén et al. ('77) proved to be the most useful one and was
employed for both a qualitative ultrastructural description of six tectal
cell types (chapter IVa of this thesis) and a quantitative analysis of their
synaptic connections (chapter IVb). These two chapters correspond to
publications in the Journal of Comparative Neurology (Meek, '81a, b ) .
Several aspects, in particular comparative ones, are discussed in chapters
III

and IV of this thesis. Since a functional interpretation of the present

morphological findings was until recently greatly hampered by the absence of
experimental results on both tectal connectivity and the electrophysiology of
tectal neurons, no attempt has been made to discuss tectal circuitry in
chapters III and IV. However, several new relevant data have recently been
published (see below). Combination of these data with our own results has
yielded some insight in tectal circuitry. This allows for a return to the
original purpose of our tectal research in the general discussion (chapter V ) ,
where the present knowledge on the functional organization of the teleostean
tectum will be discussed and some tentative schemes will be proposed.
Summarizing, the present thesis has the following framework:
1) Chapters II and III deal with the results of a Golgi study of the tectum
mesencephali of the goldfish, which has been performed to provide a
detailed morphological base for the interpretation of physiological data.
2) In chapter IV the results of the Golgi-study presented in chapters II and
III are supplemented with observations at the ultrastructural level, using
a combined Golgi-electron microscopical technique. This technique is in
particular employed for a quantitative analysis of the synaptic
organization'of six important tectal cell types.
3) Chapter V is a general discussion, aimed at an exploration of the
functional implications of the present and other morphological data.
Recent

literature

of

the

teleostean

teatum

(1975-1981)

The literature about the teleostean tectum available when the present
research started (see above), has been supplemented in recent years by a
number of important studies. The retino-tectal projection has recently been
investigated experimentally in a large variety of teleosts (Gulley et al., '75:
Achiru.3
ooellatua

lineatuB',

macrolepidotus,
phoxinue,
fluviatiliBj
Aatyanax

Landreth et al., '75: Hemichromis

and Сагаваіие
Cyprinue

Rutilia

rutilia,

auratua;
carpio,

mexicanue;

Alburnue

Scardinus

and Salmo irideua;

bimaculatus,

Repérant and Lemire, '76:
alburnue.

erythrophthalmue,

Tinca

tinea.,

Евох Іисіив,

Voneida and Sligar, '76: Aetyanax

Springer and Landreth, '77: Carassiua
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Aatronotue

Сургіпив

auratus;

Phoxinua
Perca
hubbai

and

Luckenbills-Edds and Sharma, '77: Pseudopleuronectue
amerioanua;
Peyrichoux
et al., '77: Alburnue alburnue. Tinca tinca, Scardinue
erythrophthalmus,
Ьеиагваив vutilue
and Rutilie
rutilie;
Pinganaud and Clairambault, '79;
Salmo irideue;
Schmidt, '79: Сатаввіив auratua;
and Meyer and Ebbesson, '81;
Synodontis
nigriventris),
confirming the well known pattern of an extensive
contralateral projection to the SO and SFGS, a sparse contralateral projection
to deeper layers, especially SAC, and several additional retinal projections
to diencephalic nuclei. Moreover, it has been shown experimentally that the
tectum receives afférents from several other sources: the telencephalon
(Vanegas and Ebbesson, '76; Ito and Kishida, '77; Grover and Sharma , '81;
Luiten, '81), the torus longitudinalis (Ito and Kishida, '78), the contralateral tectum (Ebbesson and Vanegas, '76; Sligar and Voneida, '76; Grover
and Sharma, '79, '81; Luiten, '81), the nucleus isthmi (Grover and Sharma,
'81; Luiten, '81), which is, like the retino-tectal projection, topographically
organized (Ito et al., 'Sla; Sakamoto et al., '81), several pretectal and
thalamic nuclei, the torus semicircularis, and nuclei of the mesencephalic and
rhombencephalic reticular formation (Grover and Sharma, '81; Luiten, '81).
Tectal efferente have recently been investigated with degeneration
techniques (Ebbesson and Vanegas, '76; Sligar and Voneida, '76; Grover and
Sharma, '79) and with anterograde HRP transport (Grover and Sharma, '81;
Luiten, '81). These studies revealed the presence of ascending, commissural,
and descending efferent tectal tracts. The tectal targets include: several
pretectal nuclei, the so-called lateral geniculate nucleus and the nucleus
rotundus in the diencephalon; the torus longitudinalis, the torus semicircularis, the contralateral tectal half and the nucleus isthmi in the
mesencephalon and the mesencephalic and rhombencephalic reticular formation.
In addition, Schmidt ('79), Meyer and Ebbesson ('81), and Meyer et al. ('81)
have described tecto-retinal fibers. Several types of efferent tectal neurone
have recently been labeled by means of HRP injection in a number of tectal
targets or efferent tracts, including the retina (Schmidt, '79) the nucleus
isthmi (Ito et al., '8lb), the pretectal region, the contralateral tectum, the
torus semicircularis and the tectobulbar tract (Grover and Sharma, '81).
Taking together the results of all of these recent hodological studies it may
be stated that the tectal connectivity appears to be much more complicated
than was known at the time our research was started.
Concurrent with our own Golgl-study on the goldfish tectum (chapter II and
III) other authors published Golgi-studies on the teleostean tectum as well,
using the siluroids Bag rus др. and latalurue
pun с ta tu в (Schroeder and Vanegas,
'77), the goldfish Caraeeiue
auratua
(Romeski and Sharma, '79), the jewel fish
Hemiohvomia bimaeulatue
(Coss and Globus, '79), the trout Salmo
irideue
(Pinganaud and Clairambault, '79) and the squirrel fishes Holooentrua
rufua
and Я. aeoenaionia
(Schroeder et al., '80). In addition, Kishida ('79)
published a comparative Golgi-study based on a large variety of teleostean
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species. All of these studies reveal that the tectal cell types occurring in
different species are basically similar, but that considerable quantitative
differences with respect to dendritic elaboration and extension may occur
between different species.
Only few electron microscopical studies on the teleostean tectum were
recently published (Ciani et al., '75,· Marotte and Mark, '75; Airhart, '79;
Airhart and Kriebel, '80; Ito et al., '80). The most extensive paper is based
on Holocentrus
rufus
(Ito et al., '80) and deals with the classification and
quantification of presynaptic elements. In all teleosts studied so far,
retinal afférents appear to be distinguishable from other presynaptic elements
by their large round vesicles and pale mitochondria with dilated cristae (Ito,
'70 (Cyprinus
carpio);
Laufer and Vanegas, ,74b (Eugevrea ρ lumi e vi ); Airhart
and Kriebel, '80 (Caraasius
auratua)
and Ito et al., '80 (Holoeentrue
rufus).
These features were gratefully used to interpret some of the present Golgi-EM
results (chapter IV). Presynaptic terminals of afférents from the
telencephalon (Airhart, '79; Ito et al., '80) and the contralateral tectum
(Ito et al., '80), however, can not be identified on the basis of
morphological criteria.
Recent electrophysiological tectal studies deal predominantly with spatial
and temporal characteristics of extracellularly recorded visual units, of
which many types have been described (Galand and Liege, '75; O'Benar, '76;
Schellart and Spekreyse, '76; Guthrie and Banks, '76, '78; MacKeban, '77;
Riemslag and Schellart, '78; Schellart et al., '79). Two groups have
succeeded in intracellular recording of visual units in the teleostean tectum
and subsequent identification by means of dye injection. N u d a et al. ('80)
found in the crucian carp (Сагаавіиз аагаааіиа)
predominantly pyramidal
neurons in the SFGS, which showed a remarkably large variety of responses to
visual stimuli. Rowe and Beauchamp ('79) and Rowe ('80) could identify in the
rock bass (Ambloplites
rupestrie)
a type of neuron in the stratum marginale
with peculiar morphological as well as physiological properties (the so-called
on-off burst cells). Other recent electrophysiological tectal studies include
the field potential analysis of Schmidt ('79), the study of Vanegas et al.
('79) of the toro-tectal marginal fibers and their target cells, and an
investigation of the electric properties of some tectal targets, in particular
the nucleus isthmi and nucleus prethalamicus (Williams and Vanegas, '81).
Several recent studies deal with tectal histochemistry, predominantly
related to the presence of acethylcholine-esterase (AChE) (Contestabile and
Zannoni, '75; Contestabile, '76a, b, '78; Villani et al., '79; Marani and
Ruigrok, '81). A number of authors have presented evidence for acetylcholine
to be the retinotectal neurotransmitter in teleosts, working via nicotinic
cholinergic receptors (Francis and Schechter, '79; Schechter et al., '79;
Freeman, '79; Oswald et al., '80; Schmidt and Freeman, '80; Schwartz et al.,
'80). Other studies indicate, in addition, the presence of intrinsic
cholinergic circuits involved in the visual information processing in the
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tectum (Contestabile et al., ·7β, '79; Migani et al., '80). These intrinsic
circuita probably use muscarinic cholinergic receptors (Francis and Schechter,
'79; Francis et al., '80). Intrinsic GABA-ergic (Villani et al., 'θΐ) and
glutamatergic (Francis et al., '81) circuits appear to be present in the
tectum of the goldfish as well.
To complete this brief review of recent tectal literature the following
studies may be mentioned. The effect of electrical tectal stimulation was
studied by Demski and Bauer ('75), whereas Yager et al, ('77) and Springer
et al. {41)
made detailed observations on the effect of tectal ablation. The
latter authors showed that some types of behavior disappeared (optomotor
response; food pellet localization; shadow induced deceleration of
respiration), whereas others were not influenced (optokinetic nystagmus and
the dorsal light reflex). Coss and Globus ('78, '79) and Burgess and Coss
('80) described the effect of social stimulation on tectal neurons in the
jewel fish {Remichromia himaculatua).
Isolation as well as crowding change
the number of spines and dendritic branches and spine morphology of the spiny
piriform periventricular neurons. The many papers published in relation to the
plasticity and specificity of the retino-tectal system in the goldfish will
not be mentioned here. An extensive review has been published by Border and
Martin ('78).
Literature

cited

Adrian, E.D., and Buytendijk, F.J.J. 19Э1 Potential
changes in the isolated brain atein of the goldfish.
J. Physiol. Lond. 71: 121-135.
Airhart, H.J. 1979 Telencephalotectal projections in
the goldfish С auratusi a light and electron micro
scopic study. Anat. Ree. 193> 46Θ (Abstract).

Bathelt, D., von 1970 Experimentelle und vergleichende morphologische Untersuchungen am visuellen
System von Teleostiern. Zool. Jb. Anat. 7і402-470.
Baudelot, M.E. 1864 Recherches experimentales sur
les fonctions de l'enc6phalle des poissons. Ann.
Sci. Nat. Zool. 5: 105-112.

Airhart, M.J., and Kriebel, R.H. 1960 A quantltatative study of the synaptic organization of the
retinotectal pathway of the goldfish c. auratus.
Anat. Ree. 196! 6A (Abstract).

Blackβtad, Τ W. 1970 Electron microscopy of Golgi
preparations for the study of neuronal relatione.
In. Contemporary research methods In neuroanatomy.
W.J.H. Nauta and S.O.E. Ebbesaon (ede.). Springer
Verlag: Heidelberg, pp. 186-216.

Akert, K. 1949 Der visuelle Greifereflex. Helv.
Physiol. Acta. 7: 112-134.
Alley, K., Llinas, R., and Hillman, D.E. 1973
Neuronal and synaptic morphology in the optic tec
tum of a "blind" cavefieh. Anat Ree 175 263
(Abstract).
Anders, J.J., and Hlbbard, E. 1974 The optic system
of the teleost Сichiasoma blocellatun. J. Comp.
Neurol. 158t 145-154.
Arièns Kappers, C U . 1921 Die vergleichende Anatomie
des Nervensystens der Wirbeltiere und des Menschen.
II Vergleichende Anatomie des Kleinhirns, des
Mittel- und Zwisehenhirns und des Vorderhirne.
Haarlem: de Erven F. Bohn.
Ar iène Kappers, C U . , Huber, G . C , and Crosby, E.C.
1936 The comparative anatomy of the nervous system
of vertebrates, including man. Vol. II. New York:
Hafner Pubi. Co.

Blackstad, T.W. 1975 Electron microscopy of experi
mental axonal degeneration In photochemlcally
modified Golgi preparations: A procudure for
precise mapping of nervous connections. Brain Res.
95 191-210
Botsch, D. 1960 Dressur- und Transpositionsversuch·
bei Karauschen (Carasslus, teleostei) nach par
tieller Extirpation des Tectum Opticuro. Ζ. verg
Physiol. 43: 173-230.
Burgess, J.W., and Coss, R.G. 19Θ0 Crowded jewel
fish shew changes in dendritic spine density and
spine morphology. Neurosci. Lett. 17: 277-281.
Buaer, P. 1949a Contribution Й l'étude dee
potentiels lents centraux. Analyse de l'activité
électrique du lobe optique de deux vertébrés
inférieurs. Arch. Sci. Physiol. 3: 471-4ΘΘ.
Buser, F. 1949b Analyse de la réponse mésencépha-

18

ligue à la stimulation du nerf optique chez le

Coss, R.G., and Globus, A. 1978 Spine stems on
tectal interneurons in jewel fish are shortened by
social stimulation. Science 200: 787-790.

poisaon-chat. C.R. Soc. Biol. 143; Θ17-Θ19.
Buser, P. 1950 Caractéristiques spatiales d'une
réponse lente centrale. J. Physiol., Paris 42i

Cose, R.G., and Globus, A. 1979 Social experience
affects the development of dendritic spines and
branches on tectal interneurons in the jewel fish.
Dev. Psychobiol. 12: 347-358.
Cronly-Dillon, J.R. 1964 Unite sensitive to direction
of movement in goldfish optic tectum. Nature 203:
214-215.
Cronly-Dillon, J.R., and Muntz, H.R.A. 1965 The
spectral sensitivity of the goldfish and the clawed
toad tadpole under photoplc conditions. J. Exp.
Biol. 42: 481-493.
Demski, L.S., and Bauer, D.H. 1975 Eye movements
evoked by electrical stimulation of the brain in
anaesthetized fishes. Brain Behav. Evol. 11:
109-129.
Demski, L.S., and Gerald, J.W. 1974 Sound production
and other behavioral effects of midbrain stimulation
in free-ewimming toadfieh, Opsanus beta. Brain
Behav. Evol. 9i 41-59.

357-559.
Buser, P. 1951 Modifications, par la strychnine, de
la réponse du lobe optique de poisson. Essai d'
Interprétation. J. Physiol., Paris 43: 673-677.
Buser, P., and Duesardier, M. 1953 Organisation des
projections de la rétine sur le lobe optique,
étudiée chez quelques Téléostéens. J. Physiol.,
Parie 45: 57-60.
Buser, P., and Scherrer, J. 1950 Potentiels d'action
du nerf optique chez le poiвeon chat. C.R. Soc.
Biol. 144i 892-894.
Gallens, M., Vandenbussche, Б., and Greenway, Ph.
1967 Convergence of retinal and lateral line
stimulation on tectum optictun and cerebellar
neurones. Arch. int. de Physiol. Biochem. 75:
146-150.
Campbell, C.B.G., and Ebbeseon, S.O.E. 1969 The
optic system of a teleost: Holocentrus re-examined.
Brain Behav. Evol. 2: 415-430.
Charlton, H.H. 1933 The optic tectum and its related
fiber connections in blind fishes. Trogllschthys
rosae and Typhllchthys elgenmanni. J. Comp. Neurol.
57: 285-325.
Chauchard, M., and Chauchard, A. 1927a Recherches
sur lee localisations cérébrales chez les poissons.
C.R. de Gel. Paris 184: 696-696.
Chauchard, H., and Chauchard, A. 1927b Les localisations cérébrales oratrices chez les vertébrés
inférieure. C.R. de Sci. Paris 185: 667-669.
Ciani, P., Leghissa, S., Villani, L. 1975 L'organizzazione submicroscopica del tetto ottico di
poecilia reticulata (Teleosteo). Riv. Biol. 68:
5-25.
Contestabile, A. 1976a Laminar acetylcholinesterase
localization in the optic tectum of five senvater
téleoste. Experientia 32: 625-626.

Dijkgraaf, S. 1949 Lokalisationevereuche am Fiachgehlrn. Experientia 5: 44-45.
Ebbeseon, S.O.E. 1968 Retinal projections in two
teleost fishes (Opsanua tau and Gymnothorax
funebris). An experimental study with silver
impregnation methods. Brain Behav. Evol. 1:134-154.
Ebbesson, S.O.E., and Vanegas, H. 1976 Projections
of the optic tectum in two teleost species. J. Comp.
Neurol. 165: 161-180.
Fairen, Α., Peters, Α., and Saldanha, J. 1977 A
new procedure for examining Golgi impregnated
neurons by light and electron microscopy. J.
Neurocytol. 6: 311-337.
Fiedler, K. 1964 Versuche zur Neuroethologie von
Lippfischen und Sonnenbarechen. Verh. Deutsch.
Zool. Gesch. Kiel. Zool. Алζ. 28, Suppl.'65:
469-580.

Contestabile, A. 1976b Comparative survey on enzyme
localization, ultraetructural arrangement and
functional organization in the optic tectum of
non-mammalian vertebrates. Experientia 32:1223-1356.
Contestabile, A. 1978 Acatylcholineeterase concentration in the optic tectum and in the two main
cerebellar subdivisions of three freshwater and
three marine teleoste. Brain Res. 157: 182-185.
Contestabile, Α., Ciani, F., and Villani, L. 1979
Ultraetructural localization of acetylcholineeterase in retino-deprived optic tectum of the
goldfish. Basic and Applied Histochem. 23:
271-277.
Contestabile, Α., Ercolessi, И., and Beilud, Η.
1978 Acetylcholinesterase decrease in the optic
lobe after unilateral eye deprivation. Experientia
34 ι 759-760.
Contestabile, Α., and Zannoni, N. 1975 Histochemlcal localization of acetylcholinesterase in
the cerebellum and optic tectum of four fresh
water téleoste. Histochemletry 45i 279-288.

19

Fiedler, к. 1967 Verhaltenswirksame Strukturen im
Fiechgehlrn. Verh. Deutech. Zool. Gesch. Heldelb.,
Zool. Anz. 31, Suppl.'68: 602-616.
Forward, R.B., Jr., Horch, K.W., and Waterman, Т.Н.
1972 Visual orientation at the water surface by the
teleoat Zenarchopterus. Biol. Bull. 143i 112-126.
Forward, R.B., Jr., and Waterman, Т.Н. 1973 Evidence
for e-vector and light intensity pattern discrimi
nation by the teleost Dermogenys. J. Comp. Physiol.
87: 189-202.
Francie, Α., and Schechter, N. 1979 Synaptic recep
tors in the degenerabing and regenerating visual
pathway. Neurose. Abatг. 5: 677.
Francie, Α., Jagannath, Α., and Schechter, N. 1980
Stability of muscarinic-cholinergic receptor
activity in the deafferentlated retinotectal path
way. Brain Ree., 185: 161-168.
Francis, Α., Quitschke, w., and Schechter, N. 1981
Glutamic acid binding in goldfleh brain and
denervated optic tectum. Brain Res. 216: 375-386.
Freeman, J.A. 1979 Dendritic localization and density
of acetylcholine receptors in single cells in slices

of goldfish optic tectum. Neuroeci. Abstr. 5: 740.
Galand, G., and Liege, В. 1975 RÔponees visuelles
unitaires chez la truite. In: Vision of Fishes, New
Approaches in Research. И.Α. All (ed.). Plenum
Press: New York, London, pp, 127-135.
Gaze, R.M., and Jacobson, M. 1963 Types of single
unit visual responses from different depths in the
optic tectum of the goldfish. J. Physiol. 169:
92-9ЭР.
Gaze, R.M., and Sharma, S.C, 1970 Axial differences
in the reInnervation of the goldfish optic tectum
by regenerating optic nerve fibers. Exp. Brain Res.
10: 171-181.
Grafstein« В. 1967 Transport of protein by goldfish
optic nerve fibers. Science 157: 196-198.
Grover, B.C., and Sharma, S.C. 1979 Tectal
projections in the goldfish (Carasslus auratus).
A degeneration study. J. Comp. Neurol. 184:435-454.
Grover, В.G., and Sharma, S.C. 19Θ1 Organization of
extrinsic tectal connections in goldfish (Carasslus
auratus). J. Comp. Neurol. 196: 471-488.
Gulley, R.L., Cochran, M., and Ebbeseon, S.O.E. 1975
The visual connections of the adult flatfish,
Achirus llneatus. J. Comp. Neurol. 162: 309-320.
Guthrie, D.M., and Banks, J.R. 1974 Imput
characteristics of the Intrinsic cells of the optic
tectum of teleost fish. Comp. Biochem. Physiol.

Ito, H. 1970 Fine structures of the carp tectum
opticum. J. Hlrnforsch. 12: 325-354.
Ito, H., and Atenclo, F. 1976 Staining methods for
an electron microscopic analysis of Golgi
Impregnated nervous tissue and a demonstration of
the synaptic distribution upon pulvinar neurons. J.
Neurocytol. 5: 297-317.
Ito, H., Butler, A.B., Ebbesson, S.O.E. 1980 An
ultrastructural study of the normal synaptic
organization of the optic tectum and the
degenerating tectal afférents from retina,
telencephalon, and contralateral tectum in a
teleost, Holocentrus rufus. J. Comp. Neurol.
191: 639-659.
Ito, H., and Kishida, R. 1974 A Golgi-type impregnation method for electron microscopy. J.
Hlrnforsch. 15: 407-417.
Ito, H., and Kishlda, R. 1977 Tectal afferent
neurons identified by the retrograde HRP method in
the carp telencephalon. Brain Res. 130: 142-145.
Ito, H., and Kishlda, R. 1978 Afferent and efferent
fiber connections of the carp Torus longitudinalis.
J. Comp. Neurol. 181: 465-476.
Ito, H., Sakamoto, Ν., and Могita, Y. 1981a Cytoarchitecture and fiber connections of the nucleus
isthmi in a teleost, Navodon modeβtus. Neurose!.
Lett., Suppl., in press.

47A: Э-92.
Guthrie, D.M., and Banks, J.R. 1976 Patterned
responses from wldefield T2 neurones in the fish
tectum. Brain Res. 104: 321-324.
Guthrie, D.M., and Banks, J.R. 1978 The receptive
field structure of visual cells from the optic
tectum of the fresh water perch (Perca fluviatllis).
Brain Res. 141: 211-225.
Hager, H.J. 1939 Untersuchungen über das optische
Differenzierungsvermögen bei Fische. Z. verg.
Physiol. 26: 282-302.
Нага, T.J., Ueda, Κ., and Gorbman, Α. 1965 Electroencephalic studies of Homing Salmon. Science 149:
Θ84-ΘΘ5.
Hashimoto, Η., Aoki, Κ., and Waterman, Т.Н. 1973
Discriminâtion of e-vector direction by single
units of the goldfish optic tectum. Am. Zool. 13:
1305.
Hayes, J.F. 1972 A neuroanatomical study on the
optic nerve and optic tectum of the goldfish and
carp. Thesis, Purdue University.
Herter, K. 1929 Dressurversuche an Fischen. Ζ.
verg. Physiol. 10: 688-711.
Herter, К. 1930 Weitere Dressurversuche an Fischen.
Ζ. verg. Physiol. 11: 730-748.
Horder, T.J., and Martin, K.A.C. 1978 Morphogenetics
aa an alternative to ohemo-epecificity in the
formation of nerve connections. Symp. Soc. Exp.
Biol. 32: 275-358.
Ingle, D. 1968 Interocular integration of visual
learning by goldfish. Brain Behav. Evol. 1: 58-85.
Ingle, D. 1971 Enhancement by ethanol of visually
evoked responses in the goldfish optic tectum. Exp.
Neurol. 33: 329-342.

Ito, H., Tanaka, H., Sakamoto, Ν., and Morite, Y.
19 1Ь Isthmiс afferent neurons identified by the
retrograde HRP method in a teleost, Navodon
modes tus. Brain Res. 207: 163-169.
Jacobson, M. 1964a Spectral sensitivity of single
units in the optic tectum of the goldfish. Quart.
J. Exp. Physiol. 49, 384-393.
Jacobson, M. 1964b The spectral sensitivity of
single units in the optic tectum of the goldfish.
J. Physiol. 173: 28-29P.
Jacobson, M., and Gaze, R.M. 1964 Types of visual
response from single units in the optic tectum and
optic nerve of the goldfish. Quart. J. Exp. Physiol.
49: 199-209.
Jacobson, M., and Gaze, R.M. 1965 Selection of
appropriate tectal connections by regenerating
optic nerve fibers in adult goldfish. Exp. Neurol.
13: 418-430.
Kater, S.B., and Nicholson, Ch. 1973 Intracellular
staining in neurobiology. Springer-Verlag: Berlin.
Kirsche, W., and Kirsche, К. 1961 Experimentelle
Untersuchungen zur Frage der Regeneration und
Funktion des Tectum Opticum von Carasslus carasslus
L. Z. mikrosk.-anat. Forsch. Leipzig 67:140-182.
Kishida, R. 1979 Comparative study on the teleostean
optic tectum. Lamination and cytoarchltecture.
J. Hirnforsch. 20: 57-67.
Kleerekoper, H. t Metis, J.H., Timms, A.M., and
Gensler, P. 1973 Locomotor response of the goldfish
to polarized light and its e-vector. J. Comp.
Physiol. 86: 27-36.
Konishl, J. 1960a Electric response of visual center
in fish, especially to colored light flash. Jap.
J. Physiol. 10: 13-27(NB.'60b.J.J.Ph.l0t 28-41).

20

Meek, J. 19в1Ь A Golgl-electron microscopic study
of goldfish optic tectum. II Quantitative aspects
of synaptic organization. J. Comp. Neurol. 199:
175-190.
Meek, J., and Schellart, N.A.M. 1978 A Golgi study
of goldfish optic tectum. J. Comp. Neurol. 1Θ2:
89-122.
Meyer, D.L., Schott, D., and Schaeffer, K.-P.
1970 Reizversuche im Tectum opticun freischwimmende'
Kabeljaue bzw. Dorsche (Gadus morrhua L.).
Pflügers Arch. ges. Physiol. 314: 240-252.
Meyer, D.L., and Ebbesson, S.O.E. 1981 Retinofugal
and retinopetal connections in the upside-down
catfish (Synodontis nigriventris). Cell Tissue
Res. 218: 389-401.
Meyer, D.L., Flebig, E., and Ebbesson, S.O.E. 1981 A
note on the reciprocal connections between the
retina and the brain In the puffer fish Tetraodon
fluviatilis. Neuroscl. Lett. 23: 111-115.

Kroker, H. 1973 Autoradiographische Untersuchungen
über die Protein- und RNS-Synthese im Tectum
Opticum von Karauschen (CarasEius carassius L.)
nach Lichtreizung. Z. mikrosk.-anat. Forsch.
Leipzig 4: 525-543.
Kruger, L. 1970 The topography of the visual
projection to the mesencephalon: A comparative
study. Brain Behav. Evol. 3: 169-177.
Kruger, L., and Maxwell, D.S. 1966 The fine
structure of ependymal processes in the teleost
optic tectum. Am. J. Anat. 199: 479-49Θ.
Xruger, L., and Maxwell, D.S. 1967 Comparative fine
structure of vertebrate neuroglia: téleoste and
reptiles. J. Comp. Neurol. 129: 115-142.
Kusunoki, T., and Masai, H. 1966 Chemoarchitectonice
in the central nervous system of goldfish. Arch.
histol. Jap. 27: 363-371.
Landreth, G.E., Neale, E.A., Neale, J.H., Duff, R.S.,
BrafordrM.R. Jr., Northcutt, R.G., andAgranoff,
B.W. 1975 Evaluation of (3H) proline for autoradiographic tracing of axonal projections in the
teleost visual system. Brain Res. 91: 25-42.
Laufer, M., and Vanegas, H. 1974a The optic tectum
of a pereiform teleost. II Fine structure. J.
Comp. Neurol. 154: 61-96.
Läufer, M., and Vanegas, H. 1974b The optic tectum
of a perciform teleost. Ill Electron microscopy
of degenerating retino-tectal afférents. J. Comp.
Neurol. 154: 97-116.
Le Vay, S. 1973 Synaptic patterns in the cortex of
the cat and monkey. Electron microscopy of Golgi
preparations. J. Comp. Neurol. 150: 53-Θ6.
Leghiвза, S. 1955 La struttura microscopica e la
citoarchitettonica del tetto ottico del pesci
teleostei. Z. anat. Entwickl. Gesch. 118:427-463.
Luckenbill-Edds, L., and Sharma, S.C. 1977 Retinotectal projection of the adult winter flounder
(Pseudopleuronectus americanus). J. Comp.
Neurol. 173: 307-318.
Luiten, P.G.M. 1961 Afferent and efferent connections
of the optic tectum in the carp (Cyprinus carpio L.).
Brain Res. 220: 51-65.
MacKeben, M. 1977 Several types of directionally
responses to visual stimulation in tectal units of
alert goldfish. Pflúgers Archiv. 36Θ: R43(Abstract).
Marani, E., and Ruigrok, T.J.H. 19Θ1 Enzyme histochemical changes in some optic projection areas of
the goldfish after optic nerve lesions. Neuroscl.
Lett. 13: 23Э-23 .
Marotte, L.R., and Mark, R.F. 1975 Ultrastructural
localization of synaptic input to the optic lobe of
carp (Carassius carassius). Exp. Neurol. 49:772-769.
McCleary, R.A., and Bernstein, J.J. 1954 A unique
method for control of brightness cues in study of
color vision in fish. Physiol. Zool. 32: 284-292.
Meek, J. 197Θ Myelin Impregnation: An improved Golgiсок modification. Stain Technol. 53: 131-135.
Meek, J. 1981a A Golgi-electron microscopic study
of goldfish optic tectum. I Description of
afférents, cell types and synapses. J. Comp.
Neurol. 199: 149-173.

21

Migani, P., Contestabile, Α., Cristini, G., and
Labanti, V. 1980 Evidence of intrinsic cholinergic
circuits in the optic tectum of téleoste.
Brain Res. 194: 125-135.
Motokawa, K., Oikawa, T., and Ogawa, T. 1958 Midbrain
response to electrical stimulation of the optic
nerve. Tohuku J. Exp. Med. 69: 79-68.
Neale, J.H., Neale, E.A., and Agranoff, B.W. 1972
Radioautography of the optic tectum of the goldfish
after intraocular injection of (^H) proline.
Science 176: 407-409.
Niida, A. 1973 Visual responses from ipsilateral
optic tectum of crucian carp. J. Fac. Sci. Hokkaido
Univ. Ser. VI Zool. 19: 50-57.
Niida, Α., Oka, Η., and Iwata, К.S. 1980 Visual
responses of morphologically identified tectal
neurons in the crucian carp. Brain Res. 201:
361-371.
Niida, Α., and Sato, Y. 1972a Single unit analysis
of the optic tract and optic tectum of the fish
Carassius carassius. Zool. Mag. 81: 16-31.
Niida, Α., and Sato, Y. 1972b An analysis of visual
responses in the optic tract and tectum of the
crucian carp. J. Fac. Sci. Hokkaido Univ. Ser. VI
Zool. 18: 371-386.
O'Benar, J.D. 1976 Electrophysiology of neural units
in goldfish optic tectum. Brain Res. Bull.1:529-541,
Oswald, R.E., Schmidt, J.T., Norden, J., and Freeman,
J.Α. 19Θ0 Localization of α-bungarotoxin binding
sites to the goldfish retinotecbal projection.
Brain Res. 187: 113-127.
Peyrethon, J., and Dussan-Peyrethon, D. 1967 Etude
polygraphique du cycle veille-sommeil d'un
têlëostéen (Tinca tinca). C R . Soc. Biol. 161:
2533-2537.
Peyrichoux, J., Weldner, C , Repérant, J., and
Miceli, D. 1977 An experimental study of the visual
system of cyprinid fish using the HRP method.
Brain Res. 130: 531-537.
Pinganaud, G., and Clairambault, P. 1979 The visual
system of the trout. Salmo irideus Gibb. A
degeneration and radioautographic study. J.

Hirnforach. 20; 413-431.
Presser, C L . 1965 Electrical responses of fish
optic tectum to visual stimulation; Modification by
cooling and conditioning. Z. verg. Physiol. 50:
102-118.
Ramon Cajal, P. 1899 El lobulo óptico de los peces
(teleosteoa) . Rev. trijn. micrograf. IV: 87-108.
Ramön-Moliner, Б., and Ferrari, J. 1972 Electron
microscopy of previously identified cells and
proceesess within the central nervous system.
J. Neurocytol. 1: 65-100.
Ramön-Moliner, E*, and Ferrari, J. 1976 Electron
microscopy of Golgl-stained material following lead
Chromate substitution. Brain Res. 103: 339-344.
Ramon y Cajal, S. 1911 Histologie du système nerveux
de l'homme et des vertébrés. II Maloine: Paris.

Transpositionsvermögen bei Forellen. Zool. Jb. Abt.
Allgem. Zool. und Physiol. 69: 63-94.
Schade, J.P. 1962 Electrical patterns to photic
stimulation in the midbrain of the fish. Arch.
Néerl. Zool. 14: 604-605.
Schade, J.P., and Weiler, I.J. 1959 Electroencephalic
patterns of the goldfish (Carasslus auratus L . ) . J.
Exp. Biol. 36: 435-452.
Schechter, N.. Francis, Α., Deutsch, D.G., and
Gazzaniga, M.S. 1979 Recovery of tectal nicotiniccholinergic receptor sites during optic nerve
regeneration in goldfish. Brain Res. 166: 57-64.
Schellart, N.A.M. 1973 Dynamics and statistics of
photopic ganglion cell responses in isolated
goldfish retina. Thesis, Univ. Amsterdam.
Schellart, N.A.M., and Spekreyse, Η. 1972 Dynamic
characteristics of retinal ganglion cell responses
in goldfish. J. Gen. Physiol. 59: 1-21.
Schellart, N.A.M., and Spekreyse, Η. 1973 Origin of
the stochastic nature of ganglion cell activity in
isolated goldfish retina. Vision Res. 13:337-345.
Schellart, N.A.M., and Spekreyse, H. 1976 Shapes of
receptive field centers in optic tectum of goldfish.
Vision Res. 16: 1018-1020.
Schellart, N.A.M., Riemslag, F.C.C., and Spekreyse,Η.
1979 Center-surround organization and interaction*
in receptive fields of goldfish tectal units.
Vision Res. 19: 459-467.

Ramstad, T., and Huges, G.W. 1973 Localized unit
responses in the optic tectum of carp. Vision Res.
13: 1527-1536.
Repérant, J., and Lereire, M. 1976 Retinal projections
in cyprinid fishes: A degeneration and radloautographic study. Brain Behav. Evol. 13: 34-57.
Repérant, J., Leroire, Μ., Miceli, D., and
Peyrichoux, J. 1976 A radioautographlc study of the
visual system in fresh water teleosts following
intraocular injection of tritiated fucose and
proline. Brain Res. 118: 123-131.
Ribi, w.A. 1976 A Golgi-electron microscopy method
for insect nervous tissue. Stain Technol. 51:13-16.
Riemslag, Г.С.С, and Schellart, N.A.M. 1978 Evoked
potentials and spike responses to moving stimuli
In the optic tectum of goldfish. J. Comp. Physiol.
128: 13-20.
Romeski, M., and Sharma, 5.С 1979 The goldfish
optic tectum. A Golgi study. Neuroscience 4:625-642,
Rowe, J.S. 1980 Intracellular recording in the
teleost optic tectum. Photoblol. Bull. 1:286-287.
Rowe, J.S., and Beauchamp, R.O. 1979 Intracellular
recording from fish tectum and nucleus corticalis.
Arvo Abstr. 42, 12-6: 45.
Ruigt, G. 1979 Literatuuroverzicht van de anatomische
relaties van het tectum meeencephali van teleosten
en verslag van een elektrofysiologisch onderzoek
naar visuele responsies In de (diepere) lagen van
het tectum van de goudvis. Doctoraalscriptie, Univ.
Amsterdam.
Sakaraoto, N., Ito, H., and Ueda, S. 1981 Topographic
projections between the nucleus isthml and the optic
tectum in a teleost, Navodon modestus., in manuscr.
Sandeman, D.C., and Rosenthal, N.P. 1974 Efferent
axons in the fish optic nerve and their effect on
the retinal ganglion cells. Brain Res. 68: 41-54.
Sato, Y. 1974 Light and dark adaptation of tectal
neurones in the crucian carp: The effect of
stimulus parameters upon both neuronal threshold
and response magnitude. J. Fac. Sci. Hokkaido
Univ. Ser. VI Zool. 19: 315-337.
Sato, Y., and Niida, Α. 1972 Rebounding discharge of
tectal neurons of crucian carp in the dark adapted
state. Zool. Mag. 8L: 165-168.
Saxena, A. 1960 Lernkapazität, Gedächtnis und

22

Schmatolla, E. 1972 Dependence of tectal neuron
differentiation on optic innervation in teleost
fish. J. Embryol. Exp. Morph. 27: 555-576.
Schmidt, J.T. 1979 The laminar organization of optic
nerve fibers in the tectum of goldfish. Proc. R.
Soc. Lond. В 205: 2Θ7-306.
Schmidt, J.T., and Freeman, J.A. 1980 Electro
physiologic evidence that retlnotectal synaptic
transmission is nicotinic cholinergic. Brain Res.
187: 129-142.
Schnitzlein, H.N. 1964 Correlation on habit and
structure in the fish brain. Am. Zool. 4: 21-32.
Schroeder, D.M. 1974 Some afferent and efferent
connections of the optic tectum of a teleost,
Ictalurus. Anat. Ree. 178: 458 (Abstract).
Schroeder, D.M., and Vanegas, H. 1977 Cytoarchltecture of the tectum mesencephali in two types of
siluroid teleosts. J. Comp, Neurol. 175: 287-300.
Schroeder, D.M., and Vanegas, Η., and Ebbesson,
S.O.E. 1980 Cytoarchitecture of the optic tectum
of the squirrelfish, Holocentrus. J. Comp. Neurol.
191: 337-351.
Schulze, J. 1961 Untersuchungen über tectale und
retinale Potentiale bei Teleostiern nach Belichtung
eines Auges. Pflugers Arch. 273: 84-93.
Schwartz, M., Axelrod, D., Feldman, E.L., and
Agranoff, B.W. 1980 Histological localization of
binding sites of α-bungarotoxln and of antibodies
specific to acethylcholine receptor in goldfish
optic nerve and tectum. Brain Res. 194: 171-180.
Schwassman, H.O., and Kruger, L. 1965 Organization
of the visual projections upon the optic tectum of
some freshwater fish. J. Comp. Neurol. 124:113-126.

Scott, G.L., and Guiliery, R.W. 1974 Studies with the
high voltage electron microscope of normal,
degenerating, and Golgi impregnated neuronal
procesaos. J. Neurocytol. 3: 567-590.

Electrophysiological evidence of tectal efferents to
the fish eye. Brain Res. 54: 309-313.
Vanegas, H., Amat, J., and Essayag-Mllldn, Б. 1974a
Postsynaptic phenomena in optic tectum neurons
following optic-nerve stimulation in fish. Brain
Ree. 77: 25-38.

Shanklin, W.M. 1935 On diencephalic and mesencephalic
nuclei and fiber paths in the brain of three deep
sea fish. Phil. Trans. R. Soc. Lond. В 224:361-418.

Vanegas, H., and Ebbesson, S.O.E. 1973 Retinal
projections in the perch-like teleoat Eugerres
plumleri. J. Comp. Neurol. 151: 331-358.

Sharna, S.C. 1972a The retinal projections in the
goldfisht An experimental study. Brain Res. 39:
213-223.

Vanegas, H., and Ebbesson, S.O.E. 1976 Telencephalic
projections in two teleost species. J. Comp. Neurol.
165: 181-196.

Sharma, 6.C. 1972b Reformation of retinotectal
projections after various tectal ablations in adult
goldfish. Exp. Neurol. 34: 171-1Θ2.
Singh, H.R., and Khanna, S.S. 1970 The cytoarchitecture and the fiber connections of the optic
tectum of some téleoste. Zool Beitr, 16: 129-140.

Vanegas, H., Eesayag-Millán, E,, and Laufer, M. 1971a
Laminar profile analysis of the tectal evoked
response in the teleost Eugerres plumleri. Acta
Cient. Venezolana 22: 82-85.

Shrzipek, K.H. 1969 Die Proteinsynthese des Tectum
opticum in Abhfingigkeit von der Gestalt intermittierender Lichtinuster bei Carassiue caraaelua L.
(Pisces). J. Hirnforech. 11: 407-417.

Vanegas, H., Essayag-Millfln, E., and Laufer, M.1971b
Excitability characteristics of field and unitary
potentials in optic tectum of fish. Acta Cient.
Venezolana 22: 85-88.

filigar, С М . , and Voneida, T.J. 1976 Tectal efferenta
In the blind cave fish Aetyanax hubbsi. J. Comp.
Neurol. 165: 107-124.

Vanegas, H., Eesayag-Millän, E., and Laufer, M. 1971c
Response of the optic tectum to stimulation of the
optic nerve in the teleost Eugerres plumleri. Brain
Res. 31: 107-118.

Spekreyse, H. 1969 Rectification in the goldfleh
retina: Analysis by sinusoidal and auxiliary
stimulation. Vision Res. 9: 1461-1472.
Spekreyee, H., Wagner, H.G., and Wohlbarst, H.L. 1972
Spectral and spatial coding of ganglion cell
reβponееs in goldfish retina. J. Neurophysiol. 35i
73-B6.

Vanegas, H., Laufer, M., and Amat, J. 1947b The optic
tectum of a perclform teleost. I General configuration and cytoarchitecture. J. Comp. Neurol. 154: 43-60.
Vanegas, H., Williams, B., and Freeman, J.A. 1979
Responses to stimulation of marginal fibers in the
teleostean optic tectum. Exp. Brain Res. 34:335-349.

Sperry, R.W. 1943 Vieuomotor co-ordination in the
newt (Trlturus virescens) after regeneration of the
optic nerve. J. Comp. Neurol. 79: 33-55.

Villani, L., Ciani, F., and Contestabile, Α. 1979
Electron microscope histochemistry of acetylcholine
sterase distribution in the optic tectum of
teleosts. J. Hirnforsch. 20: 539-551.

Sperry, R.W. 1963 Chemoaffinity in the orderly growth
of nerve fiber patterns and connections. Proc.
Nat. Acad. Sci. USA 50: 703-709.
Springer, A.D., Easter, S.S. Jr., and Agranoff, B.w.
1977 The role of the optic tectum in various
visually mediated behaviors of goldfish. Brain Res.
126: 393-404.
Stefanelli, A. 1954 The differentiation of optic lobe
neurons in a blind cave teleost. Experientia 10:
437-438.
Stockfleth Enger, P. 1957 The electroencephalogram
of the codfish (Gadus callarlas). Spontaneous
electrical activity and reaction to photic and
acoustic etimulation. Acta Physiol. Scand. 39:55-72.
Sutterlin, A.M., and Proeeer, C.L. 1968 Projections
of optic nerve fibers and tectal cells in goldfish
optic tectum. Fed. Proc. 27: 517 (Abstract).
Sutterlin, A.M., and Presser, C.L. 1970 Electrical
properties of goldfish optic tectum. J. Neurophyeiol.
33: 36-45.
Tapp, R.L. 1973 The structure of the optic nerve of
the teleost: Eugerres plumier!. J. Comp. Neurol.
150: 239-252.
Tapp, R.L. 1974 Axon numbers and distribution, myelin
thickness, and the reconstruction of the compound
action potential in the optic nerve of the teleost:
Eugerres plumier1. J. Comp, Neurol. 1531 267-274.
Vanegas, H., Amat, J., and Eeaayag-Millfln, E. 1973

23

Villani, L., Poli, Α., Contestabile, Α., Mlgani, P.,
Criatini, G., and Bissoli, R. 1981 Effect Of
kainic acid on ultraatructure and γ-aminobutirate
related circuits in the optic tectum of the gold
fish. Neuroscience 6: 1393-1403.
Voneida, T.J., and Silgar, C M . 1976 A comparative
neuroanatomlc study of retinal projections in two
fishes: Astyanax hubbsi (the blind cave fish) and
Astyanax mexicanus. J. Comp. Neurol. 165: 69-106.
Warzok, D., and Marks, w.B. 1973 Dlrectlonally
selective visual units recorded in optic tectum of
the goldfish. J. Neurophysiol. 36: 588-605.
Waterman, Т.Н., and Aoki, K. 1974 Ε-vector sensitiv
ity patterns in the goldfish optic tectum. J. Comp.
Physiol. A 95: 13-27.
Waterman, Т.Н., and Forward, R.B. Jr. 1970 Field
evidence for polarized light sensitivity in the
fish Zenarchopterue. Nature 228: 85-87.
Waterman, Т.Н., and Forward, R.B. Jr. 1972 Field
demonstration of Polarotaxis in the fish
Zenarchopterue. J. Exp. Zool. 180: 33-54.
Waterman, Т.Н., and Hashimoto, H. 1974 E-vector
discrimination by the goldfish optic tectum. J.
Comp. Physiol. A 95: 1-12.
Wawrzyniak, M. 1962 Chemoarchitektonieche Studien am
Tectum opticum von Teleostiern unter normalen und

experimentellen Bedingungen. Ζ. Zellforsch. 5Θ:
234-264.
William«, В., and Vanegaa, H. 1981 Tectal projection
In téleoste: Electrophyalological analysis of some
target nuclei., In manuacrlpt.
Winkelmann, E., and Winkelmann, L. 1968 Vergleichend
histologlache Untersuchungen zur funktionellen
Morphologie des Tectum opticum verschiedener
Teleoetler. J. Hirnforsch. 10i 1-16.
Yager, 0. 1967 Behavioral measures and theoretical
analysis of spectral sensitivity and spectral
saturation In the goldfish, Carasslus auratus.
Vision Res. 71 707-727.
Yager, D., Shania, S . C , and Grover В.G. 1977 Visual

24

function In goldfish with unilateral and bilateral
tectal ablation. Brain Res. 137: 267-275.
Yoon, M. 1971 Reorganization of retlnotectal pro
jection following surgical operations on the optic
tectum In goldfish. Exp. Neurol. ЭЭі 395-411.
Zenkln, G.M., and Plgarev, J.N. 1969 Detector pro
perties of the ganglion cells of the pike retina.
Biophysics 14: 763-772.
Zuckennan, D.C. 1973 Steady state responding based
upon simple and compound stimuli. J. Exp. An.
Behav. 20: 209-218.
Zuckerman, D . C , and Blough, D.6. 1974 Conditional
discrimination in the goldfish. Anim. Learn.
Behav. 2: 215-217.

CHAPTER

II

0038 9153/78/5303-0131 $02 00/0
STAIN TECHNOLOGY

Vol

Copyright © 1978 by The Williams & Wilkiiu Co

ÍJ, No

3

Prmtid m U S A

MYELIN IMPREGNATION: AN I M P R O V E D GOLGI-COX
MODIFICATION
J . MEEK, Laboratory of Medical Physics, University of Amsterdam,
Amsterdam, The Netherlands
A B S ! КАСТ Optic tecta of goldfish were coated with egg yolk and immersed for only one week in
one of the following impregnation fluids: a) Solution A + B; A ~ 1 g К г О і О і and 1 g HgClj boiled
for 15 min in 85 ml distilled water and allowed to cool; В » 0.8 g KiCriO« and 0.5 g KWO« dissolved
in 20 ml distilled water, b) Solution A + В two volumes diluted with boiled distilled water, c) Solution
A + В four volumes diluted with boiled distilled water. Each tectum was immersed 6 hr in 100 ml
distilled water containing 0.5 g LiOH and 15 g K N O i , washed 18 hr in 500 ml 0.2% acetic acid,
dehydrated with ethanol, and embedded in low viscosity nitro cellulose. Sections were cut at 100 /im
with a rotary microtome after clearing with cedarwood oil. Methods b) and c) have two advantages
compared with method a), the original Golgí-Сож method. First, more cells arc impregnated, especially
in the layers emtending 200-400 fim below the surface, and dendrites as well as unmyelinated axons
are well impregnated. Second, myelin sheaths are impregnated and can be recognized by their
peculiar chain-like appearance. The described Golgi-Сох modification offers an appropriate method
to study the morphology of superficially located nervous tissue.

T h e Golgi-Сох technique of Ramón-Moliner (1958, 1970) is less than optimal
for impregnation of superficially located neurons. Although the modification of
Schroeder (1973), who coated tissue with egg yolk before impregnation, improved
its applicability for a superficial structure like the fish tectum, I observed that cells
in the superficial and intermediate layers of goldfish optic tectum still were seldom
or poorly impregnated. T h e impregnation properties of this Golgi-Сох technique
could be improved greatly, however, by limiting the impregnation period to one
week a n d especially by diluting the impregnation fluid as described in this paper.
METHODS

Goldfish 18-25 cm in length were anesthetised with MS222 (0.3 g/1, 10 min)
and the tectum was exposed by removing part of the skull a n d fatty tissue. Next
the tectum, together with thalamus and hypothalamus, was removed and dropped
in egg yolk for coating (Schroeder 1973). Coated tecta were immersed in 50 ml of
one of the following impregnation fluids.
a) Golgi-Сох fluid prepared according to Ramón-Moliner (1958, 1970). First,
1 g potassium dichromate and 1 g mercuric chloride were dissolved in 100 ml
distilled water. This solution (A) was boiled for 15 min and, after cooling, distilled
water was added until the final volume was 85 ml. Next, 0.8 g potassium Chromate
and 0.5 g potassium tungstate were dissolved in 20 ml distilled water (solution B).
Finally, solution В was added to solution A.
b) One-half Golgi-Сох fluid. First the original Golgi-Сох fluid was prepared
according to a). This fluid was added to an equal volume of boiled distilled water
to obtain the final impregnation fluid.
c) One-quarter Golgi-Сох fluid. T h e original Golgi-Сох fluid was now diluted
by four volumes in boiled distilled water.
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T h e impregnation period was shortened to one week for all fluids. This reduced
the amount of nonspecific precipitate and impregnation artefacts; however, this
period still appeared sufficiently long to impregnate cells completely.
After impregnation, the coated tecta were treated according to the rapid
procedure of Ramón-Moliner (1970) as follows: 6 hr immersion in 100 ml distilled
water containing 0.5 g lithium hydroxide and 15 g potassium nitrate, 18 hr rinsing
in 500 ml distilled water containing 1 ml concentrated acetic acid, dehydration
with ethanol, and embedding in low viscosity nitrocellulose (LVN). Sections of 100
μπι were cut with a rotary microtome according to the dry method of Walls (1936).
For this purpose hardened LVN blocks with tissue were soaked for 24 hr in a
mixture of cedarwood oil and chloroform (1:1) and then for three days in pure
cedarwood oil.
R E S U L T S AND DISCUSSION

T h e first advantage of methods b) (Fig. 1) a n d c) is that impregnated cells
frequently are visible in the stratum griseum centrale and stratum album centrale,
extending 200-400 jum below the surface, whereas with method a) no impregnated
ceils can be found in these layers. T h e dendrites of these cells are well impregnated
and can often be followed for long distances (up to 1000 μητι), while unmyelinated
axons also can be traced in these layers (Fig. 2; Meek and Schellart 1978).
Unfortunately, the most superficial 200 μπι remained poorly impregnated (stratum
marginale, stratum opticum a n d the superficial part of the stratum fibrosum et
griseum superficiale).

FlG 1. Goldfish optic tectum impregnated with M Golgi-Сох fluid. Arrows point to layers with
myelinated axons. SM • Stratum marginale. SO — Stratum opticum. SFGS •• Stratum fibrosum et
griseum superficiale. SGC ~ Stratum griseum centrale. SAC = Stratum album centrale. SPV ·
Stratum periventricular^ X 103.
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FlG 2. Periventricular neuron with an unmyelinated axon (arrows) impregnated with ¥¡ Golgi-Сох
fluid: s = soma, ds = dendritic shaft, d — dendrite. X 345.

T h e second and most important advantage of methods b) and c) is that several
axonal courses become visible by impregnation of a peculiar chain-like structure,
which is more delicate in Vi Golgi-Сох material than in Й Golgi-Сох material (Figs.
4 a n d 5 respectively). Comparison with luxol fast blue myelin staining (Klüver and
Barrera 1953) revealed that these structures are impregnated myelin sheaths
since their general location and course (Fig. 1, arrows) agrees with the myelin
distribution in material stained according to Klüver and Barrera (1953) and since
the characteristic courses of the myelinated axons of some cells, as shown in Figs.
3, 4 and 5, are also found with Klüver and Barrera staining (Figs. 6 and 7
respectively). Especially the arciform myelin sheaths (Fig. 6) provide a strong
indication that the chain-like structures in our Golgi material are myelin sheaths
since no other structures with such a course are found in the goldfish tectum (Meek
and Schellart 1978).
In conclusion, the described Golgi-Сох modification offers an improved method
to study superficially located parts of the brain and enables investigation of both
the dendrites as well as the axons of neurons. T h e latter holds particularly well for
neurons with a myelinated axon.
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Fie 3. Detail of a neuron with an arciform myelinated axon (arrow) impregnated with M Golgi-Сох
fluid. X 410.
FlGS 4 and 5. Details of neurons with a recurrent myelinated axon (arrows) arising from the apical
dendritic shaft (ds). Fig. 4: Vt Golgi-Сох fluid, X 840. Fig. 5: % Golgi-Сох fluid, X 940.
FIGS 6 and 7. Details of the same type of neurons as shown in Figs. 3 and 4, respectively, stained
with luxol fast blue and cresyl fast violet. Arrows point to myelin (blue stained), s " soma (violet
stained). X 460.
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ABSTRACT
A study of goldfish optic tectum was performed with rapid
Golgi, Golgi-Kopsch and a modified Golgi Cox impregnation which proved quite
suitable to impregnate cells in the middle tectal layers and to study more close
ly axonal properties Fifteen cell types are distinguished, based upon the position of dendritic trees and axonal properties Two cell types are found with den
d n t e s in the marginal layer type I with an axon terminating in the central
gray layer and type II without an impregnated axon Three cell types (III, IV
and V) have dendntes in a single, specific tectal layer and an axon terminating
within the tectum Five cell types (VI X) have dendrites in two horizontal
planes Two of them have myelinated axons leaving the tectum, whereas the
axons of the remaining three types project to different tectal layers While
these first ten cell types have dendrites almost exclusively in the superficial
half of the tectum, the remaining five types have dendrites in deeper layers too
This especially holds for the most conspicuous tectal cells (types XII and XIII),
which have dendritic trees branching at three or more horizontal levels and a
myelinated axon leaving the tectum, with sometimes a very peculiar course
(XIII,) Also type XI has three or more dendritic trees, but its axon was not
found The numerous cells with cell bodies in the deepest tectal layer (type
XIV) have dendrites and axonal terminations anywhere in the tectum, except
in the most superficial and the deepest layer However, most dendrites occur in
the optic layers, whereas the axons, always originating from the dendritic shaft
in the superficial tectal half, generally terminate in the middle tectal layers
Type XV cells have their soma in the deepest tectal layer as well, but their den
d n t e s do not reach the optic layers Per tectal lobe the following numbers are
estimated type I 5,000-20,000 neurons, Type III 2,500 10,000, types IV XIII each 500-2,000 and type XIV 1,000,000-2,000,000 The total number of
myelinated tectal efferente is estimated at 2,000-8,000 Comparison with other
Golgi studies in teleosts leads to the conclusion t h a t the tecta of these species
of fish are basically similar
In the brain of fish, the optic tectum plays
an important role in visual information processing The electrophysiology of this brain
center has been investigated in several species, like the lagoon fish Eugerres
plumien
(Vanegas et a l , '71, '74a), the pikeEsox lucius
(Zenkin and Pigarev, '69) and the crucian carp
Carassius carassius (Nuda and Sato, '72)
Most studies deal, however, with goldfish,
Carassius auratus (e g , Jacobson and Gaze,
'64, Sutterlm and Presser, '70, Watermann
and Aoki, '74, Schellart and Spekreijse, '76)
Following the early Golgi studies of fish tectum, summarized by Ramon y Cajal ('ID, the
J COMP NEUR (1978) 182

histology of goldfish tectum was examined extensively by Leghissa ('55) Leghissa distinguished 13 cell types based upon shape, polarity, size and location of the soma These cell
types can also be distinguished in respect to
axonal properties The axons of six cell types
leave the tectum via the deep fibrous tectal
layers, two other types send their axons to the
superficial fibrous layer, and the axons of the
remaining cell types terminate either within
the tectum or are not described Since Leghissa used other fish species too, his study is not
so much an exact description of goldfish tectal
cell types, but presents the general cytoarchi89
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lecture of fish tectum After the work of
Bathelt ('701 on trout tectum (Salmo
indeus),
and of Ito ('70) on carp tectum (Cypnnus car
pio), Vanegas et al ('74b) published the most
detailed Golgi study on fish optic tectum In
this study on Eugerres plumien
(see also
Vanegas, '75) about 11 cell types were distin
guished on the basis of somatic and dendritic
properties In gross features this description
resembles t h a t of Leghissa ('55), but at cellu
lar level there are substantial discrepancies A
recent study of Schroeder and Vanegas ('77)
on two siluroid teleosts revealed basically the
same cell types as found in E
plumien
Autoradiographic techniques (Grafstem,
'67 Neale et a l , '72, Landreth et a l , '75) as
well as optic nerve degeneration studies
(Sharma, '72) revealed t h a t the optic nerve
fibers of goldfish terminate in the plexiform
and gray layer underneath the optic fiber lay
er The same was found for E plumien by Va
negas and Ebbesson ('73) In the rostral part
of the tectum, optic nerve fibers can also be
found in the deepest fibrous layer (Shar
ma, '72)
The present paper intends to provide a his
tological base for physiological studies on
goldfish tectum Leghissa's study ('55) is not
so appropriate for this purpose since it gives
an exemplary description of cellular charac
teristics and since some of his findings are not
in line with the data of Vanegas et al ('74b)
Special attention will be paid to the layers of
dendritic termination, the horizontal den
dritic extension, the level of origin of the
axons, the axonal course and projection, the
position of the cell bodies and the number of
cells per cell type These data will also provide
a base for further electron microscopic inves
tigation, which is feasible in combination with
Golgi-impregnations (Blackstad, '75, RamonMoliner and Ferrari, '76, Fairen et a l , '77)
METHODS

Common goldfish (Carassius auratus), 1825 cm long, were used After exposure of the
tectum of anaesthetized fish (MS 222, onethird g/1, 10 minutes) the animal was sac
rificed by cutting the medulla Within the
next minute the tectum was removed, togeth
er with other mesencephalic structures and
immersed in a fixative After impregnation by
a Golgi method the tectum was embedded in
30% low viscosity nitrocellulose (LVN) accord
ing to the method of Clark and Clark ('71), sec
tioned with a rotary microtome according to
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the rapid celloidin method of Walls ('36) and
mounted in Depex (Gurr 85900) Section
thickness was 30 μτη for rapid Golgi, 75 μτη
for Golgi Kopsch and 100 μτη for Golgi Cox
material
The following Golgi impregnation methods
were applied
(1) Rapid Golgi (GR) 44 hours fixation in
2% potassium dichromate plus 0 2/> osmium
tetroxide followed by 20 hours impregnation
in 0 75% silver n i t r a t e (modified after Humason, '72)
(2) Golgi Kopsch (GK) Four or five days
fixation in 1 5% potassium dichromate plus 5%
glutaraldehyde followed by one or five days
impregnation in 0 757 silver n i t r a t e (modified
after Stone and Freeman, '71)
(3) Golgi-Cox (GO
Several modifications
were applied based on the methods of Ramon
Molmer ('58, '70) According to this method
solution A contained 1 g potassium dichro
m a t e and 1 g mercuric chloride, dissolved in 85
ml distilled water and boiled for 15 minutes,
and solution B, 0 8 g potassium Chromate and
0 5 g potassium t u n g s t a t e dissolved in 20 ml
distilled water The tecta were coated with
egg-yolk (ey) according to Schroeder ('73) and
after impregnation the rapid procedure of
Ramon-Mohner ('58, '70) was applied up to the
fourth stage The four modifications used are
a Long GC + ey Two or four weeks
impregnation in solution A + В
b GC + ey One week impregnation in
solution A + В
с Уг GC + ey One week impregnation in
a fluid consisting half of solution A + В and
half of boiled distilled water
d VA GC + ey One week impregnation in
solution A + В diluted in three times the
volume of boiled distilled water (final con
centration lA)
Impregnation times longer t h a n one week
did not improve the impregnation The qual
ity sometimes even decreased, except for
some superficial cell types, which could only
be impregnated by means of procedure 3a
Generally 3c and 3d gave the best results of
t h e GC modifications (Meek, '78)
Sections stained with Hematoxihn-Eosin
(Humason, '72) or with Luxol fast blue-Cresyl
fast violet (Klüver and Barrera, '53) were used
in order to estimate cell densities
To determine the position of the cells in t h e
tectal layers basically t h e classifications of
Leghissa ('55) and Vanegas et al ('74b) were
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used. However, especially in the location of
layer 4 (Inner plexiform layer, IPL), these two
studies seem to differ due to the fact t h a t
Vanegas et al. ('74b) describe a border where
Leghissa ('55) defines the center of this layer
(fig. 1).
We used the same borders as Vanegas et al.
('74b) with their IPL indicated as a distinct
layer (layer 4), resulting in seven layers, num
bered from inside outwards according to Le
ghissa ('55) (center column of fig. 1). Struc
tures just in the border region between two
layers X and Y will be indicated as being posi
tioned in layer X/Y (fig. 1). Thus, the fibrous
layers t h a t Leghissa ('55) indicates with A, B,
C, D and E can be compared with our layers 2,
3/4, 4/5, 5/6, and 6 respectively.
A Leitz Ortholux II microscope with a Leitz
drawing apparatus was used to study the sec
tions. If necessary, adjacent sections (up to 6)
were used to obtain complete drawings of the
cells. In this way about 575 neurons of 11
impregnated tecta were drawn, while 14 other
tecta were used for comparison. Horizontal,
sagittal as well as transverse sections were

Vanegas et al.,
1974

7

SO '

6

SFGS |

5

I
SGC ,

,PL

studied. It was attempted to distinguish in the
drawings different cell types, primarily based
upon the location of the dendritic trees in the
tectal layers. Since these locations can vary
substantially and dendritic trees are occa
sionally not impregnated, we checked quan
titatively whether the dendritic locations
were consistent for a given cell type. Hereto in
each drawing the tectum was divided in 29
zones parallel to the surface and equal in
thickness so t h a t layers 1, 2, 3, 4 and 7 each
contained four zones, layer 6 three and layer 5
six zones. Next, for each cell the horizontal ex
tension of dendritic branches was measured
per zone and for each cell type the mean
values were plotted as a function of the verti
cal position. In figure 2 this procedure is illus
trated by two cell types with a large variation
in their dendritic location. From such figures
it can be concluded how many dendritic trees
are typical for a certain type and where they
are located. Furthermore, the location of any
particular tree can vary. For instance, the
basal dendritic tree of the second cell type of
figure 2 can have a position ranging from the

present
numbering
pre

SM !

«**?

4
3

SAC !

2

SPV |

1

« # ^

Fig. 1 The tectal layers, as indicated by the authors mentioned The photograph shows a tectum stained
with Hemataxilin-Eosm. SM, Stratum marginale, SO, Stratum opticum; SFGS, Stratum fibrosum et griseum
superficiale; SGC, Stratum griseum centrale: SAC, Stratum album centrale; SPV, Stratum penventriculare;
IPL, Inner plexiform layer; AE. plexiform layers Calibration bar, 100 д т .
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Fig. 2 The method used to quantify the dendritic tree position, illustrated for two cell types (XII and ХШ).
A In the drawings of individual neurone the tectum is divided in 29 zones (see teit) and in each zone the
horizontal extension of the dendrites is measured.
В The dendritic extension of the cell drawn is plotted against the vertical position.
С The average plot of all 30 type XII and all 32 type XIII cells studied.
Arrow indicates axon, calibration bar, 100 μιη (first division, 10 μιη).
upper to the lower part of layer 2. However, all
these trees are regarded as homologous, since
their distribution gives rise to a single peak.
By taking all homologous individual trees
together the mean horizontal extension and
standard deviation were estimated (table 3).
It should be noted that these values are ob
tained from drawings, and consequently pre
sent the extension projected on the plane of
sectioning. The standard deviations of these
values reflect partly biological variation, part
ly methodological imperfection. Imperfections
like incomplete impregnation, abrupt ending
of dendrites at the edge of a section without
recovery in adjacent sections and the fact that
the dendrites measured may run at a certain,
unknown angle with respect to the plane of
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sectioning, cause an underestimation of the
mean value of the horizontal extension. The
maximal observed value given in table 3 will
be less influenced by these imperfections.
RESULTS
Morphological
characteristics
of tectal cells
In this study tectal cells are divided into 15
types, numbered from I to XV in such a way
that roughly the higher the number, the
deeper the soma is located in the tectum. Fur
thermore, type III-V cells are monostratified
(with dendrites at a single level), type VI-X
cells are bistratified (with dendrites at two
separate levels) and type XI-XIII cells are
multistratified. Types XIV and XV contain all
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type I
Fig. 3 Type I cells. In this and subsequent figures the arrows point to the axons and the calibration bar is
100 μιη, with a first division of 10 /im.

cells with a cell body in the layer 1 (Stratum
periventriculare, SPV).
For types I-XIII most of the properties are
given in table 3, and these types are also
quasi-schematically drawn to scale in figure
19, for which the values of table 3 were used.
Since the cell types XIV and XV form heter
ogeneous populations, these two types are rep
resented in figure 19 by a few characteristic
specimens.
In the next paragraphs the cell types will be
characterized and described in detail. Criteria
used for the identification of the axons, which
have sometimes rather unusual features, will
be discussed in the DISCUSSION section on
Technical remarks.
Type I cells are the most striking structures
in Golgi-Kopsch sections. They have a bipolar
soma in layer 5 and three separate dendritic
trees: an apical tree in layer 7 and two basal
trees, one in the lower part of layer 5 and the
other in layer 3/4 (figs. 3a,b). The axon, aris
ing from the basal dendritic trunk at the level
of layer 4/5, arborizes and terminates in layer
3/4 (figs. 3c,d).
The soma position is mostly in the lower
part of layer 5, but it can be more superficial,
up to layer 6. Sometimes the soma might be
called multipolar, when it gives rise to addi
tional thin dendrites in layer 5 (figs. 3b,d).
The dendritic tree in layer 7 is the most con
spicuous one since it is composed of a large
number of densely packed dendrites with
many spines (fig. 24). Occasionally one or two
of the dendritic trees are lacking (figs. 3d, 27),
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probably due to poor impregnation (see DIS
CUSSION section on Technical remarks).
About half the cells show clearly the initial
part of an axon (fig. 3a) but only for seven
cells the axon, being very thin in layer 4, could
be followed farther. It appeared to terminate
in layer 3/4 (figs. 3c,d, 20-23) where the
horizontal extension amounts to 50-200 μπι,
the same magnitude as the apical dendritic
tree. At high magnification the axons have a
very peculiar appearance and can be distin
guished easily from the basal dendrites, al
though they bear incidentally spine-like pro
trusions (figs. 25, 26; see DISCUSSION section
on Technical remarks).
The above description is based on GolgiKopsch impregnations. In normal and diluted
Golgi-Сох impregnations (METHODS), type I
cells are found rarely. The 20 examples which
yet could be selected in especially long GC
+ ey preparations showed the same charac
teristics as in Golgi-Kopsch sections, except
that the sizes of the somata were about 25%
smaller.
Type Π cells are almost exclusively found in
GC + ey or long GC + ey, conditions in which
other cells except types I and XIV are seldom
impregnated. The cell body can have a position
from layers 3/4 to 4/5, and sends one or two,
sometimes remarkably thin branches superfi
cially, where they give rise to a rich plexus,
especially for type IIa. Cells belong to type Ha
when they have an apical dendritic tree in
layer 7 (fig. 4a) and to type lib when their api
cal dendritic tree lies in layer 6 (fig. 4d). Occa-
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Fig 4 Figures a and b show type Ha cells figure d a type lib cell The cell of figure с is transitional be
tween types Ha and Illb

type III

Б-

—

—

"c

—

Fig 5 Type HI cells

sionally intermediate cells, with dendrites in
both layer 6 and 7 are observed (figs 4b,c)
Besides the apical dendritic tree, type Ha
and b cells frequently have some tiny
branches in layer 4/5 Most probably all
branches are dendrites and an axon could
never be found Some features, e g , the thick
ness of the dendrites, may be due to impregna
tion artefacts frequently observed in the su
perficial layers with the above mentioned
impregnations
Type III cells are monostratified cells with a
spherical soma in layer 6 and a single den
dritic tree, mostly situated in layer 5/6 (figs 5,
27, 28) Mono-, bi- as well as multipolar so
mata are found Dendrites are not exclusively
found in layer 5/6, but also slightly lower or
higher, up to layer 6/7 (figs 5e and 5a, respec
tively) The axon arises from one of the den
drites, generally at a distance of 15-65 μτη
from the soma Often, only the first 20 40 μτη
of the axon was impregnated However, five
specimens were found impregnated over a
longer distance, and they seem to terminate in
layer 5 (figs 5d,e)
Type IV cells have a single dendritic tree in
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or near layer 4/5 Based upon the horizontal
dendritic extension they can be divided in
large (IVa) and small cells (IVb)
The large type IVa cells have a cell body in
layers 4 or 4/5, and a very broad dendritic tree
(table 3, fig 6a) The axon arises from either a
dendrite or a soma, and seems to remain with
in layer 4/5, although the axon was never
impregnated over a long distance (figs 29,30)
The small type IVb cells are frequently not
well impregnated whereas no axon was found
(figs 6b,c) In general appearance they resem
ble type III cells, except for their position
Type V cells are mono- or bipolar horizontal
cells in layers 3 or 4 with one or two dendrites
running parallel to the surface For so far as
the axon has been impregnated, it anses from
either the soma or a dendrite, and runs mostly
parallel to the surface It does not seem to
leave the tectum (figs 7, 31) In layers 3 and 4,
long dendritic processes ( > 1,000 μτη) are
found running parallel to the surface The cell
bodies that give n s e to these dendrites are in
most cases not found, but type V cells seem
the most likely candidates
Type VI This type of neuron has a bipolar
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Fig 6 Figure a shows an example of type IVa and figures b and с examples of type IVb

type V

Fig 7 Type V cells

soma in layer 5 and dendrites terminating at
two horizontal levels layer 6 and layer 4/5, or
somewhat below this (fig 8 and 32)
The soma, which is sometimes tripolar, can
be located in a broad region ranging from the
lower part of layer 5 up to the lower part of
layer 6 The axon originates from the basal
dendritic tree in layer 4/5 and is directed
downwards The impregnated part was always
too short to follow the course of the axon For
tunately, three times in Golgi-Kopsch mate
rial the unimpregnated part of the axon ap
peared as a hollow thread, which was visible
by its diffractive properties (figs 8a, 32, 33a)
These unimpregnated parts traversed layers 4
and 3 and turned off horizontally in layer 2,
which suggests that the axon leaves the tec
tum via this layer (see the DISCUSSION section
on Technical remarks)
Type VII cells have a bi- or multipolar cell
body, located in layer 4/5 and dendrites in two
horizontal planes, a broad one in layer 4/5 and
a relatively narrow one in layer 6 (fig 9) The
axon anses from the soma or a dendrite near
the soma with the initial part directed up
wards Well impregnated axons arborize and
seem to end in layer 5

Type VIII neurons are characterized by a
dendritic tree in the lower part of layer 5 and
another one in layer 3/4 The axon arises from
the dendritic trunk in layer 4/5 (figs 10a,b,
34, 35)
The soma is basically bipolar and located in
layer 4 However, when the soma is found in
layer 3/4, then it is multipolar and when lo
cated in layer 3 monopolar (fig 10b) In one
example the basal dendritic tree was not posi
tioned in layer 3/4 but in the middle of layer 4,
and m another example in layer 3 The axon of
several cells was seen to arborize in the lower
part of layer 5 (figs 10a,b, 34, 35) For one cell
a peculiar collateral arborization was ob
served m deeper layers (fig 10c)
Type IX cells have a bi- or multipolar soma
in layer 3/4 while their dendntic trees are
both in layer 3/4 and in layer 4/5 or slightly
higher The axon arises from the soma with
the initial part directed upwards (fig 11) The
axons seem not to leave the tectum, but to pro
ject upon structures in the neighbourhood of,
or higher than the soma So, these neurons
have the same characteristics as type VII
cells, except that they are located one layer
lower
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type VI

a

b

Fig 8 Type VI cells, thick arrow indicates the unimpregnated part of the axon, visible in Golgi Kopsch
impregnations

__ t£pe VII

Fig 9 Type VII cells
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type VIII

Fig. 10 Type VIII cells, thick arrow indicates a peculiar collateral. In figure с (!) only the axonal struc
turée are completely drawn

_

_

__

_a

_

_

_

_

b

_cW_

Fig. 11 Type IX cells. In figure с (!) only uonal structures are completely drawn.

type X

Fig. 12 Type X cells; thick arrow indicates the myelinated continuation of the axon as visible in Vi GC + ey.

Type X neurons have the same characteris
tics as type IX neurons, except that the axon
directs downwards (figs. 12, 36). The axon
probably leaves the tectum via layer 2, since
for four cells, the myelinated continuation
(Meek, '78) could be followed till this layer
(figs. 12b, 36).
Type XI consists of cells with a bipolar cell
body in layer 3, dendritic trees in layer 6 and
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4/5 and a small arborizing structure in layer 2
(figs. 13a,b). The soma is sometimes tripolar,
sending a dendritic branch to layers 3/4 or 2/3
(fig. 13b). No axon could be found, although
the poor arborization in layer 2 sometimes has
an axonal appearance. When the basal trunk
is not impregnated this cell type roughly re
sembles type lib.
Type XII cells have a bipolar soma in layers
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3 or 4 and three dendritic trees, two situated
apically and one basally The uppermost tree
is located in layer 5 and protrudes into layer 6,
the middle tree is found in layer 4 and/or in
layer 4/5 and the basal tree extends in layer
2/3 The axon arises from the apical dendritic
trunk m layer 4/5 between the two apical den
dritic trees (figs 2, 14, 38)
The position of the soma varies substantial-

type XI

_a

_

_ ь"

Fig 13 Type XI celle

ly (figs 14a-c), from layer 4 down to layer 2,
which makes the soma monopolar (fig 14c)
The basal dendritic tree is sometimes not im
pregnated (fig 14d), as was also found for type
XI neurons With the appropriate impregna
tion methods ('Λ or '/4 GC + ey) the initial part
of the axon can be observed to be continued by
the myelin sheath The axon leaves the tec
tum either directly (figs 14d, 38), or via layer
2 (fig 14e) The former was generally observed
in the ventro-lateral part of the tectum
Type XIII neurons have a multipolar cell
body in layer 2 and a myelinated axon, arising
from the soma or a dendrite near the soma and
leaving the tectum Dendritic trees are found
in four distinct regions layer 2, the upper part
of layer 3, the lower part of layer 5 and layer 6
(figs 2, 15a,b, 37)
The cells can be subdivided into type XIII,
and XIII] cells, based on the course of the axon
which was observable by its myelin sheath
Type XIII ι has an axon initially directed
straight upwards It courses to the upper part
of layer 4 where it reverses direction and sub
sequently runs downwards parallel to the ini
tial rising part (figs 15a-d, 39) This arciform
axonal course is only observed for this sub
type The axon leaves the tectum, either via
layer 2 (fig 15d), or directly (fig 15c) The
axons of type XIII2 do not show the arciform
course in layer 4 (fig 15e) and their initial
part is in general oriented horizontally or

type XII

w
4 β

ч\
Fig 14 Type XII cells, thick arrows indicate the myelinated continuations of the axons as visible in l/i or
'A GC + ey The ажоп in figure d joins other axons and the bundle could be followed further
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obliquely. Some type XIII neurons could not be
subdivided since their myelin sheath could not
be followed and the first part of the axon was
not oriented horizontally.
Other systematical differences between
type XIIIi and XIII2 cells were not observed.
For both types the shape and polarity of the
cell body and the arborization pattern of the
dendrites vary substantially. It is remarkable
that in spite of these variations all multipolar
cells in layer 2 have horizontally running den
drites at the same levels (compare figs 15a
and 15b and see fig. 2). In table 3 no value is
given for the diameter of the dendritic tree in
layer 6 since these dendrites were generally
poorly impregnated (see DISCUSSION section on
Technical remarks). When all dendrites in
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layers 6, 5 and 3 are ummpregnated, these
cells resemble a horizontal cell with dendrites
in exclusively layer 2 (fig 15d). Their axonal
course, however, allows for proper identifica
tion. In some, mostly oblique sections the
lowest two basal dendritic trees, which can be
clearly observed in sections perpendicular to
the surface, would not be separated (fig 15c).
Type XIV neurons form the most numerous
population of tectal cells, since most neurons
with a soma in layer 1 (SPV) belong to this
type. Although type XIV cells differ in the size
of the soma, the position and extension of the
dendrites and the course of the axon, they
have such striking similarities that they are
considered as a single population All neurons
of this type share three characteristics.

type XIII

Fig 16 Figures a, b, с and d ahow examples of type XIII, and figure e, an example of type ХНЬ. thick arrowe indi
cate the myelinated continuations of the axons as шЫе in lA or l/i GC + ey The axon in figure 15c joins other axons
and the bundle could be followed further
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(1) There are always dendrites in one or
both of the layers containing optic nerve
fibers and/or terminals (layers 6 or 6). In
addition, other dendritic trees may be
present. These are frequently located in layers

4 or 3/4, seldom in layers 3, 2 and 1, and never
in layer 7.
(2) The axon arises from the dendritic
trunk or arborization in layer 4/5. A myelinated continuation of the initial part was

Fig. 16 Small type XIV cell·. Figures f and g a n impregnated with rapid-Golgi, figure j with GolgiKopech and the remaining cells with lA or Vi GC + ey.
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never observed When the axon could be
followed over a sufficiently long distance,
it appeared to terminate within the tec
tum Axonal branches spread from layer 2
to layer 6
(3) The soma is monopolar with a single
apical dendritic process, projecting to more
superficial layers Some cells have their soma
not in layer 1 but in layer 2, or even 3 or 4
These three characteristics, which can vary
substantially, will be described in detail in the
next paragraphs
The dendrites
The apical dendrites termi
nate in a broad region ranging from layer 4/5
to layer 6 as can be seen in figure 16 Some
cells lack the dendrites in layers 2, 3 and 4
whereas other cells have very pronounced den
drites in layers 4 or 3/4 Although most cells
do not show abundant spines, a few are quite
spiny The horizontal extension of the apical
dendritic tree is mostly between 50 and 100
μπι, but a separate subtype with thicker den
drites extending over a much longer distance
(more than 200 μπι) can be distinguished (fig
17) These "large" type XIV cells have their
apical dendritic tree mostly in layer 4/5 Be
sides they often show pronounced dendritic
trees in deeper layers such as 3/4 or 2/3 (figs
17b,c) In other respects these cells have t h e
same properties as the more common "small"
type XIV cells (fig 16)
The axon This structure is not well impreg
nated in GC + ey and in Golgi Kopsch, where
only rarely the initial part of the axon is found
(figs 33e,f) In rapid Golgi and diluted Gol
gi Cox impregnations, however, the axon can
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be impregnated over a long distance (fig 16)
The initial part may be directed upwards (figs
16b,f) or downwards (figs 16c,e), irrespective
of the region of termination, which was
always within the tectum To reach this re
gion many axons have a looping course (figs
16d,gi
For the "small" cells several areas of termi
nation can be distinguished The axon can pro
ject to layer 6 (fig 16a), possibly combined
with some lower axonal branches It can also
project to layer 5, whether or not combined
with terminations in layer 4 (fig 16b), it can
project exclusively to layer 4 and/or 3 (figs
16c,d,f, 40) and finally the axon may also run
to the deep part of layer 3 or to layer 2, where
it branches The last type frequently has col
laterals in layer 3/4 (figs 16e,g, 41 43) In
the first type of projection also dendrites are
found in layer 6 (fig 16a) The other axonal
projection types do not show a strict relation
ship with dendritic trees at a specific level
Also the axons of the "large" cells arborize
and t e r m i n a t e in the tectum (fig 17a) How
ever the axon is less easily impregnated and
its arborization pattern differs from t h a t of
the "small" cells
The soma As mentioned most cells have
their soma in layer 1 For t h e "small" cells t h e
mean soma width and height is θ and 10 μπι
respectively, for the "large" cells these values
are 10 and 13 μπι respectively Both types of
cells sometimes have their cell body m layer 2,
and "small" cells even in layers 3 or 4 (figs
16h,j, 17c,d) It is obvious from t h e examples
shown, t h a t these cells cannot be distin-
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type XV

b

с
Fig

18

Type XV cells

guished from the deeper ones, except for their
soma position
"Type XV cells resemble type XIV cells in re
spect to their soma position in layer 1 (or
sometimes 2) However, their dendrites do not
project to the optic nerve layers 5 and/or 6, but
terminate m deeper layers only, up to layer 4
(fig 18) Type XV cells occur less frequently
than type XIV cells and are not thoroughly in
vestigated They are mentioned solely to com
plete the picture of neurons with somata in
layer 1
Unclassified tectal neurons About 10% of
the cells found do not fit the above classifica
tion The properties of some of these cells can
be defined unequivocally, but they were found
only once or twice in the whole sample of
about 575 cells drawn The other ones, usually
positioned in layer 4, have obscure properties
The number of neurons per cell type
To estimate per tectal lobe the number of
cells per type three procedures were applied
(a) Eight classes of cell bodies were distin
guished based upon their shape and location
(fig 19)
A globular cell bodies in layer 6 (belong
ing to type III cells),
В Fusiform, vertically oriented cell bod
ies in layers 5 and 6 (types I and VI),
С globular, roughly horizontally orient
ed cell bodies in or near layer 4/5 (types IV
and VII),
D fusiform, vertically oriented cell bod
ies in layers 3 and 4 (types VIII, XI and
XII),
Б globular, roughly horizontally orient
ed cell bodies in or near layer 3/4 (types V,
IX and X),
F multipolar, frequently rather large
cell bodies in layer 2 (type XIII),
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G cell bodies in layer 1 (types XIV and
XV),
H the cell bodies of type XIV and XV
cells that are higher positioned than layer 1,
and the cell bodies of type II cells All of
them are globular, roughly vertically ori
ented and may have the same position
(layers 2-4/5)
Somata of class Α-G were counted m sec
tions of 10 μπι obtained from four tecta (table
1) Class Η cells could not be counted sepa
rately since they are easily confused with
fragments of other cell bodies They were,
however, included in the total number of neu
rons, in which possibly also some glial ele
ments are included Besides the methodic and
biological spread the countings are subject to
errors in the identification of cell bodies,
which can result in under or over estimations
Countings uncorrected for section thickness
yield an upper limit of cells per class (table 1,
column B) and countings corrected (Abercrombie, '46) a lower limit (column C) The lat
ter correction is generally too large since cell
bodies were only counted if a sufficient part of
the cell body was available to recognize them
(b) It was assumed that within each soma
class the composing cell types were equally
present, unless the contrary appeared For
class D this assumption is supported by the
fact that types VIII, XI and XII are equally
present in 'Λ GC + ey, since the impregnation
probability in Golgi-Cox for different cell
types with the same position seems equal (as
shown by Pasternak and Woolsey '75 for
mouse cortical neurons) The same holds for
class E (types V, IX and X) and F (types XIII,
and XIII2) The cell types of class С (types IV
and VII) were assumed to be equally present
too, but without further support This, to
gether with the results of table 1 yields a num-
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lAHLt, 1
Mean number of iecial cells per section (At and the extrapolated mean number of cells per half tectum
uncorrected (B> and corrected after Abercrombie
46 (Ci
A
Hxetion
Sta ning
A
В
С
D
E
F
G

Soma class
(type h b
(type I and VI)
(type IV and VII)
(typeVIII XIandXII)
(typeV IX and X)
(type XIII)
(type XIV and XV)

Layer 5 + 6
Layer 3 + 4
Layer 2

Bouin
HE

Bouin
LFB CFV

Formalin
LFB CFV

3 2 + 7 (10)
73 + 6 (10)
16±5 (101
1 3 ± 3 (8)
2 3 ± 5 (8)
8 ± 2 (8)
9126+·>

2 4 + 8 (4)
81 + 8 (4)
9 ± 3 (4)
1 6 + 2 (4)
1 5 + 3 (4)
9 + 3 (4)
6 479+ '

4 8 + 5 (5)
7 + 2 (5)
1 8 + 3 (5)
1 2 + 2 (5)
8 + 2 (5)
6 830+ »

1 4 2 ± 9 (2)
97 ± 8 (3)
77+11(3)

1 3 9 + 8 (4)
8 9 + 5 (4)
55+ 10(4)

113+12(5)
88+22(5)
93+30(5)

—

Formalin
LFB CFV
17+3 (4)
56+18(4)
9 + 3 (4)
17+3 (4)
13+5 (4)
7 ± 1 (41

162+23(5)
102±10(4)
81 + 21(4)

В

(

Averagi number
per half tectum

( orrcitcd number
ulter Abercrombie

7
20
3
5
5
2
2 000

500
000
000
000
000
500
000

3 500
9 000
1 500
2 500
2 000
1000
1 000 000

40 000
JO 000
25 000

20 000
11000
10 000

HE Hematoxilin Eoein LFG CFV Luxol fast blue Cresyl fast violet (Klüver and Barrera 53) For the definition of the soma Liasses see text

ber of about 750 (column C) to 1,500 (column VI, X and XII, was counted, their total number
B) for cell types IV, V and VII-XII A safer becomes ca 2,700 The number of types X and
estimate is 500-2,000, when errors in the iden- XII was already estimated under (b), and
tification and the fact that 10% of the cells substraction of these values gives for type VI
were not classified are considered The num
cells an upper limit of about 2,000 cells This
ber of type XIII cells is also 500-2,000, since implies that the remaining cell bodies of class
for these large cells the value corrected for B, 5,000-20,000, should belong to type I cells
section thickness seems more likely than the
Summarizing, these results yield an esti
uncorrected value The number of type III mate of 500 2,000 neurons per tectal lobe for
cells is 2,500-10,000
types IV-XIII The number of some other cell
However, the cell types of class B, types I types were estimated as type I, 5,000 20,000,
and VI, seem to be not equally present since in type III, 2,500 10,000, type XIV, 1-2,000,000
Golgi Kopsch type I is much more frequently For types II and XV no estimate can be given
impregnated than type VI, and for reasons
DISCUSSION
presented under (c) Further, nearly all cell
Technical remarks
bodies of class G belong to type XIV cells,
together with several class H cells, so that the
Individual cells sometimes do not show all
number of type XIV cells becomes 1,000,000- the dendritic ramifications a cell type has
2,000,000, whereas the number of the remain- This is often caused by incomplete impregnaing type XV cells remains unknown
tion, as is indicated by the following three
(c) The number of arciform and vertically phenomena The first one is the occurrence of
running myelin sheaths in layers 3 and/or 4 thick, blind ending dendritic trunks This is
was determined at ca 270 and 1,590 respec especially found for the tree in layer 3/4 of
lively in one tectal lobe treated with '/> GC + type I (fig 27), the tree in layer 6 of type VII
ey Arciform axons belong to type XIIIj and (fig 9b), the tree in layer 2/3 of type XII (figs
since 60% of the impregnated type XIII, cells 14d, 38) and several trees of type XIII (fig
showed the arciform part of their axon in the 15c) A second indication of the incomplete
sections considered, the total number of type impregnation is the dependence between the
XIIIi cells should be ca 450 per tectal lobe
ratio of complete/incomplete cells and the
The same number of type XIII2 neurons may impregnation procedure For instance, in V*
be expected (see under [b]) and the total num- GC + ey only 50% of the type XII cells showed
ber of 900 type XIII cells is in agreement with the dendritic tree in layer 2/3, whereas in l/¿
the estimates obtained by the first two pro- GC + ey all cells had this tree, and in one
cedures
Golgi Kopsch impregnated tectum only a
Assuming that also 60% of the vertically small proportion of the type I cells had a denrunning myelin sheaths, belonging to types dritic tree in layer 3/4, but in another one it
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was clearly present in about half the number
of cells. Thirdly, the common lack of impreg
nated axons demonstrates convincingly that
whole parts of neurons can be missed.
On the other hand, the possibility cannot be
excluded that a minor proportion of the cells
really does not have a specific dendritic tree.
For instance, the dendritic trunk of type I,
that gives rise to the dendrites in layer 3/4,
can vary substantially in thickness (figs. 2022) and one could imagine that the cell of
figure 23 does not have this dendritic tree at
all.
There are no absolute criteria for the mor
phological distinction between axons and den
drites. However, the character and course of
the myelinated axons of types X, XII, XIII,
and ХІІІ2 cells could be established by means
of the myelin impregnation in diluted GolgiCox fluids ('Λ GC + ey or '/• GC + ey;
Meek, '78).
Type VI cells are so superficially situated
that their axons had to be studied in GolgiKopsch impregnations. Here the course of the
unimpregnated continuation of these axons
indicated that they leave the tectum (fig. 32).
The efferent nature of the axons of type VI
cells is also supported by the observation that
their features resemble strongly those of the
efferent axons of Golgi-Kopsch impregnated
type X and type XII cells (figs. 33a-c). In con
trast, the initial parts of axons that arborize
within the tectum (e.g., those of types I and
XIV, figs. 33d-f), look different and thinner in
Golgi-Kopsch.
General criteria used to distinguish un
myelinated axons from dendrites are the
smaller diameter, the orthogonal branching
and the lack of spines. The axons of the small
type XIV cells fulfill all these criteria when
impregnated in rapid Golgi solutions (figs.
16f,g, 40). Once identified, the processes ap
pear to have such a typical site of origin and
initial course, that solely upon these two char
acteristics these can be distinguished as
axons, even in diluted Golgi-Сох impregna
tions (figs. 16a-e, 41-43). In the latter impreg
nations the axons may show typical thicker
parts, not observed for dendrites (figs. 16e, 42,
43). Although these thicker parts resemble to
some extent the myelin impregnation, they
can be distinguished since (a) the axon is also
impregnated (figs. 42, 43, 45), (b) the thicker
parts begin and end irregularly along the axon
(fig. 42) and (c) these substructures are not
globular but extend over some length around
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the axon (fig. 45). In diluted Golgi-cox impreg
nations these thicker parts can be used as an
additional criterion to identify unmyelinated
axons, not only for the small type XIV cells
but also the type V (figs. 7, 31), type VII (fig.
9), type VIII (figs. 10,35), type IX (fig. 11) and
the large type XIV cells (fig. 17). However, not
all axons of these cell types have thicker parts
in diluted Golgi-Cox impregnations (figs. 7, 9,
10, 11, 34, 41).
Axons of type I and III cells could be studied
only in Golgi-Kopsch impregnations, since
these cells, just as type VI, are not impreg
nated in diluted Golgi-Сох. The axons of type I
could be distinguished quite well from the
basal dendritic tree, since they are initially
much thinner, branch orthogonally and have
typical "beaded" appearance, whereas the
basal dendrites are initially thicker and have
many spines (figs. 25, 26). Sometimes, how
ever, the picture is confusing since the axons
also can have spine-like protrusions, arising
from the "beads." These substructures are
probably not spines but short collaterals or
filopodia since they are larger and their stalks
longer than spines (figs. 25, 26), and since
these stalks can continue beyond the thick
ening.
In the rare cases that type III axons are
impregnated over a large distance, they re
semble the axons of types I and XIV in respect
to the initial thin part and the somewhat
beaded structure. Since they furthermore
sometimes have a looping course back to a
more superficial level, they are likely to termi
nate in the tectum. The "beaded" appearance
of type I and III axons (and also of type XIV
axons) can unfortunately not generally be
used for axon identification, since this feature
is also observed in some dendrites (e.g., figs.
13a,b [type XI], 15e [type XIII], 40 [type XIV]).
Evaluation of Golgi studies on teleost tecta
The comparison of the present results with
the findings of Leghissa ('55, mainly goldfish),
Vanegas et al. ('74b, Eugerres plumieri),
Ramon Cajal (1899, Barbus fluviatilis) and
Bat helt ('70, Salmo irideas) is summarized in
table 2.
Slight differences between the present
study and Leghissa's, both on goldfish tectum,
may be due to differences in impregnation
techniques, in the age of the animals used and
the inclusion of other teleost species by Le
ghissa. Furthermore, Leghissa was mainly in
terested in the general cytoarchitecture and

TABLE 2
Comparison of teleostean tectal cell types described by several
Present resulle
Type
I
IIa

IIb

III
IVa
І Ь

Vanegaa et al '74 tEugerrea ptumieri/
Type

Soma size

EKteneion

Ramon Cajal 1899 '
ІВагЬиь fluì latitisi
Figure

Bathell, '70
ISalmo irideus)
Type

m, cellule fusiformi
di conspicuo volume
o? picole neuroni dell ч
typo piramidale
ι' piccola cellula pira
mídale
о 7 picole neuroni dell
typo piramidale

Large pyramidal neurons

8 12дт

400 600 д т

3D,G,H

Bipolare bidendritische
Neurone in Stratum S

Small pyriform neurons

5 θ μΐη

η 7 piccole cellule piri
formi marginali
I, cellule multipolari
orizzontali
I, cellule multipolari
orizzontali

Neurons with a cell body
in the stratum opticum

10 1 5 м т

400 6 0 0 м т

3F

Marginal Neuronen 7

η
О

Horizontal cells

6 12 ^ т

100 д т

ЗБ

Multipolare Zellen
in Stratum 5

с

200 μτη

3d

Multipolare Neurone
in Stratum 3

О
•Ч

Leghisaa 55 IgoldHsh)
Type

V

Horizontal neurons

VI
VII

only in figures
1, cellule multipolari
orn zon tali

XI
XII

only in figures (h?)
h, cellula fusiforme

XIII,
XIII,

c, conspicui neuroni
multipolari

XV (soma in layer 1)
XV (soma in layer 2)

6μΠ1
6-12 ^ т

a, cellula piriforme
peri ventricolare
a 7 cellula piriforme
peri ventricolare
/e, cellule piramidali \
|
di medio volume
I
f, cellule piramidale /
g, grosse cellule pira 1
^ nudali
b, neuroni multipolari
penventricolan
d, picoli neuroni multi
polari

Multipolare Zellen
in Stratum 5

D

о
г

D

öS

зь
_

_
_

Fusiform neurons

β 10 м т

600 м т

1Е,2С

Bipolare bidentrische
Neurone in Stratum 3

Large multipolar neurons

15 30м>п

600 м т

2 А,В

Multipolare Neurone

Tightly packed pyriform
neurons
idem7

6 8 мт

1 B,C,D,F

Neurones piriformi

idem 7

idem 7

Large pyriform neurons

со
Η

О

31
100 м т

Small bipolar neurons
Small multipolar neurons?
Small multipolar neurons?

χ

XIV, small or large
(soma in layer 2 or 3)

Small bipolar neurone
Horizontal cells
7

VIII
IX

XIV, small (soma in
layer 1)
XIV, large (soma in
layer 1)

authors

3

о
m

У
á

Bipolare axo dendn
tische Neurone 7
Monopolare Neurone

10 15 м т

The quantitative data of Vanegas et al I 74) are included for comparison with table 3
1
Figures 1 2 and 3 of Ramon Cajal (18991 correspond to figures 144 145 and 146 respectivelv of Ramon ν Cajal 111'

X
О

3, below

о
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layer composition of fish tectum, whereas we
are interested in a more quantitative morpho
logical description of neurons in the goldfish
tectum.
Some serious differences and even discrep
ancies also can be noticed. Firstly, Leghissa
described cell types that were not observed in
the present study (his type о and n) and vice
versa (our types Ha, III, IV, V, VI, VII, VIII,
IX, X and XI). However, Leghissa's type о re
sembles our type Ha, although type о axons
run to layer 7, whereas we never observed an
axon but found dendritic structures in layer 7
that were not described by Leghissa. Further,
type η and type III share their soma position
in layer 6, but in contrast to our neurons with
somata in layer 6, typte η has dendrites in layer
3/4 and an axon running to layer 7. Type IV, V
and VII cells may all be included in Leghissa's
type 1. The axons of some of these type 1 cells
project to the basal dendrite of type m ( = 1)
cells. They are most likely our type IV cells,
since types V and VII project somewhere else.
Types VIII, IX and X are represented only in
Leghissa's figures and not mentioned in his
text. This holds also for type XI, which is prob
ably included in Leghissa's type h.
Type I agrees with Leghissa's type m, except
for the axon. For type m cells the axon is my
elinated and leaves the tectum, whereas for
type I cells the axon is unmyelinated and ter
minates in layer 3/4. The most plausible ex
planation for this discrepancy is that the
axons Leghissa describes for type m cells are,
in fact, the efferent axons of our type VI cells,
since Leghissa did not separate this type from
his type m and since type VI cells are confused
easily with type I cells in case the apical den
dritic tree is not clearly visible. The observa
tion that the site of axon origine for type m
cells in Leghissa's figure 5 resembles more the
axon origin of type I than of type VI may be
due to the fact that this figure is a reconstruc
tion for which several teleost species were
used. This in contrast to Leghissa's figure 6,
based solely on goldfish, where the axons of
type m totally agree with the axons of type VI.
Consequently, we conclude that the axons of
goldfish type I tectal neurons terminate in
layer 3/4, just as Vanegas et al. ('74b) found in
Eugerres plumieri and Ramon Cajal (1899) in
the barbel.
Leghissa's type h consists mainly of our type
XII cells, as is especially obvious from the
axonal properties (myelination, recurrent
course). However, Leghissa did not describe

48

dendrites in layers 4 or 4/5, and only a small
basal dendritic tree. Cells with an axon arising
at the basal dendritic trunk as drawn by Le
ghissa were not found in our preparations;
these cells might be our type XI cells, whose
axons we did not observe. The large efferent
type XIII cells are less pronounced in Leghis
sa's description. They are presented as type c,
and sometimes as unclassified pyramidal cells
with an arciform efferent axon. The axonal
properties form also here a base for com
parison.
Our type XIV coincides with Leghissa's
types a, e, f and g. However, Leghissa de
scribes mostly axons arising basally from the
soma and leaving the tectum, whereas we
found almost exclusively axons arising at the
dendritic trunk or tree at the level of layer
4/5, arborizing and terminating within the
tectum. Only in Golgi-Kopsch preparations we
observed two cells with a basal protrusion that
could be axonal in a sample of about 2,000
cells that were searched for this characteris
tic, and only for our last axonal projection
type we cannot exclude that the lowest axonal
branch in layer 2 leaves the tectum. Anyway,
Leghissa missed the structures that we de
scribe as axons and it is doubtful whether the
structures he describes are the axons of espe
cially his type a. Also Vanegas et al. ('74) did
not find basally arising axons in E. plumieri,
even with electron microscopy (Laufer and
Vanegas, '74), as was also the case for the re
lated carp tectum (Ito, '70). Moreover, Ramon
Cajal (1Θ99) and Vanegas et al. ('74b) found
axons or axon origins strongly resembling
ours, and so it seems reasonable to conclude
that the majority of type XIV cells are interneurons.
There is a strong similarity between the
present study and that of Vanegas et al.
('74b). In the tecta of both studies roughly the
same cell types are recognized. Our types IV
and VII were not especially classified by Va
negas et al., who showed, on the other hand,
quite a variability in horizontal cells of layer
5, and also type XI is not described, but the
other cell types are identical (types I, II, III,
XII, XIV) or nearly the same (types VI, VIII,
IX, X, XIII). Some quantitative differences
might be due to species differences, like the
horizontal dendritic extension of type I and III
cells Œ. plumieri, both 400-600 μτη; goldfish
120 ± 50 and 130 ± 8 0 μια respectively). All
in all, both tecta seem basically similar, in
spite that different teleost species were used,
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one living in brackish lagoons and the other
domesticated The same holds in relation to
the barbel, Barbus fluvius, studied by Ramon
Cajal (1899) and cited by Ramon y Cajal ('ID
The cell of figure 3C of Ramon Cajal (1899) is
especially interesting It is a type XIV cell
with an axon t h a t corresponds to our last
axonal projection type The basal collateral,
however, apparently leaves the tectum This
could indicate that not all type XIV cells are
mterneurons
The Golgi study of Bathelt ('70) on the tectum of the trout (Salmo mdeus) is less exten
sive, but the cells described can easily be recognized and compared with our cells The data
of Bathelt ('70) on the axonal properties of
type I, III, and XIV cells agree with Leghissa's
findings, which are however, as discussed
above, not in line with our results
Tectal

cytoarchitecture

The structure of the tectum suggests t h a t
each layer or sublayer represents a specific
stage in signal processing, since dendritic and
axonal terminations are confined to specific
levels Therefore we have not classified the
cells primarily based upon soma characteristics (multipolars, fusiforms, pynforms, etc )
but according to dendritic and axonal properties To group the cell types dendritic properties were used (fig 19) In this way we distinguish monostratified cells (with dendrites at a
single level, group 2 in fig 19), bistratified
cells (with dendrites at two separate levels,
group 3), multistratißed
cells (group 4) and
non stratified
cells (group 5) This terminology is adopted from Ramon y Cajal (1893)
Two types of cells (type I and II) are regarded
as a separate group (group 1 in fig 19) since
they have dendrites in layer 7 This layer is
only present in fish (cf Szekely, '73) and consists of unmyelinated axons of unknown origin (Buttler and Ebbesson, '74) Many synapses between these axons and the dendrites
of type I cells have been found in E plumien
(Laufer and Vanegas, '74)
The multistratified group 4 cells (types XI
XIII) are for the major part efferent and it is
remarkable t h a t only these cells have large
dendritic trees in deeper tectal layers (layers 2
and/or 3) Consequently they process not only
visual, but also other signals, which do not
originate inside the tectum since no tectal
axon terminates specifically in layers 2 or 3
The origin of these axons can be diverse, since
in the layers deeper than the optic nerve
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layers 5 and 6, nerve bundles terminate from
the contralateral tectum (Ebbesson and Vanegas, '76), the telencephalon (Vanegas and Ebbesson, '76), the nucleus isthmi, the thalamus, the cerebellum and the spinal cord (Ariens Kappers, '21, Kirsche and Kirsche, ' 6 1 ,
Schnitzlein, '64)
The non stratified cells, especially type
XIV, have all kinds of combinations in dendritic and axonal termination regions Moreover, they are very numerous So, the cytoarchitecture of goldfish tectum appears to consist of a fairly strictly structured frame,
formed by type I XIII cells, intermingled with
the variable type XIV cells
Besides the vertical position of dendritic
trees also their horizontal extension should be
considered In the layers where the optic nerve
fibers terminate (4/5 6) the diameters of the
dendritic trees range in mean value from 60600 μτη (table 3), corresponding to 2 20" of
visual angle as calculated from the retinotopic
projection (Jacobson and Gaze, '64), which
compares with the receptive field sizes of tec
tal neurons (Schellart and Spekreijse, '76)
The dendritic field extension together with
the cell density gives t h e amount of overlap of
a dendritic field For the very numerous type
XIV cells this overlap ratio is 325/1, when t h e
diameter of their dendritic fields is set at 75
μτη, their number at 1,500,000 and the tectal
surface at 20 m m 2 For any other type a much
lower overlap ratio is found since their num
ber is much lower, and for the most frequently
found field diameter of 100 200 д т (table 3)
of types with 500 2,000 cells there is even no
overlap at all
From figure 19 it can be seen t h a t each tec
tal layer is characterized by its own popula
tion of cell bodies, dendrites and axons, which
can be very complex (e g , for layer 4/5) Also
tectal afférents have to be included Rough
ly three regions of afférents can be distinguished (1 ) the marginal axons in layer 7,
(2 ) the optic layers (6, 5 and 4/5) and (3 ) the
deeper non optic layers In the latter, axons
from various parts of the brain terminate as
discussed above, while also the axons of type I
cells terminate here, providing for indirect
input from the marginal axons None of t h e
mono- and bi-stratified mterneurons (types
III V and VII IX) have axon terminations in
these non-optic layers
The axons of most tectal cells originate j u s t
in between the optic and the non optic layers
m layers 4/5 or 4 (types I, IV, VI, VII, VIII, XII

TABLE 3
Quantitative properties

of the cell

Soma
Group
Type
1.
Dendrites
in layer 7

2.
MonoBtratified

ЦУ

3.
Bi
Btratified

Dendrites

Basica]
polanty

Width
(μπι)

Height
(μΐη)

Position
(layerl

Εκ tension
(μιη)

Maximal ex
tension (>im)

Origin (layer,
structure)

Arborizing or
efferent

Layer of
termination

I

(64)

5

bi-

13±2(60)

19±4(60)

7
5
3/4

120+50(68)
60*30(59)
4 0 ± 25(32)

250
150
100

4/5,
dendrite

arborizing

3/4

IIa

(10)

4/5(3/4)

bi- (mono-)

12±3(10)

11±3(10)

7

3/4(4/5)

m o n o - (bi·)

9±2(8)

175
75
250
50

7

(8)

100± 50(10)
6 0 * 10(5)
130±80(7>
3 0 ± 20(3)

?

IIb

7
4/5
6(7)
4/5

?

7

7

III

(41)

6

variable

13±2(34)

13±2(34)

6/6
(6/7.5)

ISO* 80(33)

300

5/6.
dendrite

arborizing

5

IVa

(9)

4(4/5)

variable

11±4(6)

16±4(6)

4/5

4 1 0 + 250(6)

700

arborizing

4/5?

IVb

(10)

4/6,6

variable

4/5, s o m a or
dendrite
?

?

7

V

(11)

3or4

bi- m o n o -

13±4(10)

12±3(10)

3or4

VI

(IB)

5

bi-

10±2(1β)

18±4(18)

VII

(10)

4/5

multi-

12±4(7)

12±3(7)

13±2(8)

4/5(5)

3 or 4, s o m a
or d e n d r i t e

arborizing

3or4

и

6
4/5

1 6 0 ± 60(14)
1 6 0 ± 70(13)

250
250

4/5.
dendrite

efferent

_

>
о

6
4/5

1002-50(5)
6 0 0 ± 300(6)

250
900

4/5, s o m a or
dendrite

arborizing

5

4/5
3/4
4/5
3/4

240+100(11)
90+40(11)
220+110(9)
2 7 0 ± 210(9)

350
200
400
600

4/5,
dendrite
3/4, s o m a

arborizing

4/5

arborizing

4/5

Ы-

9±1(11)

19±5(11)

IX

(12)

3/4

multi-

12±4(10)

14*3(10)

X

(14)

3/4

multi-

13±4(14)

14±3(14)

4/5
3/4

1 5 0 ± 90(10)
2 0 0 ± 120(11)

250
400

3/4, s o m a

efferent

_

XI

(10)

3

bi-

7±2(10)

18±3(10)

6
4/5
2

1 3 0 ± 70(10)
130+70(10)
15+6(8)

250
200
25

7

7

?

XII

(30)

3or4

bi

11±2(28)

20±4(28)

6(6)
4(4/5)
2/3

90+60(24)
1 2 0 ± 70(26)
1 6 0 ± 60(23)

150
250
250

4/5.
dendrite

efferent

13±3(18)

25±5(18)

6
4/5
3
2
6
4/5
3
2

7
1 4 0 ± 80(12)

2, s o m a
250

300+90(18)

500

efferent
(with an aeriform
c o u r s e in l a y e r 4 )

2, s o m a

efferent

X I I I ,, ( 1 2 )

XIV
XV

(186)
(33)

2

2

multi-

multi-

14±3(11)

22±7(11)

M

500

4(3)

X I I I , (20)

ç-,

2 3 0 ± 100(11)

(14)

Ш

5.'

О
00

Axon

Position
(layer)

О

4.
Multiatratified

types

7
1 5 0 i 110(9)
420+60(6)
3 8 0 + 240(7)

"

300
600
700

See text.
See text

The fifth, s i i t h and eighth column give the mean value and standard deviation In parentheses t h e number of s t r u c t u r e s studied is given For definition of the groups (first column) see the DISCUSSION
on functional significance F u r t h e r comments are given in t h e RESULTS section
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Fig 19 Schematic representation of the 15 tectal cell types described For types Γ XIII, the soma size and the
horizontal dendritic extension are drawn to scale, according to the mean values of table 3 For types XIV and XV some
typical neurons are drawn.
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and XIV) or in layers 4 or 3/4 (types IX and X).
The axons of type XIIIι, not arising at this
level, pass also through this area before leav
ing the tectum. Since also the origin of the tectal evoked response (TER) is found at the level
of layer 4/5 (Sutterlin and Presser, '70; Vanegas et al., '71), all these types may contribute
to the TER. For several types the axon does
not arise from the cell body but from a den
drite (types I, III, VI, VIII, XII and XIV). This
might suggest that the soma of these neurons
has no direct function in the electrical activ
ity. This holds especially for type XIV, where
the distance between the soma and axon ori
gin is about 250 μτη. However, the studies of
Skrzipek ('69) and Kroker ('73) reveal that
their cell bodies play some role in signal proc
essing, since their RNA- and protein synthesis
is enhanced after visual stimulation.
In comparison to the 220,000 retinal gangli
on cells which feed into the tectum (derived
from Schellart, '73), for all types except type
XIV a severe reduction in number is observed.
Also the total number of myelinated tectal ef
ferente, i.e., the total of type VI, X, XII and
XIII cells, estimated at 2,000-8,000, is much
lower. The number of unmyelinated tectal ef
ferente is not clear. In our study no unmyeli
nated axon or collateral could be found that
left the tectum or followed a course in layer 2,
although axons were frequently well impreg
nated, especially for type XIV. However,
Ramon Cajal (1899) described them for peri
ventricular cells in the barbel, as mentioned
above.
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PLATE 1
EXPLANATION OF FIGURES
20-23 Basal part of four type I neurone, all showing an impregnated axon (arrow)
Notice the difference in thickness and development of each basal dendritic
trunk and tree. Golgi-Kopsch. Calibration bar: 10 μιη
24 Detail of the thick, spiny apical dendntes in layer 7 of type I neurons. GolgiKopsch. Calibration bar: 6 μιη.
25, 26 Details of figures 21 and 20 respectively, which show the basal dendntes with
real spines and the axonal branches, with "beads" and "spinelike protrusions "
Golgi-Kopsch Calibration bar: б μιη.
27 Low magnification photograph of a Golgi-Kopech preparation, showing two type
I cells and one type III cell Calibration bar: 100 μιη.
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PLATE 2
EXPLANATION OF FIGURES
28 Type III neuron, Golgi Kopach Calibration bar 50 μπι
29 30 Cell body and axon of two type IVa cells 'Λ GC + ey The complete cell of figure
30 IB drawn in figure 6a Calibration bar 10 μτη
31 Type V neuron, '/i GC + ey Calibration bar SO μπι
32 Type VI neuron, thick arrow indicates the unimpregnated continuation of the
axon, visible by its diffractive properties Golgi Kopsch Calibration bar 50 μπι
33 The initial part of axons of different cell types, impregnated by Golgi Kopech a,
type VI b, type X, c, type XII, d, type I, e, small type XIV, f, large type XIV
Notice that the axon of type VI (a) resembles the myelinated axons of type X
(b) and XII (c) Unmyelinated axons, e g, of type I (d) and type XIV (e,0 look
quite different Calibration bar S μπι
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PLATE 3
EXPLANATION OF FIGURES

34 Type VIII neuron Vi GC + ey Calibration bar 50 μιη
36 Axon of type VIII neuron 'Λ GC + ey Calibration bar see fig 34
36 Cell body, initial axon and impregnated myelin (thick arrow) of a type X neuron Vi
GC + ey Calibration bar 10 μιη
37 Type XIIIj neuron Vi GC + ey Calibration bar 100 μιη
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PLATE 4
EXPLANATION OF FIGURES

118

38

Type XII cell with an aional myelin continuation that leaves the tectum (thick
arrow) lA GC + ey Calibration bar 50 /un

39

Type XIII, neuron, showing the aeriform axonal myelin continuation (thick
arrow) '/4 GC + ey Calibration bar 50 μιη

40

Axon and apical dendrites of small type XIV cell Notice that the axons lack spines
in contrast to the dendrites The "beaded" appearance of the axons resembles that
of type I (compare Tigs 26 and 26), but also the dendrites appear "beaded " Golgi
rapid Calibration bar 5 /un
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PLATE 5
EXPLANATION OF FIGURES

41-43 Small type XIV cells 'Λ GC + ey Note that these cells are quite similar,
but differ in respect to the axonal "thickenings" (thick arrows) Calibration
bar 60 μιη
44,46 Details of the aions in figure 42 Calibration bar 6 μιη
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A Golgi-Electron Microscopic Study of Goldfish Optic
Tectum. I. Description of Afférents, Cell Types, and
Synapses
J MEEK
Department of Morphology, The Netherlands Ophthalmic Research
P.O. Box 6411, 1005 EK Amsterdam. The Netherlands

Institute,

ABSTRACT
A study of goldfish optic tectum was performed with conventional
electron microscopy and with the Golgi-EM technique described by Fairén et al.
('77). Five types of tectal afférents, three types of interneurons and three types of
efferent neurons were investigated.
Afférents from the torus longitudinalis, which terminate in the marginal layer,
contain round synaptic vesicles with a mean diameter of 43 run. Optic afférents,
which terminate in the superficial gray and plexiform layer, are characterized by
pale mitochondria with dilated cristae and round vesicles with a mean diameter of
49 nm. Afférents of unknown origin, terminating in several tectal layers, can be
subdivided in three types; one containing round vesicles and two containing pleomorphic vesicles with different degrees of ellipticity.
The three types of intemeurons studied (type I, III and XIV, of Meek and
Schellart, '78) were selected on basis of their high frequency of occurrence. The
apical dendrites of type I neurons make many synaptic contacts with the marginal
axons. All three types have dendrites in the superficial gray and plexiform layer
making contacts with optic nerve terminals. In addition, their dendrites and cell
bodies make synaptic contacts with several types of unidentified presynaptic elements. The axon terminals of type I and of type XIV contain round vesicles with a
mean diameter of 45 and 46 nm respectively.
Three of the four types of efferent neurons present in the goldfish tectum were
studied (type VI, XII and XIII). Two of them make contact with optic terminals
(type VI and XII) and two make contact with tectal afférents of unknown origin in
the central white layer or in the lower part of the central gray layer (type XII and
ΧΠΙ). The axons of all three types become myelinated at some distance from their
origin. Their initial unmyelinated parts are covered with a so-called "outer surface
coating", have no collaterals and are occasionally (type VI and XII) or frequently
(type XIII, ) postsynaptic to other elements. The archiform axons of type ΧΠΙ,, and
to a lesser extent also the shepherds-crook shaped axons of type XII, have a close
apposition to looping and narrowing dendrites in t h e inner plexiform layer.
The present results concerning neuronal circuitry of the goldfish optic tectum are
summarized in a tentative scheme.
The midbrain roof of teleosts is a complex Landreth et al., '75; Schmidt, '79). A second
brain center with a variety of afferent and ef afferent system comes from the torus longitu
ferent connections. The most pronounced affer dinalis, a brain center only present in actinoent system is formed by optic nerve fibers, pterygians. The toral fibers contribute to t h e
which mainly terminate retinotopically in the marginal layer (layer 7; Ito and Kishida, '78;
superficial gray and plexiform layer (layer 5;
Jacobson and Gaze, '64; S c h w a s s m a n and
Address reprint requests to J Meek, Department of Anatomy. Uni
Kruger, '65; Grafstein, *67; Neale et al., '72; versity
of Nijmegen, Postbox 9101, Geert Grooteplein Noord 21, 6600
Sharma, '72a; Vanegas and Ebbesson, '73; HB Nijmegen, The Netherlands
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Vanegas et al., '79). Furthermore, projections
from the telencephalon (Vanegas and Ebbesson, 76; Ito and Kishida, '77; Marotte and
Mark, '75), the contralateral tectum (Ebbesson
and Vanegas, '76; Grover and Sharma, '79), the
nucleus isthmi, the thalamus, the cerebellum
and the spinal cord have been described (Ariëns
Kappers, '21; Kirsche and Kirsche, '61; Schnitzlein, '64; Marotte and Mark, '75; Ariëns Kappers et al., '67). Four mqjor efferent tracts are
described, ascending as well as descending
(Ebbesson and Vanegas, '76; Grover and
Sharma, '79). The tectal efferente invade
pretectal-diencephalic regions, the contralateral rostral tectum, the midbrain tegmentum
and presumably also the reticular formation.
Physiological knowledge of the tectum of
téleoste is almost exclusively restricted to the
visual afferent system. The characteristics of
responses to visual stimulation have been studied by many authors (e.g. Jacobson and Gaze,
'64; Sutterlin and Prosser, '70; Schellart and
Spekreyse, '76; Schellart et al., '79). The optic
afferent system has also been used for investigations of axonal transport (see Landreth et
al., '75) and neuronal specificity (Sharma, '72b;
Levine and Jacobson, '75; Yoon, '75; Cook and
Horder, '77; Schmidt, '78; Schmidt et al., '78).
Only few reports deal with other sensory modalities, as e.g. auditory tectal responses
(Niida, '73) or responses after lateral line stimulation (Guselnikov et al., '64; Gallens et al.,
'67).
Morphological studies on the teleostean tectum using Golgi-impregnation are published
by Ramon Cajal (1899), Ramon y Cajal (11),
Leghissa ('55), Vanegas et al. ('74), Schroeder
and Vanegas ('77), Meek and Schellart ('78),
Romeski and Sharma ('79) and Schroeder et al.
('80). On the basis of dendritic, axonal and somatic characteristics, Meek and Schellart ('78)
distinguished fifteen cell types in the tectum of
the goldfish (Carassius auratus). Up to now
three studies have dealt with normal tectal ultrastructure in téleoste (Ito, '70, using Cyprinus
carpio, Laufer and Vanegas, '74a, using Eagerresplumieri, and Ito et al., '80, using Holocentrus rufus). They give a detailed description of
ultrastructural characteristics and types of
synapses in the various tectal layers. The ultrastructural features of optic nerve terminals
have been determined with the aid of degeneration techniques in several téleoste, viz. E.
plumieri (Laufer and Vanegas, '74b); С aura
tus (Airhart and Kriebel, '80) and H. rufus (Ito
et al., '80). Additionally, Ito et al. ('80) have
characterized degenerating afferente from the
telencephalon and contralateral tectum in H.
rufus.
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The present paper first deals with the ultrastructural characteristics of the layers distin
guished in the goldfish tectum and with the
characteristics of the terminations of tectal af
férents. Further, intrinsic tectal cells will be
described using a Golgi-EM procedure, with
special emphasis on pre- and postsynaptic elements. For this purpose three types of interneurons and three types of efferent neurons are
selected. The intemeurons represent the most
frequently occuring types, while the efferent
neurons represent three of the four types present (Meek and Schellart, '78).
In a subsequent paper (Meek, '81) I will deal
with quantitative aspects of the synaptology of
the cell types described in the present paper.
METHODS

Histological procedure
Common goldfish (Carassius auratus), 18-25
cm long, were used. After exposure of the tectum of anaesthetized fish (MS 222, 0.33 g/1, 10
minutes), the animal was sacrificed by cutting
the medulla oblongata. Within the next minute
the tectum was removed, together with other
mesencephalic structures, and immersed in a
fixative for 3 hours at 20oC. Two fixatives were
used; 2% glutaraldehyde/2% paraformaldehyde in 0.07M phosphate buffer after Sörenson
or 5% glutaraldehyde / 5% paraformaldehyde
in the same buffer. Following prefixation, the
impregnation/de-impregnation method of
Fairén et al. ('77) was applied, except for sectioning, which was done according to Blackstad
('75). In short the procedure was as follows: (a)
Golgi-impregnation; immediately after prefixation the tecta were immersed for two days in a
mixture of 0.2% osmium tetroxide and 2% potassium dichromate in distilled water (20°C)
followed by two days impregnation in 0.75%
silver nitrate (20':'C) (b) Sectioning; 50 μιη se
rial sections were cut on a Vibratome, the
trough being filled with 50% ethanol saturated
with silver Chromate (5-10°C). The sections ob
tained were quickly studied in the light micro
scope (LM) and selected for the de-impregna
tion procedure on the basis of the presence of
completely impregnated cells of the different
types. The remaining sections were made
permanent via ethanol, xylene and malinol.
The correct sequence was carefully main
tained. (c) Gold-toning; the selected sections
were quickly washed in distilled water, im
mersed for 15 minutes in 0.05% hydrogen otetrachloroaurate (HCL, Au H 2 0) at 5-10 C,
washed
for 5-10 minutes in distilled water at
o
5-10 C (three changes), immersed for three
minutes in 0.05% oxalic acid at 5-10°C and
washed for 15 minutes in distilled water (three
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changes). Finally the sections were warmed up
o
to 20 C in distilled water, (d) De-impregnation;
the sections were immersed for 30-45 minutes
o
in 1% sodium thiosulfate at 20 C (two changes)
and washed for five minutes in distilled water
(two changes). After this they were transferred
to 0.1 M cacodylate buffer, in which they were
stored for a few hours up to one day. (e) Postfix
ation; immersion for 30 minutes in 2% osmium
o
tetroxide in 0.1 M Veronal buffer at 20 C. (0
Dehydration and embedding; the sections were
quickly (in 75 minutes) dehydrated in a graded
series of ethanol and, via propylene oxide, em
bedded in Epon 812. Embedding was carried
out on slides, and the sections were covered
with cover slips.
Light

microscopy

The de-impregnated sections, embedded in
Epon 812 between a slide and a cover slip, were
studied in a light microscope, equipped with a
drawing apparatus. When necessary, adjacent
non-de-impregnated sections could be studied.
To facilitate trimming for electron-microscopic
(EM) sectioning, an overall picture of the 50 μιη
section was drawn at a magnification of about
χ 25, and structures of interest were indicated.
Cells selected for reconstruction in the EM
were drawn at a magnification of about x 400.
The depth of the different components in the
section was indicated in the drawing using the
micro-screw reading. Besides, a drawing was
made of de-impregnated s t r u c t u r e s in t h e
neighbourhood of the cell of interest. In a few
instances complex details were drawn at a
magnification of about x 1000. At this stage
photographs were taken as well. At least a
complete through-focus series of each cell at a
magnification of about χ 400 was made. It
should be noted t h a t the use of Vibratome slices
and the subsequent investigation of tissue also
allows selection of non-impregnated struc
tures. This was t h e case for several archiform
axons of type XIII, neurons, which were out
standing by their osmicated myelin sheaths.
Electron

microscopy

To allow thin sectioning, the cover slip was
carefully removed from the Epon by means of a
sharp scalpel, which was put between the Epon
and cover slip. After some experience, the cover
glass indeed could be removed in small pieces,
leaving t h e embedded section u n d a m a g e d .
Next, the Epon sheath with the 50 /um section
was removed from the object glass by a scalpel
and divided into several pieces. Pieces of inter
est were mounted upon prepolymerized Epon
blocks with the aid of liquid Epon, which then
was allowed to polymerize.
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The final block was trimmed to a pyramid
under oblique illumination from below, which
visualizes de-impregnated structures satisfac
tory. After trimming, serial sections with white
interference color (60-90 nm) were cut and
mounted on 75-mesh copper grids, covered
with a formvar/carbon film. On each grid ten
serial sections were mounted. After 70 or 80
sections the pyramid was viewed under the
light-microscope using oblique illumination. In
this way it could be ascertained which cellular
components were cut in the preceding sections.
The advantage of this procedure, compared
with intervening sectioning of 1 μΐη sections, is
that no material is lost for EM analysis.
Thin sections were contrasted with uranyl
acetate and lead citrate and studied in a Philips
EM 400. At first, cells of interest were recon
structed using photomontages at low magnifi
cation (about x 2000) obtained from one section
of each grid. For this purpose the light-micro
scopic drawings and photographs, and t h e
drawings made during thin sectioning were of
great help. If necessary, e.g. to trace small den
drites or axons, reconstructions were made at
higher magnification (about x 16,000), using
three or more sections on each grid. Apart from
the de-impregnated neurons, some unimpregnated neurons present in the sections studied
could be reconstructed and identified. In a sec
ond stage, the identified and localized struc
tures were studied at high magnification to in
vestigate synapses and cytoplasmic character
istics.
For the investigation of synaptic vesicles, the
lengths of their largest axis and of t h e axis
perpendicular to this were measured on photo
graphs with a final magnification of about x
30,000. An accurate measuring loupe was used
for this and the exact magnification was deter
mined using a grating replica. The mean of
both axes (per vesicle) was taken as a measure
for the size, and the ratio between the long and
the short axis was taken as a measure for the
ellipticity. The different prefixations used had
no significant influence on size and shape of the
vesicles. The significance of differences in size
and shape of the vesicles was tested by means of
the chi-square statistical test.
General characteristics of de-impregnated
tectal structures
The precipitate which results from Golgi-impregnation and subsequent de-impregnation,
has in our tissue the same appearance as orig
inally described by Fairen et al. ('77) and con
sists of small electron-dense grains scattered in
the cytoplasm. In cell bodies and large den
drites the precipitate is almost exclusively re-
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stricted to a region near the cellular surface,
The optic layer, layer 6, is composed of bun
while in small dendrites and axons the precipi dles of myelinated fibers separated by dendritic
tate is present throughout the profile. Grains trunks that run perpendicular to the tectal sur
are absent in nuclei and mitochondria.
face (Fig. 2). The fibers originate for the major
In material fixed in 5% glutaraldehyde / 5% part in the retina (e.g. Sharma, '72a; Neale et
paraformaldehyde the precipitate is precisely al., '72; Laufer and Vanegas, '74b and Landreth
restricted to the impregnated structures, but in et al., '75). Their diameters range from 0.6 to
tecta fixed with a solution containing 2% of 6 /xm and their mitochondria have characteris
both aldehydes, a rim of precipitate is often tic dilated cristae and a rather electron-lucent
present around impregnated cell bodies or matrix (Fig. 5).
large dendrites (cf. Figs. 18 and 19).
Layer 5, the superficial gray and plexiform
The impregnation / de-impregnation proce layer, is constituted by a complicated neuropil,
dure appears to leave most organelles unal interspersed with neuronal cell bodies and my
tered. For instance, impregnated and unim- elinated axons (Fig. 2). Layer 4, the inner
pregnated optic terminals have mitochondria plexiform layer, has at low magnification about
with a similar ultrastructural appearance (cf. the same appearance as layer 5, with the excep
Figs. 15 and 7) and their vesicles have the same tion that myelinated fibers are only incidentsize and shape (tested with chi-square). Other
cytoplasmic contents, like rER and Golgi cistemae, equally have no deviating appearance
Abbreviations
in de-impregnated structures (e.g. Figs. 20 and
G
Golgi-complex
iec inner surface coating
21). However, postsynaptic membranous densi
(=subsurface coating)
ties are less outstanding when the postsynaptic
m
mitochondrion
element is impregnated. This implies that a
mf microfilaments
distinction between symmetric and asymmet
mt microtubules
my myelin
ric contacts is very precarious.
N
nucleus
For the de-impregnated cells selected for this
nu nucleolus
study, no completely un-impregnated dendrites
ose outer surface coating
rER rough endoplasmic reticulum
were observed. However, small parts of somatic
sv synaptic vesicles
or dendritic cytoplasm were sometimes devoid
of precipitate. The boundary between the im
pregnated and unimpregnated part of the cyto
plasm is rather sharp in such cases (Fig. 13). In
Fig. 1. Semithin section of goldfish tectum, showing the
contrast, axons are frequently incompletely tectal layers indicated after Meek and Schellart ('78). Cali
impregnated and for myelinated axons the im bration bar ΙΟΟμτη.
pregnation is absent as soon as the myelin
sheath starts (Figs. 38 and 39). Incidentally, a
Fig. 2. Low power electron micrograph with parts of
single presynaptic terminal that makes contact layer 5, 6 and 7. Calibration bar: lOjim.
with an impregnated soma or large dendrites is
also impregnated (Fig. 14). In such terminals
Fig. 3. Low power electron micrograph with parts of
the precipitate has a different appearance. It layer
1, 2 and 3. Calibration bar: lO/un.
does not consist of fine grains but of larger,
cristalline structures.
RESULTS

General layer composition
The tectal layers, numbered from inside out
wards 1 to 7 (Fig. 1) are easily recognized in the
EM (Figs. 2 and 3).
Layer 7, the marginal layer, consists predom
inantly of unmyelinated axons. These run par
allel to the tectal surface and frequently make
asymmetric synapses with spines of dendrites
that traverse this layer obliquely (Figs. 2 and
4).
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Fig. 4. Detail of layer 7, showing a dendritic profile and
spines, which make synaptic contacts with marginal axon
terminals. Calibration bar: Ο.δμτη.

Fig. 5. Detail of layer 6, showing several myelinated
optic nerve fibers with their characteristic mitochondria
with dilated cristae and a rather electron-lucent matrix. The
disrupted aspect of the myelin is presumably due to the fact
that immersion fixation was used. Calibration bar: Ο.δμιη.
Fig. 6. Detail of layer 1, showing close apposition of two
periventricular neurons with gap-junction-like membranous
specializations (arrows). Calibration bar: Ο.δμιη.
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ally observed. In the boundary region between
layer 5 and 4, bundles of myelinated fibers with
relatively large diameters are present (Fig. 9).
Because of the similarity in fine structure, the
boundary between layer 4 and 3, which together form the central gray layer, is very diffuse. The number of myelinated fibers gradually increase in deeper parts of layer 3.
Layer 2, the central white layer, partly consists of myelinated nerve bundles. These are
less densely packed than in layer 6. The remaining part of this layer consists of neuropil
(Fig. 3).
Layer 1, the periventricular gray layer, is
composed of small, densely packed neurons
(Figs. 1 and 3). At several places, bundles of
myelinated and unmyelinated fibers traverse
this layer obliquely, and the apical processes of
the deeper cells separate clusters of the more
superficial cells. The cellular membranes of the
periventricular cell bodies are closely apposed
and show membranous specializations resembling gap junctions (Fig. 6). The most superficial somata are incidentally contacted by presynaptic elements, whereas deeper cell bodies
are devoid of such contacts.
Characterization of some tectal afférents
Before describing the de-impregnated material, some introductory observations on unimpregnated tectal afférents will be presented.
Myelinated axons that leave their myelin
sheaths and make presynaptic terminals are
considered as tectal afférents, since intemeurons with myelinated axons are absent and efferent neurone have no collaterals in the tectum (Meek and Schellart, 78). In layers 2-6,
unmyelinated afférents cannot be distinguished from axons of intemeurons. However,
in layer 7, axons of intemeurons do not occur
(Meek and Schellart, '78). Consequently, all
terminals in this layer arise from the unmyelinated marginal axons, which appear to originate in the torus longitudinalis (Ito and
Kishida, '78). In our sample all terminals investigated in layer 7 are of one, specific type,
called type A in Figure 16 (see also Figs. 4 and
23).
Optic nerve fibers predominantly terminate
in layer 5 (Sharma, '72a; Grafstein, '67; Neale
et al., '72 and Landreth et al., '75). Their terminals are characterized by the presence of pale
mitochondria with dilated cristae, which were
already described for the fibers in layer 6. For
several optic terminals, the axonal origin could
be ascertained by their sprouting from a myelinated axon (Figs. 7 and 8). These terminals
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contain large round vesicles and are designated
as type В in figure 16. Some terminals are "en
passant" (Fig. 9). The vesicles in optic nerve
terminals are significantly larger than the
vesicles in terminals of toral fibers, and the
mean vesicle size per terminal does not overlap
for these two types of tectal afférents (Fig. 16).
The large round vesicles, together with the pale
mitochondria with dilated cristae allow the
identification of optic nerve terminals even
when their myelinated origin is absent in the
sections studied (see e.g. Figs. 15 and 36). Optic
nerve terminals make asymmetric synapses,
predominantly with dendritic profiles. However, small profiles containing synaptic vesicles themselves can be postsynaptic to optic
terminals as well. The vesicles in these profiles
are round and have an average diameter of 43
nm (Fig. 8).
In layer 5, several other types of myelinated
axon terminals are observed (type C, D and E in
Fig. 16). Terminals designated as type С con
tain the same kind of vesicles as the optic ter
minals, but their mitochondria have either an
electron dense matrix and normal cristae, or
are densely filled with narrow cristae leaving
little space for a matrix (Fig. 10). Type D and Б
terminals, containing pleomorphic vesicles, are
only occasionally present. During random
scans through layer 5 and 6, to select terminals
arising from myelinated axons, fifteen optic
nerve terminals (type B),fiveterminals of type
С and one terminal of type D and Б each were

Fig. 7. Optic nerve fiber with its characteristic mito
chondria, leaving its myelin sheath to make a synaptic con
tact (arrow). Calibration bar: O.S/rni.
Fig. 8. Optic nerve fiber, leaving its myelin sheath to
make severa] synaptic contacts, among which one (arrow)
with a profile clearly containing synaptic vesicles. Calibra
tion bar. see Figure 7.
Fig. 9. Large optic nerve fibers in layer 4/5 at low mag
nification. One of them is unmyelinated for some length and
makes synapses en passant at the sites indicated by arrows.
Calibration bar: 6μια.
Fig. 10. Axon terminal of type С (for characteristics, see
Figure 16), located in layer 5. The synaptic vesicles resemble
those of optic terminals, but the mitochondria are different.
Calibration bar: 0.5μιη.
Fig. 11. Axon terminal of type E (for characteristics, see
Figure 16), located in layer 3. The terminal contains pleo
morphic vesicles. Calibration bar О.брт.
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Fig 12 A myelinated axon in layer 2, making a bouton
en passant containing large granules with an electron dense
content Calibration bar Ιμπι
Fig 13 Example of incomplete impregnation, as ob
served m a dendrite ofa type XIII, cell Calibration bar Ιμπι

Fig 14 Example of "presynaptic element impregnation"
(see Methods) Notice that the precipitate in the terminal is
rather cristalline, in contrast to normal de-impregnated tis
sue (cf e g the postsynaptic element or the bouton of Figure
15) Calibration bar 0 5μιη
Fig 15 De-impregnated optic nerve terminal, showing
the same type of mitochondria and synaptic vesicles as
ummpregnated examples (cf Fig 7 and 8) Calibration bar
0 5μιη

type of
terminal

layer of
termnation

A

7

В

mean size of
vesicles (A)

observed. These numbers roughly indicate
their ratio of occurrence. All of these terminals
were found in layer 5 except one of type С in
layer 6.
In layers 2 and 3, terminals of type C, D and E
were observed (Figs. 11, 45 and 46). The dis
tinction between type D and E is based on the
distribution of the mean ellipticity index per
terminal (Fig. 16), which shows more or less
three clusters: one for round vesicles (values
varying from 1 08 to 1 20), and two for pleo
morphic vesicles (values varying between 1.29
and 1.39, and 1.45 and 1.54 respectively).
Shape as well as size of the vesicles of type D
and E are significantly different (tested with
chi-square). During random scans in layer 2
and 3, seven terminals of type C, six of type D

mean eftipt index
of vesicles

distribution of
vesicle size

distribution of
ellipticity index
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Fig 16 a) Characteristics of the terminals of some tectal
afférents The fourth and fifth column indicate the mean
value with the standard error of the mean In parentheses,
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the axon terminals of two types of tectal interneurone
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Fig 17 Composite drawing of the mtemeurons studied
in this paper Black indicates those parts of de-impregnated
neurons that were studied m the EM, Doited parts represent
de-impregnated cellular elements which were not studied in
the EM and White parts represent unimpregnated structures

that were studied in the EM The numbers indicate 1-5, type
I cells, 6 and 7, type III cells and 8-13, type XIV cells The
classiñcation is according to Meek and Schellart ('78) The
arrows indicate axons The calibration bar ΙΟΟμιη

and also six of type E were encountered. Apart
from this, in layer 2 one axon was observed that
formed a. bouton containing large granules with
an electron dense content (Fig. 12). Isolated
profiles with such large dense granules are oc
casionally present in the layers 2 to 5. Optic
nerve terminals were not observed in layer 2
and3.

have a dark appearance. In extreme cases the
membranes of the nucleus, cytoplasm and
mitochondria are hardly visible, and Nissl sub
stance is not visible at all (Figs. 19 and 22).
Dark cytoplasm is also present in the initial
dendrites and axon, but more distal ly located
structures are not dark (e g. axon collaterals in
layer 3/4 or dendrites in layer 7). It should be
noted that this phenomenon is observed for im
pregnated as well as unimpregnated type I
cells, but is absent in all other types of neurons
studied, even in type VI, the cell body of which
has approximately the same shape and location
as type I.

Characteristics of three types
of mtemeurons
Golgi pictures of the cells to be described are
given in Figure 17. Their description is not
exclusively based on de-impregnated cells, but
also on some un-impregnated cells that could be
identified and reconstructed in the EM. The cell
types are indicated with Roman numerals ac
cording to Meek and Schellart ('78), to which
the reader is referred for a detailed character
ization of the cell types.
Type I neurons have a bipolar cell body in
layer 5. They have a pronounced dendritic tree
in layer 7 and dendrites in the lower part of
layer 5 and in layer 3/4. The axon originates in
layer 4/5 and terminates in layer 3/4.
The ultrastructural appearance of the cell
bodies depends on the prefixation used. When
fixed with a solution of 5% glutaraldehyde / 5%
paraformaldehyde they have a clear cytoplasmatic matrix m which organelles are easily
recognized (Fig. 18). After fixation in 2% glu
taraldehyde / 2% paraformaldehyde, type I cells
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Fig 18 Cell body of a de-impregnated type I cell (Fig 17,
cell 1), prefixed in 5% paraformaldehyde/5% glutaraldehyde
Calibration bar 2цт
Fig 19 Cell body of a de-impregnated type I cell (Fig 17,
cell 2), prefixed in 2% paraformaldehyde/2% glutaraldehyde
Calibration bar see Figure 18.
Figs 20 and 21 Detailsofa neighbouring serial section
of Figure 18, showing a part of the apical cytoplasm with a
Golgi system (Fig 20) and a part of the basal cytoplasm with
granular endoplasmatic reticulum (Fig 21) Calibration bar
0 5/ші
Fig 22 Detail of a neighbouring serial section of Figure
19, showing the darkened cytoplasm and impregnation arte
facts at the outside of the cellular membrane Calibration
bar 0 5/im
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The somatic cytoplasm of type I neurons con
tains rough endoplasmic reticulum (rER), poly
somes, microtubules and mitochondria with
rather electron-dense matrices (Figs. 20 and
21). Such mitochondria are present m all parts
of type I cells, (Figs. 23,25 and 26). In the soma
and proximal parts of the dendritic shafts
Golgi-complexes occur (Fig. 20). The round nu
cleus contains one nucleolus (Figs. 18 and 19).
The initial parts of the dendritic shafts contain
the same organelles as the cell body, but in
distal parts microtubules become the most pro
nounced constituents. Synapses on the cell
body and dendritic shafts are rare.
The dendrites in layer 7 have many spines,
which make contacts with the marginal axons
(Fig. 23) The marginal axons also terminate
incidentally between the spines (Fig. 23) The
dendrites in layer 4 and 3/4 have some spines as
well (Fig. 24), but their spiny aspect is less
pronounced than that of the apical dendrites,
and most synapses are found directly upon the
dendritic shaft. Upon the dendrite in layer 5
studied, some optic nerve terminals have been
observed
The descending part as well as the horizon
tally running collaterals of the axon of type I
neurons form terminals in layer 3/4 (Figs 25
and 26). Most synaptic contacts occur on
"beads", but they are also present in between
these swellings (Figs. 25 and 26). The terminals
contain medium sized, round vesicles (Fig.
16b)
Type III neurons have a cell body in layer 6
and horizontally running dendrites in layer 6
or in the superficial part of layer 5. The axon

Fig 23 Apical dendrite in layer 7 of a type I cell (Fig 17
cell 1) with several spines making contacts with marginal
axon terminals One terminal makes a contact on the den
dritic shaft between spines (arrow) Calibration bar Ιμιη
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arises from one of the dendrites and initially
runs towards deeper tectal layers Axon termi
nals could not be studied in the EM since they
were not impregnated with the method used.
The cell body contains a round nucleus with
one nucleolus and all organelles normally pres
ent in neurons (Fig. 27). The endoplasmic re
ticulum is somewhat dilated (Figs. 27 and 28).
Few or no synapses are found on the cell body.
On the dendrites, however, synapses fre
quently occur, and several have an optic termi
nal as presynaptic element (Fig. 29). The initial
part of the axon has bundles of microtubules
and a subsurface coating.
Type XIV cells form in goldfish by far the
most numerous population of tectal neurons
(Meek and Schellart, '78). They have a cell body
in layer 1 with a single apical dendritic process
which runs via layers 2, 3 and 4 to layer 5.
Dendrites are predominantly located in layer 5.
The axon originates in layer 4/5 and may ter
minate in all tectal layers from 2 to 6. The
examples studied in the EM had axon termi
nals m layer 3/4 and 4 (Fig. 17).
As described in the general layer composi
tion, the cell bodies of type XIV neurons are
closely packed and show gap-like junctions
(Fig 30) They have a rounded nucleus with one
nucleolus and only a small run of cytoplasm
(Fig. 30). Soma, dendritic shaft and dendrites
make few synaptic contacts. Upon the den
drites m layer 5 (Figs 31 and 32) some optic
nerve terminals were identified.
The axons studied form presynaptic elements
with medium sized, round vesicles (Figs. 16b,
33 and 34) The distribution of synaptic con
tacts resembles that of type I axons. Only few
occur on the descending part and between
axonal swellings, and most contacts are found
on the collaterals at thickened parts (Fig. 34).
Characteristics of three types of
efferent neurons

The cells studied are presented in figure 37.
Type VI cells have a bipolar cell body in layer
5 and horizontally running dendrites in layer 6
and in layer 4/5 The axon arises in layer 4/5,
becomes myelinated at some distance from its
Fig 25 Detailofthedescendingpartoftheaxonofatype
origin and leaves the tectum.
I cell (Fig 17 cell 3), showing three synaptic contacts with the
Cell bodies of type VI closely resemble cell
type I axon as presynaptic element Calibration bar see
bodies of type I, since they have the same shape,
Figure 26
size and location, and the same cytoplasmic
constituents (Fig. 35). However, their mito
Fig 26 Detail of an axon collateral of a type I cell (Fig 17 chondria have no electron dense matrix (cf. Fig.
cell 3), showing a "bead-like structure", filled with synaptic
35 with Fig. 18). Besides, they have more syn
vesicles and mvolved m a synaptic contact Calibration bar
apses on their soma and dendritic shafts than
0 5/Ш1
Fig 24 Basal dendritic shaft in layer 4 of a type I cell
(Fig 17 cell 2) with a spine making synaptic contact Cali
bration bar 0 5 μια
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type I cells. Some of these synapses are formed
by optic nerve terminals, one of which was ob
served to be involved in a triad (Fig. 36). On the
dendrites in layer 6 and in layer 4/5 several
types of synapses were distinguishable, but
none was formed by an optic nerve terminal.
The axon origin clearly contains bundles of
m i c r o t u b u l e s a n d a subsurface c o a t i n g or
"inner surface coating" (Figs. 40 and 41). Be
sides, it has a feature which is designated as an
"outer surface coating" (Figs. 40 and 41). This
consists of a grayish, amorphous material de
posited against the axonal surface. It is not
enclosed by membranes and is clearly located
extracellularly. The "outer surface coating"
stops where the myelin sheath starts and is
interrupted at sites of synaptic contacts or ap
position of glial elements. A surface coating is
not specific for type VI, but present around all
initial parts of myelinated axons studied in
goldfish tectum. The same kind of material
may be found at nodes of Ranvier in layer 6, 5
and 2, and unmyelinated axons may also show
this feature at some parts. On the initial parts
of the type VI axons only two synapses were
observed with the axon as postsynaptic ele
ment. The axons of type VI cells do not form
collaterals, which also holds for the other my
elinated axons studied (type XII and XIII).
Type XII cells have a bipolar soma in layer 3
or 4 and dendritic trees in three regions: layer 5
to 5/6, layer 4 to 4/5 and layer 2/3. The myelin
ated axon arises from the apical dendritic shaft
in layer 4 and has the shape of a shepherds
crook.
The u l t r a s t r u c t u r a l characteristics of the
soma appear similar to those of type VI. Soma,
d e n d r i t i c shafts and d e n d r i t e s a r e r a t h e r
densely packed with synaptic contacts (Figs. 42
and 43), which only rarely occur on a spine-like
structure (Fig. 42). Several types of presynaptic

Fig. 27. Cell body of a type IHcell (Fig. 17 cell 7). Calibra
tion bar 2μιη.
Fig. 28. Detail of the dilated rough endoplasmatic reticu
lum of a type III cell (Fig. 17 cell 6). Calibration bar: Ο.δμτη.
Fig. 29. Optic nerve fiber, leaving its myelin sheath and
making a contact (arrow) with the de-impregnated dendrite
of a type ΙΠ cell (Fig. 17 cell 7). Calibration bar: 0.5μιη.
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elements are observed, among which are some
optic terminals in layer 5 and occasionally a
terminal of a n other type of tectal afferent in
layer 2/3.
The initial part of the axon has an outer sur
face coating and may sometimes have a post
synaptic membranous specialization. In the
hook of the "shepherds-crook" several den
drites wind around the axon. At this place the
surface coating has disappeared, allowing a
close apposition of these dendrites to the axon
(Fig. 44).
Type XIII cells can be divided in type XIII,
and XIII.2, based upon the course of the axon.
This course is archiform for type XIII, and hori
zontal for type XIIIj (Meek and Schellart, 78·,
Fig. 37). The remaining morphological charac
teristics are similar; they have a multipolar cell
body in layer 2 and may have dendrites in four
regions: layer 2, layer 3, layer 4/5 and layer 5/6.
The dendrites in layers 5/6 and 4/5 were not
impregnated in the cells used for the present
study.
The cell body of type XIIIt contains a nucleus
with one nucleolus and abundant cytoplasm. It
makes many synaptic contacts, and several
times a tectal afferent has been identified as
presynaptic element (Fig. 45). The dendrites
have many contacts as well, but only one was
observed with a tectal afferent (Fig. 46).
The axon of type XIII, is very peculiar. Its
initial part deviates from t h a t of other tectal
axons in bearing a great number of synapses on
its surface (Figs. 50 and 51). In the arch of all
three archiform axons studied the myelin is
interrupted, but an outer surface coating is
present (Figs. 47 and 48). The axonal microtu
bules are concentrated at the inner side of the
arch. At this side the axon is lacking surface
coating material and has a very close apposi
tion to a large number of thin profiles contain
ing microtubules only (Fig. 48). These profiles
appear to represent narrowed dendrites, t h a t
wind around the arch of type XIII, axons (Fig.
49). It is not clear to what kind of cells the
narrowed dendrites belong.
The type XIII2 cell studied has similar char
acteristics as type XIII,, except t h a t only few
synapses were observed on its somatic as well
as dendritic surface, among which one tectal
afferent was observed. The initial part of its
myelinated axons has no synapses.
DISCUSSION

Fig. 30. Part of the cell body of a de-impregnated type
ХГ cell (Fig. 17 cell 13), showing a synaptic contact (arrow)
and junction-like membranous specializations (asterisk).
Calibration bar: Ιμπι.
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The Golgi-EM method of Fairén et al. ('77),
originally worked out for the rat brain, combines the advantages of the light-microscopical
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Fig 36 Part ofthedendntic shaft ofa type VI cell (Fig
37 cell 14) involved in a synaptic tnade with the profiles A
and В Profile A represents an optic terminal The vesicles in
profile В are more obvious in adjacent sections However, the
section presented shows the contact zones most clearly Call·
bration bar 0 5μιη

identification of Golgi-impregnated cells with
the precise electron-microscopical identifica
tion of their cellular components and synaptic
contacts The present study reveals that this
method is also applicable to the f¡sh bram The
fine structural details are satisfactory preserved after immersion prefixation with low
concentrations of paraformaldehyde and glutaraldehyde (2% each) An improvement with
respect to the preservation of fine structure as
well as the prevention of the occurrence of impregnation artefacts can be obtained by using
higher concentrations of these aldehyde (5%
each) These higher concentrations -and consequently higher osmolanties- did not influence
the size of vesicles and contact zones in our
material
Although this paper is mainly devoted to the
description of neuronal structures visualized
with the Golgi-EM procedure, a number of terminals of tectal afférents were identified and
analysed without impregnation The terminals
from toral fibers in layer 7 closely resemble the
corresponding structures in the carp (Ito, '70),

Fig 37 Composite drawing of the efferent neurons studied For explanation of the black, white and dotted cellular
elements, see Figure 17 The numbers indicate 14-16, type

VI cells, 17 19, type ΧΠ cells, 20 and 21, type ΧΠΙ, cells 22
and 23, axons of type XIII, cells end 24, a type ХШ, cell
Arrows indicate axons The calibration bar ΙΟΟμτη

Fig 31 Dendnteofa type XIV cell (Fig 17 cell 8), making
synaptic contact with two profiles containing round vesicles
Calibration bar 0 5μπι
Fig 32 Dendrite of a type XIV cell (Fig 17 cell 11),
making synaptic contact with a profile containing pleomor
phic vesicles. Calibration bar see Figure 31
Fig 33 Detail of the descending part of a type XIV axon
(Fig 17 cell 9), involved in two synaptic contacts Calibration
bar Οδμιη
Fig 34 Detail of an axon collateral of a type XIV cell
(Fig 17 cell 9) with two synaptic contacts Calibration bar
see Figure 33
Fig 35 Cell body of a de impregnated type VI cell (Fig
37 cell 15) Calibration bar 2μΐΛ
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E. plumieri (Laufer and Vaiiegai, '74a) and Я.
rufia (Ito et al., '80). The vesicle· in these ter
minale are of the same size in E. plumieri
(about 40 nm) and the goldfish (35-62 um, mean
value 43 nm), but appear to be smaller in H.
rufua (26-40 nm). Terminals with flat vesicles,
as occur in the marginal layer ofЯ. пфи, were
not observed in the present study, nor i» £ ·
plumieri (Laufer and Vanegas, 74a) or the carp
(Ito, 70).
Optic nerve terminals wen identified in the
present study by their characteristic pale mitochondria and large round vesicles. Ibe degen·
eration experiments of Laufer and Vanegas
(74b), Airhart and Kriebel ('80) and Ito et al
('80) provide a firm basis for this identification
in téleoste. Pale mitochondria with dilated crie·
tae even seem to be a general characteristic of
retino-tectal fibers in vertebrates (for discussion, see e.g. Laufer and Vanegas, 74a; Vrensen and de Groot, 77). The vesicles in optic
terminals are of the same eise in the téleoste
investigated (goldfish: 4040 nm, mean value
49 nm; E. plumieri: 40-60 nm (Laufer and
Vanegas 74a) andtf. rufua: 30-60 nm (Ito et al.,
'80). Axo-axonal contacts of optic nerve terminals, as described for goldfish tectum in the
present study, were also described by Ito (70)
for carp tectum and by Ito et al. ('80) fer Я.
rufua, but were not obeerved in E. plumieri.
Apart from the identifiable optk nerve fi
bers, myelinated axons of unknown origin
also terminate in layer 6. Ibese moet probably
represent nonretinal tectal afferente because
(1) they also frequently occur in layer 2 and 3,
where optic fibers only rarely terminate
(Sharma, 72a; Grafstein, '67; Neale et al., 72;
Marotte and Mark, 76; Schmidt, 79); (2) in

Fig. 38. Ugbt micmacopic photagraph of the axon of ·
(U-lmpngnated typ· VI милю (Fig. 37 call 14). Calibration
bar бдо.
Flg. 39. EUctran mlengraph of tha u m · axon aa abown
io Figura 38. ТЫа piet ига ihowa that thefanpngnationatopa
whara the myelin ahaath ataita. Calibamtioo ban Ipm.
Fig.4a DetallofanelghbouriiigaarialaectiaoorFleui*
ЭВ, rixnring tha toner auriaea coating (iac) and the outer
aoriace coating (oae). Calibration bar 0.5*an.
Fig. 41. Detail oftltt axon ofanunimpregnatad type VI
call (Fig. 37 call 16). which ifaowa tha aama batana ai tha
da-impragnteH ашшріа of Figura 40. Calibratien bar aa»
Figura 40.
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téleoste, only terminals with pale mitochondria
have been found to degenerate after eye
enucleation (Laufer and Vanegas, 74b; Airhart
and Kriebel, '80; Ito et al., '80); and (3) degeneration in layer 5 as well as in layers 2 and 3 is
found after interruption of various non-visual
afferent systems (Marotte and Mark, 75; Ito et
al., '80).
The frequent occurrence of the non-optic afférents in layers 2 and 3 indicates that these
layers are, beside layer 5 and laver 7, a third
main region of tectal input The fact that most
afferente in layer 2 and 3 contain pleomorphic
veskles may indicate that their influence is
predominantly inhibitory, in contrast to visual
and toral afferente, which contain round vesicles and are thought to be excitatory.
Six cell types were studied by means of the
combined Golgi-EM method. Without exception, all structures identified in the light microscope as dendrites appeared to be postsynaptic
and nerver showed any presynaptic regions.
The same holds for neuronal cell bodies, and
also for the initial parts of myelinated axons.
Consequently, these components must be considered as exclusively postsynaptic structures.
In contrast, the axons of the interneurons studied (type I and XIV) are exclusively presynaptic. Ibis also holds for the tectal afférents studied. These observations suggest that in goldfish, so far as the cell types studied are
concerned, tectal synaptology is characterized
by straight-forward synapses (axo-dendritic,
axoaomatic and -for initial parts of myelinated
axons only- axo-axonal). Even carefiil investigation never revealed other types of synapses
for the six cell types studied (e.g. dendro-axonal
or dendro-dendritic). However, the few contacts
between optic terminals and small structures of
unknown origin containing vesicles form an
exception to this rule.
The synaptology of the tectum otHolocentrua
rufua, which was recently investigated by Ito et
al. ('80) appears to be more complex in several
respects. For instance, presynaptic dendrites
(the F, type of terminal described by Ito et al.,
'80) are not observed in the goldfish, and
equally no glomerular arrangement of synapses, as described for the % type ofterminal іпЯ.
rufiis, could be discerned in the goldfish tectum.
These and other smaller differences, e.g. the
absence in goldfish of an F, type of terminal in
the marginal layer and the absence of dendritic
spines in the periventricular gray layer, might
well reflect the high visual specialization of
Holoeentrua in comparison to the goldfish
(Schroeder et al., '80).
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Some cell types appear to have characteristic known origin. The interruption of the myelin
ultrastructural features, which, once estab sheath, the absence of an outer surface coating
lished by means of the Golgi-EM method, allow at the inside bend of the arch and the close
subsequent identification even without im apposition to the looping dendrites strongly
pregnation. For example, the dark mitochon suggest a functional significance. Conceivably,
dria of type I neurons are so characteristic that the axon might influence the dendrites as a
this cell type can easily be distinguished from feed-back mechanism, or the dendrites might
type VI neurons, which in Golgi preparations influence the axon, in an excitatory way, e.g. in
they closely resemble. Moreover, the cytoplasm fast, reflex stimulation, or in an inhibitory way,
of type I cells darkens after fixation in 2% para e.g. to block spike propagation. In this respect it
formaldehyde / 2% glutaraldehyde, a feature should be noted that the same type of axo-dennot observed in any other type. Type III cells dritic apposition is observed for type ΧΠ axons,
are characterized by their dilated rough endo although for these it is less pronounced.
plasmic reticulum, so that they can be clearly
The axonal terminations of two types of indistinguished from superficially located type temeurons (type I and XIV) were studied. Both
VI neurons.
contain round vesicles with a mean size of 45 or
The initial parts of myelinated axons appear 46 nm. Most probably the axon terminals of
to have the same characteristics as in the typte I cells are included in the Su type of termi
mammalian brain: bundles of microtubules nal described ΐοτΗ. rufus by Ito et al. ('80), since
and an inner surface coating (the subsurface the size of the terminals and the shape and size
coating of Peters et al., '76). However, in gold of the synaptic vesicles are quite comparable
fish tectum they also have a so called "outer (25-70 nm inH. rufus; 35-60 nm, mean value 45
surface coating", which, incidentally, may also nm in goldfish). In particular, the dense band of
be observed around unmyelinated axons. The Sj terminals in layer 3/4, which do not degener
axonal outer surface coating was also observed ate after telencephalic lesions, might well rep
in the tectum of the carp (Meek, unpublished resent the axons of type I or pyramidal cells in
results). The origin and composition of this ex H. rufus. Considering the high frequency of
tracellular material are unknown; a special occurrence, the size of terminals, the types of
relation with glial elements was not observed. postsynaptic elements and the presence of
Its presence might be related to the experimen small, round vesicles, the axon terminals of
tal difficulties in obtaining extracellular re type XIV or periventricular cells are most
cordings of action potentials of intrinsic tectal probably included in the S5 type of terminal
cells (Schellart and Riemslag, pers. comm.).
described ini/, rufus (Ito et al., '80). However,
Several archiform axons of type XIII, neu the size of vesicles in the S, terminals is smaller
rons were studied, revealing a puzzling relation in H. rufus (25-40 nm) than in type XIV axon
with looping and narrowing dendrites of un- terminals in goldfish (35-55 nm, mean value 46
nm); a similar discrepancy as found for the S,
terminal ini/, rufus and the comparable type A
terminal in goldfish (values being 25-40 nm
and 35-52 nm respectively). The reason for this
Fig. 42. Dendrite in layer 4 of a type ΧΠ cell (Fig. 37 cell
difference is not clear, but does not seem to be
17), with several synaptic contacts. Calibration bar: O.Sfim.
methodological, since the sizes of other com
parable terminals, e.g. of type Sz and type В
Fig. 43. The apical dendritic shaft of a type XII cell (Fig.
(the optic terminals), and of type S) and type I
37 cell 17), densely packed with synapses. Calibration bar:
axon terminals, appear to be similar.
0.5/im.
Since type ХГ is by far the most frequently
occurring category of cells (Meek and Schellart,
Fig. 44. Transverse section through the "hook" of the
'78), with axons containing round synaptic
axon of a type ΧΠ cell (Fig. 37 cell 17) showing a close
vesicles and making a substantial number of
apposition to looping dendrites. Calibration bar: l/un.
synaptic contacts (Meek, '81), one should expect
that most presynaptic elements in goldfish tec
Fig. 45. Axon terminal of type E, terminatingen passant
tum contain round vesicles. However, a general
on the cell body of an unimpregnated type ХШ, cell (Fig. 37
survey shows that according to our criteria at
cell 21). Calibration bar: 0.5μΐη.
least half of all terminals contain vesicles
which are pleomorphic. On this ground one
Fig. 46. Axon terminal of type C, terminating on a den
should assume that a substantial portion of the
drite of a de-impregnated type XIII, cell (Fig. 37 cell 20).
Calibration bar 0.5 /un.
type XIV cells has terminals with pleomorphic
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vesicles. In many respects, type XIV cells form
a heterogeneous population, and the two axons
studied in this paper are too few to exclude this
possibility. Another possibility is that Golgi
impregnation, although it does not alter the
size and shape of round vesicles (see METH-

Fig. 47. The archiform axon of a type XIII, cell (Fig 37
cell 21) at low magnification, showing the interruption of the
myelin sheath in the arch of the axon Calibration bar 5μπι.
Fig. 48 Detail of a neighbouring serial section of Figure
47, showing the arch of the axon in close apposition to the
narrow dendritic profiles at the inside bend Calibration bar
Ο.δμιη.
Fig 49 Oblique section through the unmyelinated arch
(asterisks) of a type ХШ, axon (Fig 37 cell 22), showing the
looping and narrowing of some dendrites that are m close
apposition to the axon Calibration bar Ιμιη
Fig 50. The initial part of the same axon as shown in
Figure 47 Arrows indicate synaptic contacts For calibration
bar. see Figure 47
Fig. 51. Detail of a neighbouring serial section of Figure
60, showing an axo-axonal synaptic contact Calibration bar.
0 5/um.

tectal aflerents

type I

type III
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ODS), does cause a rounding of pleomorphic
vesicles. Impregnated boutons clearly showing
flattened vesicles were not observed in goldfish
tectum, and equally were not described by oth
ers (Fairén et al., '77; White, '78; Peters et al.,
'79; Peters and Proskauer, '80; Difiglia et al.,
'80).
To unravel tectal circuitry, it is necessary to
identify both sides of a synapse. In the present
study this was occasionally possible, viz. when
impregnated dendrites or cell bodies make a
contact with optic nerve terminals or terminals
sprouting from other myelinated axons. Based
on these findings it can be concluded that all
cell types studied with postsynaptic components in layer 5 (types I, III, VI, XII and XIV)
receive some degree of visual input, and that
the basal dendrites of type XII and the soma
and basal dendrites of type XIII receive a certain amount of input from non-visual tectal
afférents. The conclusions concerning tectal
circuitry are summarized in figure 52. In the
next paper (Meek, '81) the synaptic contacts of
the cell types studied will be characterized
more quantitatively.
ACKNOWLEDGEMENTS

The author wishes to express his gratitude
to Doctor G. Vrensen for his stimulating interest during the investigations and for his valu-

type XIV

type VI

type XII

type XII11

Torus
longitudinalis
Retina

7

Ύ

—

Ч /^

\ ! V

5

'VB*-*'

TV

N И,

¿

Г 2

_ _ І с ^ i l ^ L \І f Л
"~"^"*-·:

3*--^2

С П Е І .

< OPE

éÔ
Fig 52 Schematic drawing, summarizing the results
conceming tectal circuitry Black indicates presynaptic
structures,Gray indicates postsynaptic structures and White

structures are not involved in synaptic contacts Arrows indicale synaptic contacts of identified presynaptic elements
(see Fig 16) with the cell types studied.

87

172

J MEEK

able suggestions for preparation of the manu
script He wishes to thank Doctors R
Nieuwenhuys and L H Bannister for critical
reading of the manuscript, Miss Marian
Korpershoek for the excellent photographical
assistance, and Miss Margaret Sjak Shie for
secretarial assistance
The research was initiated in cooperation
with Doctors N A M Schellart and H Spekreyse and supported by the Laboratory of Medi
cal Physics of the University of Amsterdam and
by a grant from the Netherlands Organization
for the Advancement of Pure Research
(ZWO)
UTERATURE CITED
Airhart, M J , and R M Knebel U980) A quantitative study
of the synaptic organization of the retinotectal pathway of
the goldfish С auratus Anat. Ree, 196 6A (Abstract)
Anens Kappers, С U (1921) Die vergleichende Anatomie
des Nervensystems der Wirbeltiere und des Menschen II
Vergleichende Anatomie des Kleinhirns, des Mittel und
Zwischenhirns und des Vorderhims F Bohn, Haarlem
Anens Kappers, С U , G С Huber, and E С Crosby (1967)
The comparative anatomy of the nervous system of verte
brates, including man Vol II Hafner, New York
Blackbtad, Τ W (1975) Electron microscopy of experimental
axonal degeneration in photochemically modified Golgi
preparations A procedure for precise mapping of nervous
connections Bram Res, 95 191-210
Callens, M , E Vandenbussche, and Ph Greenway (1967)
Convergence of retinal and lateral line stimulation on
tectum opticum and cerebellar neurones Arch intern de
Physiol Biochem , 75 148-150
Cook, J E , and Τ J Herder (1977) The multiple factors de
termining retmotopic order m the growth of optic iibers
into the optic tectum Phil Trans Roy Soc L o n d , B , 2 7 8
261-276
Difigha.M.T Passik,andP Passik(1980)Ultraatructureof
Golgi impregnated and gold toned spiny and aspiny neu
rons in the monkey neostnatum J Neurocyte 1 , 9 471492
Ebbesson, S О E , and Η Vanegas (1976) Projections of the
optic tectum in two teleost species J Comp Neurol, 265
161-180
Fairen, A , A Peters, and J Saldanha (1977) A new proce
dure for examining Golgi impregnated neurons by light
and electron microscopy J Neurocytol, 6 311-337
Grafstem, В (1967) Transport of protein by goldfish optic
nerve fibers Science, 157 196-198
Grover, В G , and S С Sharma (1979) Tectal projections in
the goldfish (Carassiua oumtus) A degeneration study J
Comp Neurol, 184 435-454
Guselnikov, V I, M I Onufrieva, and A Ya Supin (1964)
Representation of visual and olfactory receptors and of
lateral line receptors in the fish brain Sechenov Physiol
J , USSR, 50 1104-1112
Ito, H (1970) Fine structure of the carp tectum opticum J
Himforach , 12 325-354
Ito, H , А В Butler, and S Ο E Ebbeseon (1980) An ultrastructural study of the normal synaptic organization of the
optic tectum and the degenerating tectal afferente form
retina, telencephalon and contralateral optic tectum m a
te\eo8t,Holocentrus rufus J Comp Neurol ,191 639-659
Ito, H , and R Kishida (1977) Tectal afferent neurons iden
tified by the retrograde HRP method in the carp tel
encephalon Brain Res 130 142-145

88

Ito, H , and R. Kishida (1978) Afferent and efferent fiber
connections of the carp torus longitudinalis J Comp
Neurol. 181 465-476
Jacobson, M , and R M Gaze (1964) Types of visual response
from single units in the optic tectum and optic nerve of the
goldfish Quart J exp Physiol, 49 199-209
Kirsche, W , and К Kirsche (1961) Experimentelle Unter
suchungen zur Frage der Regeneration und Funktion des
Tectum opticum von Carassius carassius L Ζ Mikrosk
-Anat Forsch (Leipzig), 67 140-182
Landreth, G E , E A Neale, J H Neale, R S Duff, M R Braford Jr , R С Northcutt, and В W Agronoff (1975) Evalua
3
tion of H proline for radioautographic tracing of axonal
projections m the teleost visual system Brain Res., 91
25-42
Laufer, M , and Η Vanegas (1974a) The optic tectum of a
perciform teleost II Fine structure J Comp Neurol, 154
61-96
Laufer, M , and Η Vanegas (1974b) The optic tectum of a
perciform teleost III Electron microscopy of degenerating
retino tectal afférents J Comp Neurol, 154 97-116
Leghiesa, S (1955) La struttura microscopica e la citoarchitettonica del tetto ottico dei pesci teleostei Ζ Anat Entwickl g e s c h . l / S 427-463
Levine, R L , and M Jacobson (1975) Discontinuous map
ping of retina onto tectum innervated by both eyes. Brain
Res 98 172-176
Marotte, L R , and R F Mark (1975) Ultrastructural local
ization of synaptic input to the optic lobe of carp (Camssius
camssius) Exp Neurol, 49 772-789
Meek, J , and Ν A M Schellart (1978) A Golgi study of gold
fish optic tectum J Comp Neurol, 182 89-122
Meek, J (1980) A Golgi-electron microscopic study of gold
fish optic tectum II Quantitative aspects of synaptic or
ganization J Comp Neurol, 199 175-190
Neale, J Η , E A Neale, and В W Agronoff ( 1972) Radioautography of the optic tectum of the goldfish after intraocu
lar injection of (Ή) proline Science, 176 407-409
Nuda, A (1973) Visual responses from ipsilateral optic tec
turn of crucian carp J Fac Sci Hokkaido Umv Ser VI
Zool, 19 (1) 50-57
Petera, A , S L Palay, and H deF Webster (1976) The fine
structure of the nervous system The neurons and support
ing cells W В Saunders company, Philadelphia
Peters, A , and С С Proskauer (1980) Synaptic relationships
between a multipolar stellate cell and a pyramidal neuron
in the rat visual cortex A combined Golgi-electron micro
scopic study J Neurocytol, 9 163-183
Peters, A , С С Proskauer, M L Feldman, and L Кшіегег
(1979) The projection of the lateral geniculate nucleus to
area 17 of the rat cerebral cortex V Degenerating axon
terminals synapsing with Golgi impregnated neurons J
Neurocytol,« 331-357
Ramon Cajal, Ρ (1899) El lobulo óptico de los peces (teleosteos) Rev trim micrograf, IV 87 108
Ramon y Cajal, S (1911) Histologie du système nerveux de Γ
homme et des vertebres II, Maloine, Pans
Romeski, M , and S C Sharma (1979) The goldfish optic
tectum A Golgi study Neurosci, 4 625-642
Schellart, N A M , F С С Riemslag, and H Spekreyse (1979)
Center surround organization and interactions in recep
tive fieldsof goldfish tectal units Vision Res, 29 459-467
Schellart, N A M , and H Spekreyse (1976) Shapes of recep
tive field centers in optic tectum of goldfish Vision R e s ,
16 1018-1020
Schmidt, J Τ (1978) Retinal fibers alter tectal positional
markers during the expansion of the half retinal projection
in goldfish J Comp Neurol, 2 77 279-300
Schmidt, J Τ (1979) The laminar organization pattern of
optic nerve fibers in the tectum of goldfish Proc R Soc
Lond B , 2 0 5 287-306

QUALITATIVE GOLGI-EM OF GOLDFISH OPTIC TECTUM
Schmidt, J Τ , С M Ciceronne, and S S Easter (1978) Ex
pansion of the half retinal projection to the tectum in
goldfish An electrophysiological and anatomical study J
Comp Neurol, 177 257-278
Schnitzlein, Η N (1964) Correlation on habit and structure
in the fish brain Am Zool, 4 21-32
Schroeder, J> M , and H Vanegas (1977) Cytoarchitecture of
the tectum mesencephah in two types of siluroid teleost J
Comp Neurol, i 75 287-300
Schroeder, D M , H Vanegas, and S O E Ebbesson (1980)
Cytoarchitecture of the optic tectum of the squirrelfish,
Holocentms J Comp Neurol, 191 337-351
Schwassman, H О , and L Kruger (1965) Organization of the
visual projection upon the optic tectum of some freshwater
fish J Comp Neurol, 124 113-126
Sharma, S С (1972a) The retinal projections in the goldfish
An experimental study Brain Res, 39 213-223
Sharma, S С (1972b) Reformation of retmotectal projections
after various tectal ablations in adult goldfish Exp
Neurol ,34 171-182
Sutterlm, A M , and С L Prosser (1970) Electrical properties
of goldfish optic tectum J Neurophysiol, 33 36-45

89

173

Vanegas, H , and S Ο E Ebbesson (1973) Retinal projections
in the Perch-like teleost Eugerres plumien
J Comp
Neurol, 151 331-358
Vanegas, H , and S Ο E Ebbesson (1976) Telencephalic pro
jections in two teleost species J Comp Neurol, 165 181196
Vanegas,H,M Laufer, and J Amati 1974) The optic tectum
of a perciform teleost I General configuration and cyto
architecture J Comp Neurol, 154 43-60
Vanegas, Η , В Williams, and J A. Freeman (1979) Response
to stimulation of marginal fibers in the teleostean optic
tectum Exp Brain Res , 34 335-349
Vrensen, G, and D de Groot (1977) Quantitative aspects of
the synaptic organization of the supenor colhculus in con
trol and dark reared rabbits Bram Res , 134 417-428
White, E L (1978) Identified neurons of mouse sml cortex
which are postsynaptic to thalamocortical axon terminals
A combined Golgi-electron microscopic and degeneration
study J Comp Neurol, 181 627-662
Yoon, M G (1975) Readjustment of retmotectal projection
following reimplantation of a rotated or inverted tectal
tissue m adult goldfish J Physiol, 252 137-158

THE JOURNAL OF COMPARATIVE NEUROLOGY 199:175 -190 (1981)
CHAPTER

IVb

A Golgi-Electron Microscopic Study of Goldfish
Optic Tectum. II. Quantitative Aspects of
Synaptic Organization
J MEEK
Department of Morphology, The Netherlands Ophthalmic Research Institute,
Ρ О. Box 6411, 1005 ΕΚ Amsterdam, The Netherlands
ABSTRACT
The size, density, and number of the synaptic contacts of three
types of intemeurons (types I, III, and ХГ of Meek and Schellart, '78) and three
types of efferent neurons (types VI, ΧΠ, and ΧΠΙ) of the goldfish optic tectum were
quantified by means of a quantitative stereological study of Golgi-EM serial sec
tions. Furthermore, an estimation was made of the percentage of optic terminals on
these six cell types and of the ratio between terminals with pleomorphic and
terminals with round vesicles.
The mean density of contacts per receptive component (i.e. the cell body and the
different parts of the dendritic tree) varies from 0 to 100 per ΙΟΟ/μτή* surface,
corresponding to 0-8% receptive surface. Each cell type has a characteristic aver
age density as well as a characteristic density distribution along the distinct
components. This suggests t h a t the receptive components of the tectal cell types
investigated have a predetermined density and t h a t a morphological classification
of tectal cells has functional relevance.
The mean length of the contact zones in the ultrathin sections varies from 213 to
332 n m for identified postsynaptic elements and from 188 to 293 nm for identified
presynaptic elements. The size of the contacts on the distinct receptive components
appears to be primarily related to the tectal lamination pattern. Distinct types of
axons, however, have characteristic mean sizes of contacts. This might suggest t h a t
the size of the contacts, contrary to their density, is primarily determined by the
presynaptic elements.
The m e a n number of synaptic contacts calculated per cell type is as follows: type
XIV, 200; type ΙΠ, 450; type VI, 1,400; type 1,2,100; type XII, 4,200; and type XIII,,
5,400. Multiplication of these numbers with the number of cells per tectal half
shows t h a t the population of type XIV cells has by far the most synaptic contacts,
since their low number of synaptic contacts is clearly overruled by their high
frequency of occurrence.
Optic terminals, identified by their characteristic mitochondria and large round
vesicles, appear to contribute to about 10-20% of the contacts on identified post
synaptic elements in layer 5. The ratio between presynaptic elements with pleo
morphic vesicles and those with round vesicles shows a slight tendency to increase
when the distance to the origin of the axon decreases.
It is concluded that a combination of the Golgi-EM technique with quantitative
stereological methods appears well suited to the study of the synaptic organization
of brain centers, and t h a t combination of quantitative Golgi-EM with neuronal
tracing methods (degeneration, HRP, autoradiography) offers good prospects for
detailed investigations of neuronal connectivity.
The midbrain roof of the goldfish has been
the object of many physiological investigations
(e.g. Jacobson and Gaze, '64; Landreth et al.,
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the ultrastructure of the goldfish tectum are
lacking. Therefore, the ultrastructure and
synaptology of six of the most common cell
types were described in the preceding paper
(Meek, '81), using the combined Golgi-EM
technique of Fairen et al. ('77). The present
paper deals with the quantitative aspects of the
synaptology of these six cell types of the
goldfish tectum. The study has been performed
to investigate the synaptic relevance of the
classification of Meek and Schellart ('78) and to
gain a detailed insight into the synaptic organ
ization of the cell types selected. Several stereological methods have been adapted and applied
for this purpose.
For the dendrites and somas of the cell types
selected, the size, density, and number of the
synaptic contact zones are determined and the
munber of optic nerve endings per cell type is
estimated. Furthermore, the ratio between
presynaptic elements with pleomorphic and
with round vesicles is estimated for the dif
ferent components of the cell types. For the
axons the size and number of the contacts are
presented.
METHODS

Measurements
The quantitative analysis was carried out on
the cells previously selected for a description of
their ultrastructure (Meek, '81). These cells are
presented in Figure 1. The method used for
deimpregnation and reconstruction has been
described in detail in the preceding paper
(Meek, '81) and will here be summarized only
briefly. Tecta are prefixed with aldehydes and
impregnated by the rapid-Golgi procedure.
Next, 50 μτη sections are cut on a Vibratome,
gold-toned, and deimpregnated (according to
Fairén et al., '77). After embedding in Epon
812, sections containing interesting cells are
drawn, photographed, and mounted for thin
sectioning. Serial thin sections are cut and each
series often consecutive sections is mounted on
one grid. The deimpregnated cells, and sometimes unimpregnated cells present in the sections, are reconstructed by means of electron
micrographs at low magnification.
For the present quantitative analysis,
basically one out of the ten serial sections was
selected from each grid. Preferably a single
complete section, not interrupted by grid bars,
was selected. If this was not possible, two or
more sections with complementary parts were
chosen. The complete somatic, dendritic, and
axonal surface membrane of the neuron of interest present in these sections was photo-
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graphed. The final magnification of the photographs was about 30,000 x (the exact magnification was determined using a grating replica).
Since ten serial sections were collected on each
grid, about 10% of the total membrane of the
cells investigated was photographed and subsequently analyzed. The cells studied in this
way are drawn in white or black in Figure 1.
On each photograph three parameters—i.e.
the number of contacts, the length of each contact, and the length of the membrane trace—
were measured (Fig. 2), using a semiautomatic
measuring device (MOP / AMOl). In a second
stage the data for homologous components of
one cell were added together (Fig. 3b), and in a
third stage homologous components of all cells
of a specific cell type were put together (Fig. 3c).
In the present paper the term component refers
to distinguishable parts of a neuron, i.e. the cell
body, different parts of the dendritic shaft and
tree and different parts of the axon. The different receptive or postsynaptic components
that are distinguished per cell type are indicated in Table 1.
In this way the following values became
available, per cell as well as per cell type:
B:
The total length of the neuronal membrane trace measured.
N A : The number of contact zones counted.
t:
The length of the contact zones.
The frequency distribution of L is also obtained in this way.
For characterization of the presynaptic elements on identified dendrites and cell bodies,
the following approaches were applied. To determine the percentage of optic terminals that
make contact with a certain cell type, in layers
5 and 6 the occurrence of the following five
groups of presynaptic elements was determined
per cell type.
1: Optic nerve terminals (with large round
vesicles and characteristic pale mitochondria with dilated cristae; Meek, '81).
2: Possible optic nerve terminals (with large
round vesicles but without mitochondria).
3: Nonoptic terminals with large round vesicles (distinguished from group 1 by their
different mitochondria).
4: Other nonoptic terminals (with pleomorphic vesicles or with small round vesicles).
5: Unclassified terminals (with only few vesicles and without mitochondria).
Furthermore, the number of presynaptic elements with round and with pleomorphic vesicles was determined per component of each cell
type. This was done by means of a subjective
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Fig 1. Composite drawing of the neurons studied in this
paper Black indicates those parts of the deimpregnated neu
rons that were studied in the EM, dotted parts represent
deimpregnated etructures that were not, and white parts
represent ununpregnated structures that were studied in the
EM The numbers indicate. 1-5, type I cells, 6 and 7, type Ш
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cells; 8-13, type XIV cells, 14-16, type VI cells; 17-19, type
ХП cells, 20 and 21, type XIII, cells, 22 and 23, axons of type
ХШ, cells, 24, a type XIII, cell The classification with
Roman numerals is according to Meek and Schellart ('78)
Arrows indicate axons. The calibration bar is 100 μια

classification, for which only terminals with
Calculations
more than 20 vesicles were used. A terminal
For the calculations, the contact zones were
was classified as "round" when all vesicles were considered as randomly sectioned,fiat,circular
round, otherwise it was classified as "pleo disks (for a discussion on the shape of contact
morphic."
zones, see Vrensen et al., '80). The quantities
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L4

η.4

Fig. 2. The parameters measured on each photograph, η = number of contacts; L = length ofeach contact; b = length of the
membrane trace. A part of the membrane trace is considered as a contact zone when it clearly shows synaptic membranous
specialization associated with presynaptic vesicles.

used in the next paragraphs are defined in the
list of abbreviations.
The size of contacts. Under the assumptions
just emunerated, the mean surface area, the
mean diameter (Δ) and the mean chord length
(L) of a population of contacts are proportional
to each other and thus interchangeable. Since
for thin sections in general and consequently
also for the Golgi-EM material used in this
study only L can be measured, this value was
chosen to express the mean size of the contacts.
The distribution of L (See Fig. 3) was used for
statistics.
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For the samples for which a sufficient
amount of measurements was available, the
distribution of the diameters of the contacts
was derived from the distribution of L, ac
cording to the method given by Weibel and Bolender ('73; g 1 252). From this it appeared that
Δ = 1.2 χ L, instead of the theoretically ex
pected relation Δ = 1.27 x L(= Í x L; Weibel
and Bolender, '73). This is due to the fact that
the most tangential section of a contact (cap
section) is not recognizable in EM sections.
Consequently for thejbllowing calculations the
relation Δ = 1.2 χ L will be applied.
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Fig 3 The procedure applied to process the measurements, illustrated for type VI A) Drawing of one of the type VI cells
studied (cell 14 of Fig 1) B) The values obtained for the cell drawn under A C) Addition of the values obtained for all three
type VI cells studied

Table 1 Receptive components m the goldfish tectum and some quantitative parameters regarding their synaptic

Type Receptive component

NA

dendrites in layer 7
dendrites in layer Τ
apical dendritic shaft
cell body
dendrites in layer 5
basal dendritic shaft'
dendrites in layer 4-3/4

362

m
xrv

B|/im)

Density per cell'

Density

28
17
20
50
54

2,720
(1,679)
1,780
870
258
770
542

38
(61)
5
6
23
18
31

40
(72)
4
7
23
22
21

34
(49)
6
1

42
(59)
8
9

21
32

cell body
dendrites in layer 5

5
131

808
1,769

4
21

2
20

6
22

dendrites
dendritic
cell body
cell body

136
70
12
0

2,510
2,026
446
365

19
14
6
0

33
36

24
6

dendrites m layer 6
cell body
dendntic shaft
dendrites in layer 4/5

45
94
204
131

432
1,256
1,499
893

30
19
36
46

37
16
32
61

26
16
24
41

dendrites in layer 5
apical dendritic shaft
dendrites in layer 4
cell body
basal dendritic shaft
dendrites in layer 2/3

322
161
379
191
256
433

1,297
743
1,168
922
874
1,581

67
69
103
70
88
84

65
72
96
67
80
79

74
68
123
71
108

xm,

dendrites in layer 4-3/4
dendrites in layer 3-2
cell body

208
732
307

809
2,995
1,203

78
71
64

78
71
50

92
68

XIII,

dendrites in layer 3-2
cell body

69
13

938
368

24
11

24
11

I

VI

XII

m layer 5
shaft
(superficial)*
(deep)4

'The celle are presented in the вате sequence as in Figure 1
'Values obtained leaving the membrane trace of the spines out of account
The part between the cell body and the axon origin
'Beside the impregnated examples, also ten unimpregnated profiles were taken into account
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density

4
6

0

12

12
68

45
27

11
0

24
9

40
36
7

0
27
61
47
66
119
77
96
87
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The number of contacts per component mea
sured. This is basically obtained by multiplica
tion of the density of contacts by the total sur
face of a neuronal component (density x sur
face). The formula for the density is given
above. The surface of a component is Β χ Τ χ x 10 ( - is the reverse caliperfactor (Hilliard,
'67); the factor 10 comes from the fact that 10%
of all sections of each component was mea
sured).
Consequently the number of synapses per
component measured (NCOI„p ) is

Abbreviations
length of the neuronal membrane trace in one mic
rograph
length of the total neuronal membrane trace of a
distinct neuronal component in all sections sam
pled
mean caliper diameter
mean diameter
minimal height of a tangential section (cap sec
tion) of a circular disk, necessary for recognition in
an ultrathin section
length of a contact zone as seen in an ultrathin
section
length of a structure, projected on a plane parallel
to the direction of the section
number of contacts counted on one micrograph
total number of contacts of a distinct neuronal
component as counted in all sections sampled
number of contacts belonging to a certain class
(class x), as counted in the sections sampled
number of contacts in a reference volume
surface of a component in a reference volume
section thickness
reference volume

Δ
h

M
η»
NA

Νν
Sv
Τ
V

density χ surface

=

N»
D + T-2h

(Weibel and Bolender, 7 3 ) =

(for our material,

h

=

WTf

=
Ν*·Τ

(1)

By means of this formula the density, expressed
per/inr' surface, can be calculated from the
parameters that were measured. In the Results
section the values obtained by this formula will
be multiplied by factor 100 to avoid fractions.
The values consequently represent the number
of synaptic contacts per 100 μ,πν' surface area.

•

100%

(2)

10

(3)

Mw.

N„
33

(4)

Mmeasun-d represents the total length of all
homologous dendrites measured, projected on
the plane of sectioning. M^.^ represents the
mean length of the homologous dendrites under
investigation per cell type, projected on the
plane of sectioning. Values fortyltypewere ob
tained from material used for a previous Golgi
study (Meek and Schellart, '78).
In the Results section Ν,,,ρ«. is presented as
the number of synapses. It should be noted that
the formula applied does not correct for vari
ations in the mean angle between the dendrites
and the plane of sectioning, nor for variations
in thickness of the dendrites. For large samples
these variations approach constant mean val
ues, but in small samples (e.g., Mmeasumj). some

12

The percentage receptive surface. This is
given by

—

The mean number of contacts on a specific
component of a certain cell type (N,5,^). For cell
bodies, the values obtained for the specimens
measured were averaged. For dendrites, an es
timation was obtained by application of the fol
lowing formula:

So, Nv / Sv

L-NA

Β·Τ·

For the section thickness (T) a value of 75 nm
was chosen, since sections with a white inter
ference color were cut.

For thin discs D = 3 χ Δ (Hilliard, '67) = 3 x
1.2 x L (see size of contacts). Sy = — x В (see
Mayhew, '79; — is the reverse of the caliper
factor of Hilliard,'67).

L-B

1
1.2
33

The density of contacts per surface area. A
general formula is Ny/Sv (Mayhew, '79). Ny
represents the number of contacts in a refer
ence volume; Sv represents the surface area of a
neuron in a reference volume.
Nv

NA
L-B

Τ is about 75 nm (white interference ^colour) h is estimated at 3040 nm, derived from our Tindings that Δ is about 360 nm (Fig 5) and
that the smallest value measured for L are about 150 nm or more,
which means that cap sections thinner than about 30-40 nm are
missed
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variations may be expected, which cause devia
tions in the estimates obtained.

detailed description of the tectal cell types the
reader is referred to Meek and Schellart (78).
The different receptive components distin
guished in the present study are indicated in
Table 1 (first column) and schematically drawn
in Figure 4a. The present results regarding the
size, density, and number of contacts, the per
centage of receptive surface, the percentage
and number of optic terminals, and the ratio
between terminals with pleomorphic and with
round vesicles are summarized in Figure 4. In
the next paragraphs some comments on these
results will be made.

The percentage of contacts with optic ter
minals per component. As explained under
measurements, the frequency of occurrence of
five groups of presynaptic elements, indicated
1-5, was counted. An estimation of the minimal
value is obtained when only the positively iden
tified optic terminals (1) are compared with the
total number of contacts counted per compo
nent:

An estimation of the maximal value is obtained
when all terminals in group 1 and 2 are consid
ered as optic terminals and when the unclas
sified terminals (5) are assumed to have the
same distribution as the classified terminals
(1-4):
NA<II +
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N A (t)

The most reasonable value is obtained under
the assumptions that in group 2 the ratio be
tween optic and nonoptic terminals is equal to
NA(1)/NA(3) and that the unclassified terminals
(group 5) have the same distribution as the
classifiable ones:
NA(|1+NA(|,

The number of optic terminals per component is
easily derived from the percentage of optic ter
minals and the total number of contacts (Nty[K.).
The ratio between terminals with pleo
morphic vesicles and terminals with round ves
icles. For this N A (pieomonrtuo was divided by
NA croundb which implies the assumption that
unclassifiable terminals have a distribution
similar to the classifiable terminals.
Statistics. Differences in distribution of the
length of the contact zones in the sections (L)
were tested with the chi-square test for two
samples. Differences in density of contacts were
tested with the Mann-Whitney test (Siegel,
'56).
RESULTS

The morphological characteristics of the cells
investigated are presented in Figure 1. In this
figure the tectal layers are also indicated. For a
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The sue of the contacts
Comparison of the mean size of synaptic con
tacts on the various cellular components reveal
that no gross difierences occur (Fig. 4b). Ex
cept for the contacts on the cell bodies of type
XIV, which have a very large standard error, L
varies between 213 and 332 nm, which means
that the mean surface area varies between 0.05
and 0.12 μχιί1. Nevertheless, especially for
layers 4 and 5, several tendencies are discern
able. For all cell types that have components in
both layers (types I, VI, XII, and ХГ ), the
mean size of the contacts in layer 4 is smaller
than in layer 5, and for types VI and XII this
difference is highly significant (p<<0.01).
Furthermore, all contacts in layer 5 except
those on typeXrV, can be considered as a single
population (L = 308 nm), since no clearly sig
nificant differences occur (p> 0.01, and for most
pairs ρ>0.05) as well). The contacts in layer 4,
again with the exception of those on type XIV,
can also be considered as a single population
(L = 261 nm). In this way three populations of
contacts can be distinguished, viz.: 1) the con
tacts on type XIV cells, 2) the contacts in layer
5, and 3) the contacts in layer 4. The differences
between these populations of contacts are
highly significant ( p « 0.01). It is obvious that
the contacts in layer 7 form a fourth population.
For the contacts in layers 2 and 3 no general
conclusions can be drawn since almost all com
ponents present in these layers have synaptic
contacts of significantly different sizes. In layer
6 and in layer 1 too few contacts are observed
for a statistical interpretation of their size.
The characteristics of the distinct popu
lations of contacts are presented in Figure 5.
For simplicity, all contacts in layers 2 and 3 are
taken together in this figure. The populations
distinguished appear to have characteristic
mean values for L and for the diameter.and are
all significantly different (p < 0.01), except con
tacts in layer 5 as compared with those in layer
7. It should be noted that in the distribution of
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Fig 4 Summary of the quantitative results on the
synaptic organization in the goldfish optic tectum The quan
titative parameters are presented at their neuronal location
The receptive components distinguished are defined in Table
1 and have in this figure the same sequence as in Table 1
4a) Schematic presentation of the cell types investigated and
their components distinguished Aimws point to the axons.
4) The size of contacts expressed as L (the mean length of
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16

10

2.2

35

72

contacts as seen in ultrathm sections) SEM = standard error
of the mean 4c) The density of contacts, expressed in number
per 100 дт* surface area of neuron (calculated with formula
1, see Methods) 4d) The percentage of receptive surface d e
the percentage of neuronal surface showing postsynaptic
specialisation) (calculated with formula 2) 4e) The number
of contacts (calculated with formula 4) The factor A repre
sents an estimate of the number of cells, derived from Meek
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see Methods) and the values in parentheses indicate the
estimations of the minimal and maximal values respectively
(see Methods, formulas 5 and 6, respectively) For A and B,
see Figure 4e 4g) The ratio between terminals making con
tact with the cells studied containing pleomorphic vesicles
and those containing round vesicles. Ax Indicates the site of
axon origin

and Schellart ('7Θ) It is the mean of the minimal and maxi
mal estimâtes given by these authors В is the product of the
number of synaptic contacts and the number of cells (A),
representing an estimate of the number of contacts of the
total population of cells of a certain cell type 4f) The per
centage of contacts with optic nerve terminals The mam
value given represents the most reasonable value (formula 7,
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Fig. 5. Characteristics of the different populations of synaptic contacts distinguished on base of their mean size (see
Results). The distribution of the diameters was derived from the distribution of L according to the method given by Weibel and
Bolender 073; p. 252). SEM = standanl error of the mean

contacts in layers 2 and 3 no subpopulations
can be distinguished, in spite of the variability
of the size of contacts on the various compo
nents in these layers.
The density of synaptic contacts
The results show that all cell types studied
have a characteristic averaged density as well
as a characteristic density distribution pattern
(Table 1; Figs. 4c and 6). The results for the
various specimens studied appear largely con
sistent for each cell type in this respect (Table
1), whereas different type of elements in the
same layer, which are totally intermingled in
the tectal neuropil, may have very different
densities (Fig. 4c). As far as the results appear
significant (p < 0.05), the following patterns
are discernable.
Type III neurons have two regions with a
distinct density: the dendrites, with a moderate
density of contacts, and a cell body with no or
very few synapses. The latter was found not

only for the two impregnated examples, but
also for several unimpregnated profiles that
could be recognized as type III cell bodies by
their dilated rough endoplasmatic reticulum
(Meek, '81).
Type XIV neurons resemble type ІП neurons
with respect to synaptic density in having den
drites with a moderate density of contacts and a
cell body with no or few synaptic contacts. In
addition, more superficially located cell bodies
differ from more deeply located ones since the
former have a few synaptic contacts, whereas
the latter have no contacts at all, which was not
only observed for the impregnated cells, but
also for unimpregnated profiles.
For type I cells, three regions can be distin
guished on the basis of the density of contacts;
1) the apical dendrites, with a relatively high
density; 2) the apical dendritic shaft and the
cell body, with a low density; 3) the basal den
drites and the basal dendritic shaft, with an
intermediate density.
100
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For type XII cells, three regions can be distin
guished as well: 1) the apical dendrites, apical
dendritic shaft and cell body, with about 70
contacts per 100 дш 2 ; 2) the dendrites in layer
4 with about 100 contacts per 100 μπι*; and
3) the basal dendritic shaft and basal dendrites
with about 85 synapses per 100 μπι 2 .
Although for type VI cells three distinctive
regions can be observed as well (Fig. 4c), viz. a
relatively low density on the cell body, a rela
tively high density on the basal dendrites and
intermediate values for the dendritic shaft and
apical dendrites, this was not consistent for all
individual cells studied (Table 1) and conse
quently not significant for the cell type.
The synaptic properties of the type XIII\ and
ХІІІ2 cells studied differ considerably, in spite
of their similar dendritic arborisation pattern.
Type ΧΠΙ, neurons have a rather high density
of contacts on the cell body, the dendrites and
on the initial unmyelinated parts of the axons
(values found for the latter are 49, 45, 30, and
58 contacts per 100 μπνΟ. In contrast, the den
sity of synaptic contacts is low for the cell body
and dendrites of the type ХЩ, cell studied and
no contacts at all were observed on the initial
part of its axon. Because of the small number of
neurons studied per subtype, statistical testing
was not possible, in spite of the fact that the
total membrane trace investigated for type XIII
neurons is substantial (Table 1).

186

number of contacts is influenced by the density
of contacts as well as by the extension and di
ameter of the structures upon which they occur
(see Fig. 6). For type XIV cells the number of
contacts has been calculated for the population
of "small" cells (Meek and Schellart, *78). For
"large type ХГ cells," which are much less
numerous than "small" cells, about 300 synap
tic contacts may be expected per cell.
When the number of contacts per cell typ« is
multiplied by the estimated number of cells per
cell type concerned, an indication of the impor
tance of a certain cell type in tectal circuitry is
obtained. The numbers obtained in this way are
also given in Figure 4e. The values are calcu
lated for the number of cells given by Meek and
Schellart ('78). The population of type XIV cells
appears to have by far the most synaptic con
tacts. The low number of contacts per individ
ual cell is overruled by the large number of cells
of this type. Type I is the second type in this
respect, having most contacts in layer 7, with
fibers from the torus longitudinalis. The series
is continued by types ΧΠ, ΧΠΙ,, III, VI, and
ХЩ, respectively.
The percentage of contacts with optic nerve
terminals per component

The results are presented in Figure 4f. Optic
terminals, recognized by their pale mito
chondria with dilated cristae and their large
The percentage of receptive surface
round vesicles, have exclusively been observed
Interpretation of this parameter is rather dif in layer 5. They make contacts with all cell
ficult, because both size and density of contacts types that have been studied in this layer, but
influence this value (Fig. 4d). Since the mean they make only a minor contribution to the
contact size, however, is rather similar for most total number of synaptic contacts of these cell
components, the percentage of receptive sur types. All cell types seem to have a similar
face appears comparable with the density of percentage of contacts with optic terminals.
contacts. Both values appear to differ in most
The number of contacts with optic terminals
cases by a factor of about 10 (cf. Fig. 4c-4d). per cell type is also presented in Figure 4f.
Since the density is expressed as the number Multiplication of these numbers with the esti
per 100 д т 2 surface area, the mean surface mated number of cells per type reveals that the
area of a contact should be 0.1 μτη', and conse; optic fibers make by far most contacts with type
quently the mean diameter 355 nm and L ХГ cells, because of the large frequency of
297 nm, which is indeed in agreement with the occurrence of this cell category. The other types
values found (Figs. 4b and 5). Deviations from studied receive together only 4% of all optic
this factor 10 reflect deviations in the size of the terminals. For the cell types studied, per tectal
contacts.
half an estimate of about 30 million contacts
with optic terminals is obtained (Fig. 4f), which
The number of contacts per component
means that optic terminals contribute to only
of a cell type
about 10% of the total number of contacts for
The values calculated are presented in Fig these types (340 million, Fig. 4e). Since about
ure 4e, where also the total number per cell 200,000 optic fibers are thought to project to the
type is given. This total number ranges from tectum (derived from Schellart, '73), each optic
about 200 (type XIV) to about 5,000 (type XIII, ) fiber must have about 150 contacts, giving a
and is different for all cell types studied. The total number of 30 million contacts.
101
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The ratio between terminals with pleomorphic
and round vesicles
It should be mentioned that rather subjective
criteria were used to measure this ratio (see
Methods) and that, consequently, the results
may be used solely for mutual comparison. The
ratios found for most cells vary between about
one and four, and no characteristic differences
between the cell types occur. Only type I cells
deviate, since the few presynaptic elements
that make contact with their cell bodies and
dendritic shafts have almost exclusively pleo
morphic vesicles. For all cell types except for
type ХГ , there is a tendency for the ratio be
tween terminals with pleomorphic and round
vesicles to increase as the distance from the
axon origin decreases. The high ratio for the
presynaptic elements that terminate on the ini
tial unmyelinated parts of the axons of type
XIII, cells (ratio 6.0; η = 21) is in agreement
with this tendency. The apical dendrites of type
I cells were not investigated, since they make
contacts exclusively with the marginal axons,
originating from the torus longitudinalis
(Meek, '81).
Synaptic contacts of identified axons
Apartfromthe contacts on the distinct recep
tive components, analyzed in the foregoing
paragraphs, the contacts of four groups of pre
synaptic components were also studied, viz. the
axons of type I and type XIV cells, both recog
nized by means of Golgi impregnation (see Fig.
1), and optic and toral fibers (marginal axons),
identified by their distinct ultrastructural
characteristics or their characteristic location
respectively (see Meek, '81). The size of the
contacts made by these axons is given in Table
2. Type XIV axons have significantly smaller
contacts than the axons of type I, and the axons
of both types of intemeurons have significantly
smaller contact zones than the afférents from
the retina and from the torus longitudinalis (p
< 0.01).
The density and number of contacts made by
the optic and toral afférents could not be calculated with the formulae given in the Methods
section, since no a-select sample of their mem-

brane was measured, but only those parts that
made synaptic contacts. An estimation of the
number of contacts made by optic fibers, however, could be obtained in an indirect way, as
presented in the paragraph on the percentage
of contacts with optic nerve terminals. The density and number of contacts calculated for the
individual axons of type I and type XIV cells by
means of formulas (1) and (3) (see Methods) is
given in Table 2 as well. The sample is too small
for general conclusions, and gives only an impression of the order of magnitude. With respect to the total number of contacts per individual axon, comparison of Figure 1 of the
present paper with Figures 3 and 16 of Meek
and Schellart ('78) shows that for axons of types
I and XIV up to 500 synaptic contacts may be
expected, since the length of the collaterals
analyzed in the present study is substantially
smaller than the total length of axon collaterals
observed for several examples of these neurons.
DISCUSSION

Comparison of the present results with literature reveals that the mean size of synaptic
contacts in the goldfish tectum (Fig. 5) is quite
comparable with the average size of contacts in
normal trout tectum ( t = 260 nm; Jesserich
and Rahmann, '79), especially when one considers the large influence of contacts of the
numerous type XIV cells on the overall measurements as given for the trout tectum. The
sizes of tectal contacts are also similar to those
of contacts in the rabbit superior colliculus (L =
257 nm; Vrensen and de Groot, '77). In contrast, contacts in the cerebral cortex appear to
be larger (Jones et al., '74; guinea pig; Vrensen
et al., '80, rabbit).
It should be mentioned that rather large differences exist between the mean size of tectal
contacts measured on identified dendrites and
cell bodies (Fig. 5) and those of identified axon
terminals (Table 2), the former being substantially larger than the latter. Consequently, these axons may constitute only a portion of the total number of synapses present on
the dendrites and cell bodies measured, and
groups of axons establishing larger contacts

Table 2. The size, density and number of synaptic contacts of identified axons in the goldfish tectum
Type of presynaptic element
Toral
fibera
Optic nerve
fibers
Axons of type I cells
Axons of type XIV cells

Position
(layer)
7
5
3/4
4

L±SEM (NA)
293
272
237
188

5
13
7
6

102

Density
(per axon)
(362)
(43)
(91)
(80)

23
2

63
33

Number
(per axon)

25 75
5 80
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largement by the spines is neglected (Table 1,
values in parentheses). This confirms the idea
that the function of spines is not simply that of
surface enlargement, but may be a more spe
cific electrophysiological one (Peters et al., '76).
The high density of contacts on several
nonspiny dendrites and the fact that several
synaptic contacts between the spines (about
10%; see also Meek, '81) also occur on the spiny
dendrites of type I neurons indicate that the
counting of spines does not necessarily give a
good impression of the numbers of synaptic con
tacts.
The values calculated for the number of con
tacts per neuron (Fig. 6) vary from about 200
(type XIV) to about 5000 (type XIII,). Com
pared with values calculated for the cerebral
cortex of several mammals (values ranging
from 5,000 to 60,000 synapses per neuron;
Cragg, '74, monkey and human; Vrensen, '78,
rabbit), this is rather low.

have to account for the remaining synapses.
The axons of several types of uninvestigated
afférents and intemeurons are possible candidates (Meek and Schellart, '78). It is, however,
also possible that a portion of the heterogeneous population of type XIV neurons has
axons with larger contacts than the specimens
investigated up to now.
To our knowledge, the only quantitative results for the density of synaptic contacts on
identified neurons in the central nervous system are those published by Davis and Sterling
('79). Using reconstruction of serial sections,
these authors found values for cell bodies in the
rat visual cortex ranging from 8 to 47 contacts
per 100 μην' surface, values similar to those
found in the present study for tectal neurons.
The spiny dendrites of type I neurons appear
to have the same or even a lower density of
contacts than several nonspiny dendrites
(Table 1, Fig. 6), even when the surface en

typel

type

type XIV

type VI

Fig. 6. Schematic visualization of the densities and num
bers of contacts calculated for the tectal cell types investi
gated (except for type ХШ, because only one cell of this type
was studied). Each dot represents ten synaptic contacts.
White structures (with black dots) are postsynaptic elemente
and black structures (with white dots) are presynaptic el
ements. Each arrowhead indicates ten contacts with optic
nerve terminals. Each small arrow (type I) indicates a single

type XII

type XIII,

contact with an optic nerve terminal. The horizontal den
dritic extension and the total length of the dendrites are
drawn to scale according to Meek and Schellart ('78), partly
based on a reinvestigation of their material (M,yp,, see
Methods). The diameters of the structures drawn indicate
their mean circumference. The length of structures ending
with arrows is uncertain. The numbers 1-7 indicate the
tectal layers.
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Optic nerve terminals contribute to about
10% of all tectal synaptic contacts in goldfish
(Figs 4e, 4f, and 6), and appear to occur on all
cell types with postsynaptic elements in layer
5. Therefore, optic input appears not to be con
fined to a certain cell type but is more generally
distributed over all dendritic and somatic
structures in layer 5. A number of 150 contacts
per optic nerve fiber was calculated (see Re
sults), which means t h a t optic fibers must have
long and/or branching terminal parts. This ar
rangement h a s been only occasionally reported
for the teleostean tectum (Ramon Cajal, 1899;
Potter, '76), but is commonly observed in the
tectum of other vertebrates (e.g. Ramon C^gal,
1898; Lazar and Szekely, '67; Stone and Free
man, '71; Potter, '76).
The frequency of occurrence of optic nerve
terminals estimated in the present study is in
substantial agreement with the numbers re
cently published in two other reports on the
teleostean tectum. Airhart and Kriebel ('80)
found for goldfish t h a t the retinal terminal
population makes up 18% of the total terminal
population in the superficial gray and plexiform.
layer (layer 5), an average value resembling the
values calculated per cell type in the present
study (Fig. 4f). Ito et al. ('80) reported forHolocentrus rufus t h a t 16% of the terminals in the
superficial gray and plexiform layer is of the S,.
type and consequently comes from the retina.
However, comparison with all tectal synaptic
contacts (not only those m layer 5) yields ΐοτΗ.
rufus a much smaller percentage (less than 5%,
see Table 1 of Ito et a l , '80) than for goldfish
(about 10%, present results). This is r a t h e r un
expected, since Η rufus is visually more devel
oped than the goldfish (Schroeder et a l , '80).
In spite of t h e complexity of the neuronal
organization of the tectum, some specific con
clusions regarding its synaptic organization
can be drawn. One of the main findings is the
observation t h a t homologous dendrites and cell
bodies have a comparable density of contacts
(Table 1), whereas different components in the
same layer may have significantly different
s y n a p t i c d e n s i t i e s (Figs. 4c a n d 6) T h i s
strongly suggests t h a t t h e density of contacts is
primarily determined by the postsynaptic el
ements of the tectal cells, and is not randomly
distributed; nor does it depend primarily on the
type of presynaptic element involved in the
synaptic contacts (m the latter case one should
have expected a relation with the tectal lami
nation pattern, as, e.g., found for the size of the
contacts) Within certain limits, each tectal cell
type apparently has a preceded density dis
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tribution along its various receptive compo
nents. This confirms the more generally formu
lated idea of Cragg ('74) that "it is the number
of dendritic sites t h a t will accept a synapse t h a t
limits the connectivity of the nervous system,"
and agrees with findings t h a t in developing
nervous tissue t h e postsynaptic membranous
specializations occur earlier than t h e facing
presynaptic dense projections (see e.g. Pfenninger and Rees, '76, Muller et a l , '80). The
findings of a characteristic pattern of synaptic
distribution on each tectal cell type (Fig. 6) are
also in agreement with the idea t h a t the mor
phological differences between the various cell
types distinguished by Meek and Schellart ('78)
reflect functional differences. These tectal cell
types not only have characteristic locations and
extensions of their dendrites, indicative of the
kind of input the cell type receives and their
receptive field size (see Meek and Schellart,
'78), but their characteristic pattern of den
sities of contacts indicates, in addition, a mech
anism regulating t h e intensity of different
types of input.
It should be mentioned t h a t the density dis
tribution is not only characteristic of each cell
type but can also to a certain extent be related
to a distinction between mono-, bi-, and multi
polar cells (see Figs 4 and 6). Monopolar cells
(types ΠΙ and XIV) have two distinct regions: a
cell body, with very few or no synaptic contacts,
and a dendritic shaft and dendrites with a mod
erate density of contacts (about 20 contacts per
100 μπτ' surface area). Bipolar cells (types I, VI,
and XII) tend to have a complex synaptic pat
tern with several distinct regions, whereas
multipolar cells (types XIII, and ХІЦ.) have
comparable densities on all parts of their recep
tive surface, the initial part of the axon in
cluded. No basic differences seem to exist be
tween the surface membranes of dendrites,
dendritic shafts, and cell bodies, since each of
these types of postsynaptic components has a
comparable variety of synaptic densities (Fig.
6)
With respect to the size of the tectal contacts,
the main observation is t h a t most postsynaptic
components in a particular layer, especially in
layers 4 and 5, have contacts of a similar, char
acteristic size (Figs. 4b and 5). This might
suggest t h a t these components are contacted by
the same population of presynaptic elements
and t h a t the size of synaptic contacts, in con
trast to their density, is primarily determined
by the presynaptic element. As each layer con
t a i n s its own, characteristic population of
axons (Meek and Schellart, '78) and conse-
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quently its own population of presynaptic el- applied in the present study offers a promising
ements, these can be held responsible for the way to obtain such data. By combination of this
characteristic size of contacts per layer. This type of analysis with neuroanatomical tracing
suggestion is supported by the observation that techniques (degeneration, HBP, autoradiogidentified types of axons indeed have a charac- raphy of labelled amino acids), it will be posteristic mean size of contacts (Table 2). The sible to study neuronal circuitry in great detail.
smaller size of the contacts in layer 4 compared
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V GENERAL DISCUSSION
FUNCTIONAL ORGANIZATION OF THE TECTUM MESENCEPHALI OF THE GOLDFISH
Introductory

notée

In chapters II, III and IV of the present thesis the morphological
characteristics of the tectal cell types and the synaptic properties of six of
these cell types have been described qualitatively and quantitatively. In the
following discussion our findings will be combined with data from literature
in order to analyse the functional implications of tectal cytoarchitecture and
synaptology. For this purpose, at first the present knowledge concerning tectal
afférents will be suimnarized. Secondly, an attempt will be made to indicate
the function of the various cell types in tectal circuitry on guide of the
fairly strict lamination pattern of the tectal afférents as well as of the
dendrites and axons of the tectal neurons, and on basis of quantitative considerations concerning the number and distribution of synaptic contacts. The
tentative conclusions will be compared with available electrophysiological
data. The last part of the discussion summarizes the present knowledge
concerning tectal efferente.
1 TECTAL AFFERENTS
1.1 Retinal

efferente

The best-known source of tectal afférents is the retina, not only in
teleosts, but in all vertebrates. In goldfish, the termination pattern of
retinal efferents or optic fibers has been analysed experimentally by Sharma
('72) with the degeneration technique and by Springer and Landreth ('77) with
the autoradiographic tracing method. Their findings, complemented with some
results of Finger and Karten ('78) and Grover and Sharma ('81), are summarized in figure V.l. The position and size of the various retinal targets
in the goldfish is shown in figures V.3, V.4 and V.5. Apart from the massive
contralateral tectal projection, which is topographically organized (see the
General Introduction), retinal efferents appear to terminate in several contraas well as ipsilateral diencephalic nuclei (fig. V.l). These include contralaterally the area preoptica and nucleus preopticus in the hypothalamus; the
area ventrolateralis and the nucleus dorsolateralis in the thalamus, and four
pretectal nuclei, viz. the area pretectalis, the nucleus pretectalis, the
nucleus geniculatus lateralis and the nucleus corticalis. Ipsilateral
projection regions include the nucleus preopticus, nucleus dorsolateralis
thalami, area pretectalis and nucleus pretectalis.
Contralateral retinal projections have also been analysed in a large
number of other teleosts (Ebbesson, '68; Campbell and Ebbesson, '69; Vanegas
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Fig. V.l. Schematic representation of present knowlegde concerning retinal efferente in the
goldfish. For references, see text, section 1.1. For abbreviations: see pag. 110.
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Fig. V.2. Schematic representation of present knowledge concerning tectal afférents in the
goldfish. For references,see text, section 1.2. For abbreviations see pag. 110.
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abbreviatiens

ADc

area dorsalis centralia

AP

area pretectal!·

AP01

area preoptics lateralis

AVL

area ventrolateralis thai ami

ChO

chiasma optlcum

Cereb

cerebellum

Di

diencephalon

DLT

nucleus dorsalis laterali· tegmentl

FRI

formatie reticularis lateralis

FRm

forroatio reticularis mediali»

Hyp

hypothalamus

IPL

inner plexiform layer

Mes

mesencephalon

NC

nucleus corticalis

NDL

nucleus dorsolateralis thalaml

NGL

nucleus geniculatua lateralis

N1

nucleus isthmi

N0

nervus opticus

HP

nucleus pretectalis

NPOm

nucleus preoptlcus, pars magnocellularis

NR

nucleus' rotundus

NBMT

nucleus rostralis mesencephali tegmentl

NRS

nucleus reticularis superior

Pret

pretectum

Ret

retina

Rhomb

rhombencephalon

SAC

stratum album centrale

SFGS

stratum fibrosum et griseum superficiale

SGC

stratum griseum centrale

SM

stratum marginale

SO

stratum opticum

SPV

stratum periventriculare

Tect

tectum mesencephali

Tel

telencephalon

Thai

thalamus

TL

torus longitudinalls

TrO

tractus opticus

TrOd

tractus opticus dorsalis

TrOv

tractus opticus ventrali»

TS

torus semicircularls

TTB

tractus tecto bulbariв
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Fig, V.3. Transverse sections through the brain of the goldfish, indicating a number of
nuclei connected with the tectum. The drawings are based upon the atlas of Peter and Gill
('75>

and own observations, a: through the tractus opticus; b: through the rostral tectum;

с : through the caudal tectum. The levels of sectioning are indicated in fig. V . 4 . For
abbreviations: see pag. 110.
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Fig. V.4. Topographical projections on a horizontal (a) and sagittal (b) plane of part of the
right half of the brain of the goldfish, indicating the position and size of nuclei connected with the tectum. The projections of forebrain nuclei are based on the atlas of
Peter and Gill ('75), the projections of the remaining nuclei on the drawings of Grover
and Sharma ('79 and '81) and on own observations. 3a, 3b and 3c indicate the sections
drawn in fig. V.3. For abbreviations:see pag. 110. The region "Pret" is presented in flg.V.5.
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Fig. V.5. Topographical projections on a horizontal (a,b,c) and sagittal (d,e,f) plane of
the pretectal

and dorsolateral thalamic region, indicating the position and size of some

nuclei connected with the tectum. The projections are based on the atlas of Peter and Gill
('75). a: dorsal view; b: dorsal view without tractus opticus; c: ventral view; d: lateral
view; e: lateral view without tractus opticus; f:medial view.For abbreviations: see page 110.
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and Ebbesson, '73; Anders and Hibbard, '74; Gulley et al., '75; Repérant and
Lemire, '76; Repérant et al., '76; Vonelda and Silgar, '76; Peyrichoux et al.,
'77; Finger and Karten, '78; Pinganaud and Clairambault, '79; Meyer and
Ebbesson, '81). Several differences between the various studies can be noticed
with respect to the thalamic-pretectal projection. For instano^ the nucleus
rotundus is a retinal target in the goldfish according to Sharma ('72).
However, this was not confirmed by Finger and Karten ('78) and was equally
not found in other teleosts. In the latter, however, optic fibers appear to
terminate frequently in the contralateral nucleus pretectalis which was not
reported by Sharma ('72) for goldfish, but later still could be shown in this
species with autoradiographic methods (Finger and Karten, '78; Grover and
Sharma, '81).
A detailed discussion on all differences between the various studies
concerning retinal targets is beyond the scope of this section, but it should
be noticed that not only technical and species differences may be involved,
but also factors such as the large variety in size and position of the pretectal nuclei in the different teleosts studied, combined with the lack of
well-established criteria to recognize homologous nuclei in this region and
the use of different nomenclatures by the various authors (see e.g. Schnitzlein,
'62; Peter and Gill, '75). Nevertheless, the basic pattern of contralateral
optic projections seems to be the same for all teleosts and consists of
terminations in: 1) the preoptic hypothalamic region; 2) nuclei in the dorsolateral and ventrolateral thalamus; 3) pretectal nuclei and 4) the tectum
mesencephali.
Some authors mention a fifth region of termination of optic fibers, viz.
the nucleus opticus accessorius (Campbell and Ebbesson, '69; Anders and
Hibbard, '74; Repérant et al., '76; Peyrichoux et al., '77), which lies just
in the rostral tegmentum mesencephali according to Repérant et al. ('76) and
Peyrichoux et al. ('77). Because of the lack of good criteria for comparison
and of a consistent nomenclature, it might be possible that this nucleus
opticus accessorius is homologous to the area ventrolateralis thalami of
Sharma ('72; see figs. V.3 and V.5), the nucleus opticus ventromedialis of
Vanegas and Ebbesson ('73) or the nucleus opticus basalis of Voneida and
Silgar ('76) and Pinganaud et al. ('79), which are considered as diencephalic
centers. The names nucleus opticus accessorius or nucleus opticus basalis seem
to be misleading, since this structure might not be homologous to the accessory
optic system in other vertebrates because it lacks connections with the
cerebellum and oculomotor nuclei in both goldfish and carp (Finger and Karten,
'78; Grover and Sharma, '81; Luiten, '81).
The ipsilateral retinal projections in the goldfish (fig. V.l) have only
been shown by means of autoradiography (Springer and Landreth, '77) and similar
projections have only occasionally been described for other teleosts. Voneida
and Sligar ('76) reported ipsilateral retinal projections in Авіуапах
mexioanua
and Repérant et al. ('76) have shown ipsilateral projections in a number of
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other teleosts. The latter authors suggest that all teleosts nave some ipsilaterally terminating retinal fibers, which, however, would crr.ly be
demonstrable with special and sensitive autoradiographic methods.
For an adequate evaluation of the retinal projections, quantitative
aspects are important as well. Both degeneration and autoradiographic experi
ments clearly demonstrate that the ipsilateral projections are much less
dense than the contralateral projections and that the bulk of retinal
efferente projects to the tectum mesencephali. Especially the small size of the
diencephalic retinal targets compared with the mesencephalic tectum should be
realized (see figs. V.3, V.4 and V.5). To give some impression: the total
volume of the goldfish tectum is about 4500 mm , whereas the total volume of
the pretectal and thalamic retinal targets in the goldfish is not more than
200 штЗ. The nucleus rotundus, the most easily distinguishable pretectal
nucleus, contains about 500 neurons, (derived from cell counts in Nissl
section), and the nucleus corticalis, the smallest pretectal nucleus in the
goldfish, consists of only 6 to 8 neurons (Schnitzlein, '62). These numbers
are very small compared with the total number of tectal neurons (chapter III).

1.2 Non-retinal

tectal

afferente

Tectal afférents have recently been studied in the goldfish by Grover and
Sharma ('81) with the aid of retrograde HRP transport. Their results are
summarized in figure V.2 and the nuclei mentioned in figure V.2 are
indicated in figures V.3, V.4 and V.5. Luiten ('81) has recently published
similar results for the tectum of the carp.
Apart from the retina, one telencephalic area (area dorsalis centralis),
three diencephalic nuclei (nucleus dorsolateralis, area pretectalis and
nucleus pretectalis), six mesencephalic structures (torus longitudinalis,
contralateral tectal half, nucleus of the rostral mesencephalic tegmentum,
torus semicirculans, nucleus dorsolateralis tegmenti and nucleus isthmi) and
one rhombencephalic nucleus (nucleus reticularis superior) project to the
goldfish tectum (fig. V.2). The projection of the telencephalic area dorsalis
centralis has also been described for Eugerree plumieri
and Holooentrus
(Vanegas and Ebbesson, '76) and the carp (Ito and Kishida, '77; Luiten, '81).
The three diencephalic nuclei that project to the tectum all receive retinal
input (fig. V.l.). In addition. Luiten ('81) has described for the carp that
also a hypothalamic retinal target, viz. the nucleus preopticus, projects to
the tectum, and that in this teleost not only ipsi-, but also contralateral
projections from pretectum to tectum occur. The pretectal nuclei project in
goldfish to the rostral tectum (Grover and Sharma, '81).
Apart from the retinotectal fibers, three other projections show a certain
degree of topographical organization, viz. the afférents from the contralateral tectum, from the torus longitudinalis and from the nucleus isthmi.
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The commissural intertectal fibers, shown in several teleosts
plumieri

and Hotocentrus:

Ebbesson and Vanegas, '76; Aatyanax

(Eugervea
hubbsi:

Silgar

and Voneida, '76; goldfish: Grover and Sharma, '79, '81; and carp: Luiten,
'81) preferentially connect homotopic tectal regions (Ebbesson and Vanegas,
'76; Grover and Sharma, '79, '81). The toro-tectal projection, extensively
studied by Ito and Kishida ('78) in the carp, appears to have a rostro-caudal
topographical organization. Afférents to the torus longitudinalis originate
almost exclusively in the válvula cerebelli (Ito and Kishida, '78), a
cerebellar structure only present in actinopterygians, just as the torus
longitudinalis itself (see Nieuwenhuys, '81). The isthmo-tectal projection has
recently been studied extensively in the teleost Navodon modes tue by
Sakamoto et al. ('81) and Ito et al. ('81b) and appears to have a detailed
topographical organization. Afférents to the nucleus isthmi originate in the
ipsilateral tectum mesencephali as well as in the ipsilateral nucleus
pretectalis (Ito et al., '81a).
The remaining tectal afférents originate in three mesencephalic tegmental
nuclei and in the rhombencephalic reticular formation (fig. V.2). The nucleus
of the rostral mesencephalic tegmentum (NRMT) of Grover and Sharma ('81) is
called nucleus ruber by Luiten ('81) but does not receive a projection from
the cerebellum (Grover and Sharma, '81), which renders the latter name
disputable (Grover and Sharma, '81). The torus semicircularis is the largest
nucleus of the mesencephalic tegmentum (figs. V.3 and V.4) and receives most
of its input from auditory- and lateral line sensory systems (Ito, '74;
Knudsen, '77; Nieuwenhuys, '81). The torus semicircularis has in the goldfish,
apart from the ipsilateral tectal projection, a small contralateral projection
to the tectum (Grover and Sharma, '81), whereas in the carp the neighbouring
dorsolateral tegmental nucleus (or nucleus profundus mesencephali) has a
contralateral projection to the tectum (Luiten, '81). The most caudal
structure that projects to the tectum is the rhombencephalic nucleus
reticularis superior, both in the goldfish and the carp. Tectal afférents
from the torus semicircularis, nucleus dorsolateralis as well as the
reticular formation preferentially terminate in the caudal part of the tectum
(Grover and Sharma, '81).
1.3 The lamination

pattern

of tectal

afférents

The present knowledge concerning the laminar distribution of afferent
terminals in the goldfish tectum is summarized in figure V.6. The most
detailed results have been obtained by means of anterograde tracing techniques,
which clearly visualize afferent termination patterns. Additional information,
although less precise, has been inferred from retrograde labeling experiments
in which HRP was injected in the tectum at different depths.
The laminar distribution of retino-tectal terminals has been analysed in
the goldfish by Sharma ('72) with the degeneration technique, by Neale et al.
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('72) and Landreth et al. ('75) with autoradiography and by Schmidt ('79)
with the cobaltchloride technique. These studies have revealed optic fiber
terminâtionsthroughout layer 5, in the superficial part of layer 6 and,
especially in the rostral tectum, a sparse optic projection to layer 2. A
similar pattern has been described for many other téleoste (Ebbesson, '69;
Campbell and Ebbesson, '69; Vanegas and Ebbesson, '73; Anders and Hibbard, '74;
Landreth et al., '75; Gulley et al., '75; Voneida and Silgar, '76; Repérant
and Lemire, '76; Repérant et al., '76; Peyrichoux et al., '77;
Luckenbill-Edds and Sharma, '77; Pinganaud and Clairambault, '79; Meyer and
Ebbesson, '81). In addition, autoradiographic and cobalt tracing have
revealed a sparse projection to layer 3/4 in the goldfish (Neale et al., '72;
Landreth et al., '75; Schmidt, '79), which is also described for some other
teleosts (Repérant and Lemire, '76; Repérant et al., '76; Peyrichoux et al.,
'77; Meyer and Ebbesson, '81). Since such a projection has never been found
with degeneration techniques, it has been suggested that it might be
arteficial, due to transneuronal transport of aminoacids via type I neurons
(Vanegas et al., '81). However, anterograde HRP-tracing and cobalt tracing
revealed such a projection as well (Peyrichoux et al., '77; Schmidt, '79),
and it is doubtful whether such substances are transported transneuronally.
Afférents from the torus longitudinalis terminate in one single tectal
layer, viz. the superficial marginal layer (layer 7). This layer is only
present in actinopterygians, as is the torus longitudinalis. Although the
toral origin of the unmyelinated marginal fibers has only been demonstrated
experimentally in the carp (Ito and Kishida, '78), the typical characteristics
of the marginal axons in different teleosts (Ito, '70; Laufer and Vanegas, '74;
Ito et al., '80; present thesis) as well as the close correlation between the
degree of development of the torus and the marginal layer in a large number of
teleosts (Kishida, '79) indicate that the torus projects to the same tectal
layer in all teleosts, including goldfish.
The reports about the telencephalic tectal afférents are somewhat
confusing. The degeneration experiments of Vanegas and Ebbesson ('76) on
Eugerree and Holooentrua clearly show termination of telencephalic efferente
in the ipsilateral stratum griseum centrale, especially in layer 3/4, with
some additional termination in layers 6 and 2 in Holooentrue.
This distribution
was confirmed in an EM-study (Ito et al., '80). In contrast. Marotte and Mark
('75) and Airhart ('79) have reported for the crucian carp and the goldfish,
respectively ,ipsi- as well as contralateral degeneration throughout layers 3,
4 and 5 after telencephalic lesions. However, after tectal HRP injections both
in goldfish and carp only ipsilateral telencephalic cells were labelled, and
this could only be achieved when the injection site included the stratum
griseum centrale (layers 3 and 4) of the tectum (Ito and Kishida, '77; Grover
and Sharma, '81; Luiten, '81). This means that the results of Marotte and Mark
('75) and Airhart ('79) are most likely due to aspecific degeneration or other
aspecific reactions, which may occur under certain experimental conditions
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(see e.g. Marotte, '81). Consequently, in all teleosts investigated the
telencephalic fibers seem to terminate for the major part in the ipsilateral
SGC, with a special concentration in layer 3/4 (Vanegas and Ebbesson, '76;
Ito and Kishida, '77; Grover and Sharma, '81; Luiten, '81).
The layers of termination of intertectal fibers have only been determined
clearly in the teleosts Eugerree and Holoeentrue
with the aid of light- and
electron microscopical degeneration studies (Ebbesson and Vanegas, '76; Ito,
et al., '80). In these species the intertectal fibers terminate predominantly
in layer 3, and for a small portion in layer 2. In three other reports (Sligar
and Voneida, '76: dealing with Aatyanax hubbsi; Grover and Sharma, '79:
goldfish; Luiten, '81: carp) the termination level of intertectal fibers was
not indicated explicitly, but judging from the drawings published in these
papers, in these teleost intertectal fibers also terminate in deep tectal
layers (layers 2 and 3). The massive degeneration found in layer 7 after
section of the intertectal commissure by Marotte and Mark ('75) is probably
due to damage of the torus longitudinalis (cf. Ito and Kishida, '78).
The lamination pattern of the remaining tectal afférents can only be
inferred from a study by Grover and Sharma ('81), who placed HRP injections
at different levels in the goldfish tectum. They conclude that efferents from
the area pretectalis, nucleus pretectalis, nucleus of the rostral mesencephalic
tegmentum and nucleus isthmi terminate predominantly in the SFGS (layer 5 ) ,
and that the nucleus dorsolateralis thalami projects to the mid-tectal level
(SGC). Terminals from the torus semicircularis and nucleus reticularis
superior could only be labeled with deep tectal HRP-injections, including the
SAC (layer 2). It has already been mentioned that these results are less
conclusive that those based on degeneration or autoradiographic experiments.
Apart from the difficulty of the rather large size of HRP injections compared
with the thickness of the tectal layers, variations in axon diameter, in the
extension and density of the terminations of individual axons and in the
rostrocaudal position of the different projections also influence these
results (Grover and Sharma, '81). It may be concluded that several gross
features of the laminar organization have become clear recently (see fig. Vb),
but that many experiments still have to be performed to obtain a detailed
insight in the afferent pattern of the tectum of teleosts.

1.4 Quantitative

aspects

From a quantitative point of view the retinal fibers constitute by far the
most important tectal afferent system in the goldfish. From countings
published by Schellart ('73) a total number of about 200.000 retinal ganglion
cells can be calculated for a goldfish of about 20 cm length, and by far most
of these project to the tectum (see above). A similar number of optic fibers
was determined for Eugerree plumieri
(Tapp, '74). Retinal fibers make about
30 million synaptic contacts in the goldfish (chapter IVb).
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As far as the goldfish is concerned, afférents from the torus longitudinalis are quantitatively the second in importance. The tectum is the only
known target of the torus longitudinalis (Ito and Kishida, '78; Vanegas et al.,
'81), and the importance of the toro-tectal projection can be judged from the
number of cells in the torus, the thickness of the marginal layer, and from
the number of synapses in the marginal layer. For goldfish the number of toral
cells is about 100.000 (derived from cell counts in sections stained with
cresyl violet) and the number of synapses made by the marginal axons is about
2.4 million (see the synaptic contacts of type I cells in chapter IVb). Among
different teleosts large differences may occur in the relative thickness of
the optic (layers 5 and 6) and marginal (layer 7) layers (Kishida, '79). The
marginal layer attains its largest thickness in Holocentrua
(Kishida, '79;
Schroeder et al., '80) whereas it is smallest in Trachinocephalus
(Kishida,
'79). The optic layers have their largest relative thickness in the teleost
Navodon (Kishida, '79; Ito et al., '81). The goldfish has a "standard" tectum
in this respect (Kishida, '79).
Quantitative data concerning the number of axons and synaptic contacts of
other tectal afferent systems are not available at present. Only the
following can be noticed. The telencephalic projection might well be the third
in importance, considering the rather large dimensions of the area centralis
dorsalis, the large number of cells labeled after tectal HRP injections (Ito
and Kishida, '77) and the dense degeneration in the SGC after telencephalic
lesions (Vanegas and Ebbesson, '76). The nucleus isthmi probably has a rather
heavy projection to the tectum as well (Sakamoto et al., '81). In contrast,
the intertectal projection is reported to be very sparse (Ebbesson and
Vanegas, '76; Sligar and Voneida, '76; Grover and Sharma, '79, '81; Ito et al.,
'80; Luiten, '81), and also only a small percentage of cells in the torus
semicircularis seems to project to the tectum (Grover and Sharma, '81;
Luiten, '81). The heaviness of the remaining projections is uncertain. Judging
from the small size of the nucleus pretectalis, area pretectalis, nucleus
dorsolateralis and nucleus of the rostral mesencephalic tegmentum (figs. V.4
and V.5), these centers probably give rise to only small numbers of tectal
afférents.
2 INTRATECTAL CONNECTIVITY
2.1 Tectal

cytoavohiteoture

After the discussion dealing with the literature on tectal afférents, our
attention will be focussed now on the tectal neurons. Apart from our own study
(chapter III), the morphology of tectal neurons in the goldfish has been
described by Leghissa ('55) and Romeski and Sharma ('79). Whereas a discussion
of the results of Leghissa ('55) has already been incorporated in chapter III
(P- 46-49, table 2 on p.47 ) , the study of Romeski and Sharma ('79), published

120

later, should be briefly discussed here.
Comparison of the study of Romeski and Sharma ('79) with our reveals
several differences. Our type II, V, VI, VII, VIII and XI neurons are not
described by Romeski and Sharma ('79), the remaining cell types are classified
in a different way, and Romeski and Sharma ('79) give no quantitative data,
neither for the number of neurons investigated, nor for the somatic, dendritic
and axonal characteristics of the neurons presented, nor for their frequency
of occurrence. Furthermore, several types of neurons seem to have deviating
axonal properties. E.g., Romeski and Sharma ('79) describe a horizontally
running axon for type XII or fusiform neurons, whereas we could clearly
identify a recurrent, efferent axon for this cell type. However, since it is
not clear which criteria were used by Romeski and Sharma ('79) for the
identification of axons, these differences cannot be evaluated in detail.
Except for the differences mentioned, the morphology of the majority of
neurons reported by Romeski and Sharma ('79) is in substantial agreement with
that of the cell types described in the present thesis.
Tectal cytoarchitecture has also been analysed with the Golgi-technique in
the teleosts Barbue fluviatilie
(Ramon, 1Θ99), Salmo irideue
(Bathelt, '70;
Pinganaud and Clairambault, '79), Eugerree plumieri
(Vanegas et al., '74),
Bag rua βρ and Ictalurue
punotatue
(Schroeder and Vanegas, '77), Hemiahromie
bimaoulatue
(Coss and Globus, '79), and Holoaentrue rufus and H.
аесепвгопгз
(Schroeder et al., '80). The first four of these studies have been discussed
in chapter III (table 2, p. 47). The similarity between the results of Vanegas
et al., '74 and ours was stressed, and it was concluded that, except for some
quantitative differences, the tecta of the teleosts studied up to that time
were basically similar. This conclusion has been supported by the comparative
study of Kishida ('79) on a large variety of teleosts and also by the other
recent Golgi-studies mentioned above.
Whereas several Golgi-studies on the teleostean tectum tend to stress the
variability of the individual neurons (Leghissa, '55; Vanegas et al., '74;
Romeski and Sharma, '79; Schroeder et al., '80), others tend to stress a
strict classification of cell types on basis of relevant similarities (present
thesis, chapter III; Kishida, '79). The schematic presentation of cell types
in figure 19, p. 51, is the result of the latter approach, presenting a
classification of cell types with averaged characteristics determined in a
quantitative way (see chapter III). Such a presentation, which like all
classifications necessarily includes some simplifications, neglects several
variabilities and favours some characteristics at the expense of others, might
seem to be simplistic in view of the capriciousness of the Golgi-methods and
the large variability of individual neurons observed. It should, however, be
realized that (1) When a large number of neurons is investigated with a large
variety of Golgi-modifications (see section III), a rather complete descrip
tion of neuronal types may be obtained; (2) The variability of tectal neurons
sometimes is more apparent than real because of incomplete impregnation,
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oblique planes of sectioning and difficulties in defining tectal layers in
Golgi-material; (3) The method employed for classification (see fig. 2,

p.34 )

clearly shows monomodal distributions for the location of specific dendritic
trees; and (4) E.M. investigation has revealed that at least six of the cell
types distinguished by means of this classification have characteristic
synaptic properties as well (chapter IV.b).

2.2 Laminar organization

of the tectal

neuronal

elements

The present knowledge concerning the stratification pattern of both
afférents and cell types in the goldfish tectum is summarized in figure V.7.
With respect to the tectal afférents, the main results as discussed in
section V.l are summarized in this figure (cf. fig. V . 6 ) . With respect to the
tectal cell types, figure V.7 is derived from figure 19 on page

5 1 . However,

to stress the stratification pattern of the tectal cell types, only the
average location of their dendrites and axons is presented, whereas informaticn
about tectal cell bodies, which do not seem to have any specific significance
in tectal circuitry deviating from that of dendrites (chapters III and I V ) , as
well as information about dendritic and axonal extensions is omitted. Figure
V.7 reveals the following organizational features of the tectum:

2.2.1 Tectal afférents
Tectal afférents are localized in four distinct zones:
1) Afférents from the torus longitudinalis terminate in layer 7, which
thus can be characterized as the toral afferent layer. Since the torus
longitudinalis gets its signals predominantly from the válvula cerebelli (Ito
and Kishida, '76), layer 7 may also be called the cerebellar afferent layer
(Schroeder et al., '80).
2) Layer 5 and its border zones (layer 5/6 and 4/5) contains the bulk of
retinal afférents, and in addition afférents from the nucleus pretectalis, the
area pretectalis, the nucleus isthmi and the nucleus of the rostral mesencephalic tegmentum. The nucleus pretectalis and area pretectalis can both be
considered as "visual" nuclei, since they have an important bilateral input
from the retina (fig. V . l ) . The nucleus isthmi may also be considered as a
"visual" nucleus, since it receives its input from the "visual" nucleus
pretectalis (Ito et al., '81b) and from a subtype of type XIV cells (Ito et
al.,

'81b), which also must be considered as "visual" (see below). So, layer 5

and its boundaries may be designated as the "visual" afferent zone,not only
because of their retinal input, but also because of the presence of afférents
from the nucleus pretectalis, area pretectalis and nucleus isthmi. The nucleus
of the rostral mesencephalic tegmentum provides signals of unknown modality to
this zone.
3) The bulk of telencephalic afférents terminates in the SGC, particularly
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in layer 3/4, which thus could be considered as the telencephalic afferent zone
However, also the axons of type I neurons, which are the recipients of toral
signals, terminate in layer 3/4. Consequently, this zone should preferably be
considered as the telencephalic-toral

(cerebellar) afferent zone. In addition,

axons of the nucleus dorsolateralis tegmenti probably terminate in this zone
4) Afférents from the contralateral tectal half, torus semicircularis and
reticular formation specifically terminate in layers 2 and 3, which constitute
the "deep" afferent tectal region. Auditory as well as lateral line responses
recorded from the tectum are probably provided via the afférents in this
layer. In addition, some retinal fibers terminate in layer 2, while also the
area pretectalis, nucleus pretectalls, nucleus isthmi and nucleus of the
rostral mesencephalic tegmentum might have some additional projections to
these layers (see fig. V . 6 ) . It should be mentioned that the present study
(chapterIVa) revealed at least three types of myelinated afférents in this
zone.
2.2.2 Tectal interneurons
By relating the dendrites of tectal interneurons to the afferent zones
described above, five groups can be distinguished

(fig. V . 7 ) :

(a) Interneurons with their dendrites mainly in the toral

(cerebellar)

afferent layers (type I neurons).
(b) Interneurons with their dendrites in the visual afferent layer (type
III, IV and VII neurons).
(c) Interneurons with their dendrites in layers 3 and 4 (type V neurons).
(d) Interneurons with their dendrites both in the "visual" as in the
telencephalic-toral

(cerebellar) afferent layer 3/4 (type VIII and I X ) .

(e) The less strictly organized and very numerous type XIV neurons, which
have their main dendritic tree in the visual afferent layer 5, and additional
dendrites in other tectal layers.
With respect to the axon terminations of tectal interneurons, figure V.7
shows a rather refined stratification pattern in comparison with the pattern of
tectal afférents. The axons of type I neurons specifically terminate in layer
3/4. The axons of the interneurons of group b, с and d terminate in layer 5,
4/5 or 4 in such a way that each of these layers contains the axon terminals of
one monostratified or horizontal neuron and one bistratified neuron (layer 5:
type III and type VII; layer 4/5: type IV and type VIII; layer 4: type V and
type I X ) . A portion of type V neurons is located in layer 3, but otherwise the
"deep" afferent layers are very poor in axon terminations of interneurons, in
contrast to the more superficial layers 4 and 5. The axons of type XIV neurons,
which individually may show many variations, on the average terminate in layer
5, 4 as well as 3, with most terminals in layer 4, the only tectal zone
which most probably no afferent terminals occur.
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2.2.3 Efferent tectal neurons
Comparison of efferent neurons (group f in fig. V.7) with tectal interneurons reveals that type VI neurons show some correspondence with group b
in having their dendrites in or near the visual afferent layer, and that type
X neurons show a close correspondence to group d with dendrites in layer 4/5
as well as in layer 3/4. Type XII and XIII constitute a separate group of
multistratifled efferent neurons.
It should be noticed that three tectal cell types have obscure axonal
properties. These are indicated as a separate group in figure V.7 (group g ) .

2.3 Functional

implioatione

of tectal

cytoarchiteoture

and

eynaptology

In the next paragraphs an attempt will be made to analyse the significance
of the structural features outlined above (fig. V.7) for the processing of
signals from the four main streams of tectal input: (A) toral (cerebellar)
input; (B) visual input; (C) telencephalic input and (D) "deep" input. This
analysis comprises both a qualitative and a quantitative part.
The qualitative part of the analysis starts from the following facts and
assumptions:
(1) The stratification pattern of tectal afférents and cell types as
presented in figure V.7 and discussed in the preceding sections.
(2) The assumption that all neurons belonging to a certain tectal cell
type as distinguished in the present thesis (fig. 19, p. 51 and fig. V.7) have
a similar function. Synaptic evidence for this assumption has been presented
and discussed in chapter IVb.
(3) The finding that dendrites, dendritic shafts and cell bodies in the
goldfish tectum are exclusively postsynaptic or signal-receiving structures,
whereas axon terminals are exclusively presynaptic or signal-providing
structures (see chapter IVa).
(4) The assumption that all types of presynaptic structures at a certain
level form synaptic contacts with all types of postsynaptic structures at the
same level. This assumption will be discussed in detail in section V 2.3.6.
The procedure followed in the quantitative part of the analysis may be
outlined as follows (details are presented in the APPENDIX):

The relative

importance of the various types of postsynaptic structures is estimated on the
basis of the numbers of cells per cell type (presented in chapter III) combined
with the numbers of synapses (presented in chapter IVb; fig. 4, p. 96; type I,
VI, XII, XIII and XIV) or, when these numbers are not available, on the basis
of the extensions of the different postsynaptic components given in chapter III
(table 3, p. 50; type VII, VIII, IX, X, XI and X V ) . With respect to the
relative importance of different types of

presynaptic structures occurring at

the same tectal level, the following additional assumptions have been
introduced:
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(5) All types of postsynaptic structures at a certain tectal level make
equal percentages of synaptic contacts with all types of presynaptic
structures present at the same level, except for the axons of type XIV cells,
which are considered separately because of their large number and diffuse
stratification pattern.
(6) With respect to type XIV neurons, primarily two conditions will be
considered in the next paragraphs: (a) At first tectal circuitry will be
analysed assuming that type XIV axons exclusively make synaptic contacts with
type XIV dendrites, and consequently have no influence on the other types of
tectal neurons, (b) Secondly, this condition will be compared with a condition
in which type XIV axons make a large number of contacts with all of the other
tectal cell types (for precise numbers, see APPENDIX).

As will be discussed

(section 2.3.6), the reality can be expected to lie somewhere in between
condition (6) a and (6) b. For the sake of simplicity, it is furthermore
assumed that:
(7) The influence of a certain axon on a certain neuron is proportional to
the number of synaptic contacts between both structures.
The assumptions (5), (6) and (7) will be discussed in detail in section
V 2.3.6. The next paragraphs are illustrated by figures V.8 to V.ll, the
design of which is basically similar to figure V.7, with the following excep
tions: (1) the axons have been drawn as lines, (2) some information about the
dendritic extension and frequency of occurrence of the cell types in included
and (3) type XIV neurons have been drawn in a special way because of their
peculiar role in tectal circuitry.
2.3.1 Toral input processing
The direct input from the torus longitudinalis to the tectum is exclusively
received by the apical dendrites of type I neurons (fig. V . 8 ) . Type II neurons
have processes in layer 7 as well, but there is good evidence for Eugerree
Holocentrua

and

that these processes are presynaptic (Vanegas et al., '79;

Schroeder et al., '80; Ito et al., '80). Their low frequency of occurrence in
the goldfish tectum might explain why these structures were not observed in
our own EM study (chapter I V ) .
Judging from the distribution of synapses on type I neurons, their axonal
signals contain at least 90% toral information. These signals are conveyed to
postsynaptic structures in layer 3/4, which include the basal dendritic tree
of type VIII, type IX and type X neurons, cell bodies of type IX and type X
neurons, and dendritic shafts of type XII, type XIII and type XIV neurons
(fig.νβ ). Some of the type XIV neurons may have considerable dendritic trees
in this layer as well. Thus, the most important candidates for further
processing of the toral information are type VIII, type IX and type X neurons.
Type VIII and type IX neurons are interneurons, which bring about an upward
transport of information from layer 3/4 to layer 4/5 and 4 respectively. From
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layer 4/5, a further upward transport to layers 5 and 5/6 can be effected by
the axons of type VII neurons. At this tectal level, however, the relative
importance of toral information is probably very low (fig. V.8). A large
amount of synaptic contacts between the axons of type XIV neurons and the
other cell types (see assumption (6)b, above) would decrease the relative
importance of toral signals in tectal circuitry, since type XIV neurons are in
general no important targets of type I axon terminals (fig. V.8 and V.12).
The fastest route from the toral input in layer 7 to tectal output is a
two-synaptic pathway via type I and type X neurons. The axonal signals of
type X neurons, however, do probably not contain more than 30% toral
information. The other tectal efferent neurons are to a still lower extent
influenced by toral signals, while this influence is provided for a large part
by pathways involving three or more synapses (fig. V.8).
So, the processing of toral information in the tectum has a number of very
peculiar characteristics. No tectal efferent neuron is directly contacted by
toral afférents. All toral information is received by one specific type of
interneuron , which conducts toral Information downwards to one specific layer
(layer 3/4). In this layer, again interneurons constitute most of the post
synaptic structures, which, in turn, effect an upward transport of toral
Information. Only one efferent neuron (type X) has dendrites specifically in
layer 3/4, but it does probably not send more than 30% toral information
outside the tectum. Consequently, there is a discrepancy between the large
amount of toral input to the tectum and the low degree of representation of
this input in the tectal outflow.
2.3.2 Visual input processing
As described above, the layers 5/6, 5 and 4/5 receive visual input from
the retinal fibers as well as by some afférents from the nucleus pretectalis,
the area pretectalis and the nucleus isthmi. Although these layers may also
receive a small amount of non visual afferent signals, for the sake of
simplicity the input of layers 4/5, 5 and 5/6 (the SFGS) will be considered as
100% visual in the following discussion. The visual afférents most probably
make synaptic contacts with all tectal cell types except for types V and XV,
the only cell types without dendrites in the visual afferent layer. Retinal
afférents constitute about 18% of the presynaptic terminals in the SFGS
(Airhart and Kriebel, '80), an average value which is comparable to the values
presented in this thesis for five specific cell types (types I, III, VI, XII
and XIV). Therefore, it seems likely that all postsynaptic structures in the
SFGS receive about the same degree of direct visual input (fig. V.9).
Type III, IV and VII neurons may be considered as specific visual interneurons, since they have their postsynaptic structures exclusively in the
visual afferent layer. They may also process some non visual information by
way of contacts with the axons of type VIII neurons (type IV and VII) or of
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type VII neurons (type III), but this is probably only a low percentage (fig.
V.9 and V.13). The axons of type III and of type VII neurons terminate in
layer 5 or 5/6, where no other interneurons have axon terminals, except type
XIV, which will be discussed below. This stresses the importance of this layer
for visual information processing, since not only the visual afférents appear
to terminate in layer 5, but also the axons of the visual interneurons type
III and type VII. Type IV neurons have their axon terminals in layer 4/5.
Apart from the visual afférents, layer 4/5 also contains the axons of type
VIII neurons, providing some non-visual information from deeper tectal levels
(fig. V.9). So, layer 4/5 is somewhat less "visual" than the remaining part of
layer 5. Layers 4 and 3/4 may only receive "indirect" visual input via the
axons of type IX and type I respectively, which bring about a downward transport of visual information. As can be judged from the number of synaptic
contacts in layer 5, type I neurons probably do not receive more than 54
visual information in the goldfish, whereas type IX would receive about 40%
visual information (fig. V.13).
Type XIV neurons would process for about 60% visual information under both
conditions assumed in fig. V.13. The main effect of a large number of contacts
between axons of type XIV neurons and dendrites of other cell types would be
a strong downward flow of visual information from SFGS to SGC, where type XIV
axons have many terminals (figs. V.7 and V.9). This, in turn, would in particular enlarge the influence of visual information on the tectal efferent
neurons (fig. V.13).
Most likely all types of efferent tectal neurons have synaptic contacts
with visual afférents (fig. V.9). For type VI and type XII this has been
shown in the electron-microscope (chapter IV). Type VI neurons are probably
the most "visual" efferent neurons, since they are rather strictly located in
the visual afferent layer. The position of the dendritic trees of type VI
cells raises some questions, however. The present ultrastructural study
(chapter IV) revealed that their apical dendritic tree, preferentially located
in the superficial part of layer 6, is not contacted by retinal fibers. Since
interneurons equally have no axon terminals in this region, except for some
type XIV neurons, it is not clear which presynaptic structures make contact
with the apical dendritic tree of type VI neurons. Possible candidates are the
retinal terminals that constitute the thin superficial band of the retinotectal projection (fig. V.7), which, then, should have ultrastructural
characteristics deviating from the bulk of the retino-tectal fibers. Other
candidates are fibers from the nucleus pretectalis, area pretectalis, nucleus
isthmi or nucleus of the rostral mesencephalic tegmentum, which, then, should
terminate specifically in the superficial part of layer 6. It is important to
notice that Laufer and Vanegas ('74b) have described large axons at this
tectal level which do not degenerate after eye-enucleation. Although Laufer
and Vanegas (,74b) considered these fibers as tectal efferente, it is equally
conceivable that they constitute non-retinal afférents. Disregarding these
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uncertainties, the apical dendrites of type VI neurons are assumed to receive
100% visual input (figs. V.9 and V.13).
The basal dendritic tree of type VI neurons, preferentially located in
layer 4 just below layer 4/5, also makes no synaptic contacts with terminals
identified as retinal fibers (chapter IV). Although it might be possible that
the axons of type IV, type VII and type IX neurons make some synaptic contacts
with the basal dendritic tree of type VI, most probably type XIV axons make
most of the synaptic contacts on this dendritic tree. This would be in line
with the high frequency of occurrence of type XIV axons in this layer and with
the small size of the synaptic contacts of the basal dendrites of type VI cells
(chapter IV). However, this implies that, at least for layer 4, an assumption
that type XIV axons exclusively make synaptic contacts with type XIV dendrites,
is not realistic.
The axons of type X, XII and XIII would at least transfer about 40%, 25%
and 15% visual information outside the tectum, respectively (fig.V13). Most of
this visual information reaches these neurons via bi- or multi synaptic
pathways (fig. V.9) although all these tectal efferent neurons constitute monosynaptic pathways between visual input and tectal output as well. The percentages enumerated increase with increasing involvement of the axons of type XIV
neurons in tectal circuitry (fig. V.13).
Summarizing, visual input processing in the tectum is about the contrary of
toral input processing. Whereas toral input is received by a single type of
neuron, visual input is directly provided to almost all tectal neurons; and
whereas toral afférents do not contact efferent neurons directly, all efferent
neurons have direct contacts with visual afférents. A further contrast between
toral and visual input processing is the simplicity of the toral afferent
layer 7 (only one type of presynaptic element and one type of postsynaptic
element) and the complexity of the visual afferent layer (layer 5 and its
boundaries), where at least nine types of presynaptic elements and thirteen
types of postsynaptic elements are involved in tectal circuitry. A further
characteristic of visual input processing is the occurrence of several types
of visual interneurons which make synaptic contacts close to the contacts made
by the visual afférents, an arrangement not realized for the toral input.
Visual input has a relatively high influence on the tectal outflow, whereas
the toral influence seems low in this respect (fig. V.13).
2.3.3 Telencephalic input processing
There is a large degree of similarity between the processing of telencephalic and toral information, since telencephalic afférents terminate at the
same tectal level (layer 3/4) to which type I axons convey their toral
information (cf. figs. V.8 and V.10). Accordingly, just as has been discussed
for toral input (section 2.3.1), some part of the telencephalic input to layer
3/4 is transferred upward via the axons of type VIII, IX and VII (fig. V.10),
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and the most important type of efferent neuron for telencephalic information
is probably type X. A large influence of type XIV neurons would likewise
decrease the influence of telencephalic input on the tectal outflow (fig.
V.13).
The largest differences between toral- and telencephalic input processing
are the involvement of type I neurons and layer 7 in toral information
processing, and the fact that telencephalic afférents are probably less strictly concentrated in layer 3/4 than the axons of type I neurons. Consequently, in
contrast to the situation for toral input, there does exist a monosynaptic
pathway from the telencephalic input to the tectal output via type X neurons
and probably also via type XII and type XIII neurons. Of the latter two, type
XIII neurons might be the most important one in this respect, since their
dendrites in layer 3, preferentially located just below layer 3/4, might well
have synaptic contacts with telencephalic afférents (fig. V.10). Type XII
neurons reveive most of their telencephalic information via contacts of their
dendrites in layer 4 with axons of type IX. However, for the same reasons as
discussed above for the dendrites of type VI neurons in layer 4, type XIV
axons probably constitute most of the presynaptic elements of the dendrites in
layer 4 of type XII neurons. This would reduce the telencephalic Influence on
type XII neurons substantially (see fig. V.13).
The ratio between telencephalic- and toral input in layer 3/4 is not clear,
since the number of telencephalic afférents, as well as the number of contacts
made by these afférents is unknown. Under the conditions assumed in the foregoing discussion, i.e. the same degree of importance of different types of
presynaptic elements in a particular layer, telencephalic input would be
somewhat more important than toral input because of the involvement of type I
neurons, but this is merely hypothetical. What is important, however, is the
competing character of telencephalic and toral (cerebellar) afferent system in
tectal circuitry. The larger the influence is of one of the two, the smaller
the influence of the other will be, since both have to be integrated to a large
extent by the same postsynaptic structures.
It should be mentioned that afférents from the mesencephalic nucleus dorsolateralis also terminate in the SGC. For the sake of simplicity, however, these
will be left out of discussion. The importance of this afferent system is
obscure at this moment.
2.3.4 "Deep" tectal input processing
The so-called "deep" tectal afférents, including fibers from the contralateral tectum, the torus semicircularis, and the reticular formation,
terminate almost exclusively directly on the large tectal efferent neurons,
type XII and type XIII, which have large dendritic trees in the deep afferent
layers 2 and 3 (fig.V. 11). Intemeurons hardly occur in these layers,except for some
type V neurons in layer 3 which therefore can be considered as interneurons
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for the deep afferent input and the dendritic shafts of type XIV neurons. So,
in this respect the deep tectal input processing seems to be the opposite of
the toral input processing, the deep tectal afférents terminating predominantly on efferent neurons, and toral afférents terminating exclusively on interneurons. Visual and telencephalic input processing take an Intermediate
position in this respect, since visual and telencephalic afférents terminate
on both interneurons and efferent neurons. A large number of contacts of type
XIV axons with all tectal cell types would result in a substantial upward
transport of deep tectal input to layers 4 and 5 and would increase the
influence of deep tectal input on tectal interneurons as well as efferent
tectal neurons (fig. V13).
The deep input processing in the tectum might, however, be more complex
than suggested above for the following reasons. Firstly, type XV neurons, a
population of neurons with dendrites predominantly in layer 2 and 3, are not
included in the preceding discussion because their axonal properties are
obscure. Nevertheless, they will be involved in the deep input processing
because of their dendritic properties. A portion of type XV neurons might well
be interneurons with axons terminating in the tectum, but others give rise to
tectal efferents, as was indicated by Romeski and Sharma ('79). Secondly, in
particular the so-called "large" subtype of type XIV neurons (chapter III)
may have considerable dendrites in layer 2 and/or 3. Consequently, these cells
might have a still more important function in the integration of visual and
"deep" tectal input than the bulk of type XIV neurons (fig.\ill) . In chapter ill
as well as in the publication of Romeski and Sharma ('79) these large type
XIV neurons are considered as interneurons, just as the other type XIV cells.
2.3.5 Functional considerations concerning the tectal layers and cell types
In the previous sections of this chapter the distribution of information
in the tectum provided by its four main streams of input has been discussed.
From the data presented the following stratification pattern emerges (fig.
V. 12). The four levels of tectal input (see section 2.2.1) remain clearly
distinguishable. However, in the interjacent layers a considerable mixing of
the different modalities is brought about by the tectal interneurons, in
particular in layer 3 and in layer 4 (fig. V.12). Only the boundary between
layer 7, the toral input layer, and layer 6, the visual input layer is very
sharp. Consequently, layer 7 can be considered exclusively as a relay station
for toral (which means cerebellar) input to the tectum, with no other

relations with the deeper tectal layers than via the apical dendrites of type
I neurons. In this respect, type I neurons could equally well be considered
to be tectal afférents as to be tectal interneurons. Another sharp boundary
can be observed between layer 2 and layer 1, the stratum periventriculare,
which contains exclusively cell-bodies with very few synaptic contacts.
The remaining part of the tectum, layers 2-6,
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interrelated layers with only gradual transitions from one layer to another.
The superficial part, layers 6 and 5, is predominantly involved in visual
information processing (fig. V.12) whereas the deep layer 2 is almost exclusively involved in "deep" information processing. In layer 3 a considerable
mixing of visual and "deep" input might occur by means of the action of type
XIV neurons (cf. fig. V. 12a and b). In layer 3/4, just in between the deep
non-visual and the superficial layers, the telencephalon and the cerebellum
exert their influence, the latter after interposition of the torus longitudinalis. In layer 4 some degree of mixing between visual, telencephalic and
toral information is realized. The importance of visual information in this
layer strongly depends on the involvement of type XIV cells (cf. fig. V.12a
and b). Layer 4/5 is remarkable because of the large extension of several
dendritic trees, suggesting an important function in spatial integration of
visual input.
The functions of the various tectal cell types have already been discussed
in some detail in the preceding paragraphs. In summary, the following can be
noticed (see fig. V.13).
Type I neurons may be considered as the tectal afférents for toral
(cerebellar) input. In addition, they process some amount of visual input (via
dendrites in layer 5) and telencephalic input (via dendrites in layer 3/4).
Of the visual interneurons type III, IV and VII, type IV and VII have very
extensive dendrites which make them suitable for a function in spatial interaction and integration of visual signals. The location of their dendrites in
layer 4/5 may also indicate a function in integrating visual input with some
amount of telencephalic and toral input, which reaches layer 4/5 by means of
the axons of type VIII neurons. The bistratified character of type VII may
suggest that this type of neuron integrates more aspects of visual information
than type IV and type III neurons. Type III neurons seem to be the most
visual interneurons (fig. V.13) which is also suggested by their relative high
percentage of contacts with retinal fibers (chapter IVb).Since their dendrites
are not very extensive, they are more likely involved in temporal aspects of
visual signal processing than in spatial aspects. The bulk of type XIV neurons
can also be considered as visual interneurons, although for some subtypes
other modalities may be important as well. Their large number with respect to
the number of retinal and other afférents and their large variability make
this cell type suitable for a number of specialized functions in signal
processing.
Type V neurons, indicated as non-visual interneurons in figure V.7
constitute a heterogenous population, receiving different types of input
depending on their position in layer 3 or 4. Their morphology suggests a
function in spatial interaction between different tectal regions. Type XV
might represent a second type of non-visual interneuron, involved in the
processing of deep tectal input.
Type VIII and IX clearly integrate three different types of input: visual,
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telencephalic and toral input. Visual input seems the most important modality
for type VIII, which has substantially larger dendrites in layer 4/5 than in
layer 3/4, whereas for type IX the toral/telencephalic input is more important. This tendence is stressed when the position of the cell body and the
axon origin is taken into consideration.
Among the efferent neurons, type VI neurons are probably specialized to
transmit visual information beyond the tectum. Their receptive surface may
integrate all aspects of visual information processing from layer 6, 5 and 4.
Type X neurons are in particular important for transport of toral and telencephalic information out of the tectum, integrated with visual information.
The large efferent neurons of type XII and type XIII integrate information
from all tectal input systems. For type XIII neurons, however, the deep tectal
input is the dominant modality (fig. V . 1 3 ) , the importance of which is
stressed by the location of the cell body and axon origin of type XIII neurons
in layer 2. For type XII neurons the visual input is relatively more important
than for type XIII neurons. The ratio between the influences of the distinct
types of tectal input on type X, XII and XIII depends to a large extent on the
influence of type XIV neurons (see V.13).
2.3.6 The probability and influence of the assumptions made
The following basic assumptions underlie the preceding discussion:
(1) Tectal neurons can be classified in discrete cell types with specific
dendritic and axonal properties.
(2) All neurons belonging to a certain, tectal cell type as distinguished
in this thesis have a similar function.
(3) Within the tectum of the goldfish dendrites, dendritic shafts and
cell bodies are postsynaptic structures; whereas axon terminals are presynaptic
structures.
(4) All types of postsynaptic structures at a certain level have contacts
with all types of presynaptic structures at the same level.
Assumptions (1), (2) and (3) have already been discussed when they were
introduced (see section 2.3). The fourth assumption, however, requires some
further discussion. This assumption means that the presynaptic elements
present in a certain layer have no preference to make contacts with specific
postsynaptic structures. This is of crucial importance for the schemes
presented, since these would be almost meaningless when a large degree of
specificity would appear to exist, e.g. when optic fibers would only terminate
on certain cell types and would avoid others, or when, e.g., in layer 3/4 type
I axons would only terminate on type IX neurons and telencephalic afférents
only on type X neurons. Although such specificities in general cannot be
excluded (cf. e.g. the specificity of the Purkinje cell-climbing fiber interaction in the cerebellum), they seem to be the exception rather than the rule,
since a large number of examples of non-specific axonal termination patterns

140

has been described for the central nervous system of vertebrates (see e.g.
Guillery, '72,· Raisman, '77; Somogyi, '78; White, '78; Peters et al., '79;
Somogyi and Cowey, '81; Wilson et al., '81; Hornung and Garey, '81). Also for
optic nerve terminals in the goldfish tectum no specificity has been observed
in this respect (see chapter IVb, and e.g. Bunt et al., '78; Sharma, '81).
Some evidence for the aspecificity of other presynaptic structures can be
inferred from the similar mean size of contacts on all

postsynaptic structures

in a certain layer (see Discussion section of chapter IVb). So, in the tectum
a refined stratification pattern seems to be used as a mechanism to realize
specific patterns of neuronal connections rather than a high degree of
specific cell to cell interactions. The latter would seem to make a refined
stratification pattern redundant. So, assumption (4) seems rather plausible at
present, but further investigations concerning this assumption are certainly
necessary for definite insight in tectal circuitry.
Apart from the four basic assumptions enumerated above, the following
three additional assumptions and/or simplifications were introduced to obtain
an estimation of some quantitative aspects of tectal circuitry:
(5) All types of postsynaptic structures at a certain tectal level have
equal percentages of contacts with all types of presynaptic structures present
at the same level, except for the axons of type XIV.
(6) For type XIV neurons two situations were considered: a) type XIV axons
exclusively make contacts with type XIV dendrites, b) axons of type XIV neurons
make a large number of contacts on the other tectal cell types (see APPENDIX
for precise percentages).
(7) The amount of influence of a certain type of presynaptic elements on a
certain neuron is proportional to the number of synaptic contacts between both
structures.
The following remarks should be made with respect to these quantitative
assumptions.
Assumption (5) implies that all types of presynaptic elements present in a
certain layer, except for the axons of type XIV, make equal numbers of contacts.
This is certainly not always true, but too little information is available
for more precise assumptions. To take layer 5 as an example: In this layer
the axons of about 200.000 ganglion cells terminate, but only 2500-10.000 type
III axons and 500-2000 type VII axons. The number of other types of presynaptic
structures is unknown, as is the number of contacts made by the different types
of presynaptic elements except for the optic nerve fibers (chapter IVb). For
other layers a similar lack of information is encountered, which means that
values dependent on this assumption do not reflect the real situation, but
may only be used for mutual comparison. It should be noted, however, that
assumption (5) is of rather low importance for the quantitative values calculated, since for the balance between the four main types of tectal input
interactions within

a layer are in general rather unimportant in comparison

with interactions between

layers. The latter depend on morphological
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characteristics of the tectal cell types, in particular on the location,
dimensions and synaptic density of the dendrites, dendritic shafts and cell
bodies. It has been shown in the present thesis that these characteristics are
primarily determined by the tectal cell types and do not depend on influence
from presynaptic elements (chapter III and IVb).
With respect to the different situations assumed for type XIV neurons
(assumption 6a and b) the following should be noticed. The first assumption
concerning type XIV, -type XIV axons would only make synaptic contacts with
type XIV dendrites- is certainly too extreme, although there is evidence that
type XIV neurons have at least some preference for making mutual synaptic
contacts, since both their axons and dendrites have smaller synaptic contact
zones than other tectal structures (chapter IVb). This extreme assumption,
however, was only meant to analyse the rather strictly organized circuitry of
type I-XIII neurons, which, in turn, could be used as a basis for an evaluation
of the influence of the numerous and variable type XIV neurons on tectal
circuitry. The opposite would be to assume no preference at all and to take
the number of type XIV neurons as an estimate of their influence (see
APPENDIX, condition 2) but this appears to be too extreme as well, since too
less influence for other tectal neurons is left. Assumption 6b (see APPENDIX,
condition 3), represents a more likely estimation with respect to the number
of contacts of type XIV axons, but is still extreme in assuming no preference
at all for type XIV neurons to make mutual synaptic contacts (see above). So,
the reality is probably situated somewhere in between the results calculated
for assumption 6a (condition 1 in the APPENDIX; fig. V.8-V.11, V.12a and .ІЗа)
and those calculated for assumption 6b (condition 3 in the APPENDIX; fig. V.12)
and .ІЗЬ).
Apart from the preceding remarks, it should be emphasized that type XIV
neurons constitute a very heterogeneous population, of which only the average
influence may be indicated. Various subpopulations, as shown in chapter III and
depicted in figure 19 , page 51, might well have deviating connectivity
patterns and consequently a different influence on tectal circuitry (see e.g.
fig. V.ll). At this moment, however, no information is available for a more
detailed analysis of the functional significance of the different subpopu
lations of type XIV neurons in tectal circuitry.
The seventh and last assumption -the amount of influence of a certain
presynaptic structure on a certain neuron is proportional to the number of
synaptic contacts between both structures- is the most important one for
quantitative estimations of tectal circuitry. It should be clear that "the
cunount of influence" is considered irrespective of the sign of this influence
and that addition of several "amounts of influence" (see APPENDIX) has
also been performed neglecting the sign of these influences, since these are
unknown at present. Other physiological aspects of synaptology, such as spatial
and temporal interactions and non-linearities are unknown as well, and are
equally not incorporated in assumption (7). So, "the amount of influence"
of a
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presynaptic structure on a postsynaptic structure is a value which is only
related to the number of synaptic contacts; hence, this value is exclusively
useful for mutual comparison of the involvement of different cell types in the
processing of different inputs, and should not be confused with the effect
of
signals from a presynaptic structure on a postsynaptic structure, which can
only be known from electrophysiological research.
Apart from the number of synapses, the distance of synaptic contacts to the
origin of the axon is important as well for an estimation of the influence of a
presynaptic structure on a cell type. Although precise knowledge concerning the
relation between distance and influence is lacking for tectal neurons, it is
well known that contacts close to the axon hillock of a neuron have a larger
influence on the axonal signal of that neuron than synapses on distal parts of
dendrites. This means that, in order to be true within a layer, assumption (7)
and (5) together include the implicit assumption of a similar distribution of
different types of synaptic contacts on each type of dendritic tree in a certain
layer. This seems equally plausible as the lack of preference discussed for
assumption (4). With respect to interactions between two or more dendritic
trees of a cell type in different layers, the sites of origin of the axons tend
to confirm the suggestions about the degree of involvement of the different
cell types in the processing of different types of inputs (fig. V.13) rather
than to enfeeble these suggestions. E.g., the origin of the axon of type XIII
neurons in layer 2 stresses the importance of "deep" tectal input for this cell
type, whereas the axon origin of type XII neurons in layer 4 is in agreement
with the relatively larger importance of visual input for this cell type. Also,
the site of origin of the axon of type IX and X (layer 3/4) stresses the
importance of toral and telencephalic input for these cell types, whereas the
relatively larger importance of visual input for type XIII is corroborated by
the origin of the axon in layer 4/5. Also the importance of visual input for
type XIV neurons is stressed by the site of the axon hillock, since this is
located just at the point where the apical (visual signal processing) dendrites
of these neurons converge their signals. Only for type I neurons speculations
about the influence of the site of the axon hillock tend to weaken the large
importance of toral input in favour of the visual input, since the visual
signal processing dendrites in layer 5 are more close to the axon origin than
the apical, toral signal processing dendrites in layer 7.
Finally it should be noted that the preceding discussion and schemes did
not consider the possibilities of rather peculiar conditions, e.g. that there
would exist specific synaptic configurations on the surface of dendritic
shafts or around the axon hillock that could completely block signal
propagation, or that the influence of synapses would strongly decrease with
increasing distance to the axon hillock. When such conditions would appear to
be the rule rather than the exception in tectal circuitry, the quantitative
estimations would need a complete réévaluation. However, at present there are
no indications for such peculiar conditions for the axo-dendritic and
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axo-somatic synaptic contacts in the tectum mesencephali of the goldfish, and
a consideration of such conditions seems, consequently, not relevant for the
present discussion. The only peculiar arrangement described until now is the
dendro-axonal apposition in the arch of type XIII^ neurons, but the functional
significance of this arrangement is completely obscure at present.
2.3.7 Concluding remarks
The preceding discussion and the schemes presented are not meant as a
precise description of tectal circuitry -for this too little information is
available at present-, but only to construct a functional anatomical framework
concerning the tectum mesencephali of the goldfish on the basis of present
knowledge concerning its connections, cytoarchitecture and synaptology. The
framework constructed allows for an analysis of the connectivity patterns of
the tectal cell types and for an estimation of the relative degree of importance of these cell types in the processing of signals of different tectal
afferent systems. The main conclusion is that presumably all tectal cells
integrate different types of tectal input, which greatly stresses the multisensory integrative function of the tectum. For some cell types different types
of input might even be of more or less equal importance (type VIII, IX, X, XII,
XIII and the large type XIV neurons). For other cell types, however, one out
of the different types of input is clearly dominant (for type I neurons: toral
input; for type III, IV, VI, VII and the bulk of type XIV: visual input; for
type XV: "deep" tectal input).
The framework constructed does not only allow for a tentative functional
interpretation of the structure of the tectum. It is also useful for defining
precisely where and how the frame should be reinforced, refined and filled in.
Reinforcement of the frame has to be achieved by investigations in the field
of the assumptions that have to be made, which means in particular in the field
of the distribution of contacts with different types of presynaptic elements
on the receptive surface of the cell types. Only when these distributions have
been quantitatively analysed, a precise and well founded model of tectal
circuitry can be achieved. Refining of the framework may be attained by further
investigations on the lamination and termination pattern of the various types
of tectal afférents and axons of tectal interneurons. At present, the information available for most tectal afférents is still insufficient for a detailed
analysis of their influence and interactions in tectal circuitry. The numerous
and heterogenous type XIV neurons should also be the object of more detailed
observations. A definite filling in of the framework has to be achieved by
electrophysiological studies. Morphological research, however precise it may
be, only demarcates the potentialities of tectal circuitry. To what extent
and in which way these potentialities are utilized under different conditions
may only be understood from electrophysiological research. However, electrophysiological data that can be correlated with tectal morphology are hardly
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available at present (see the subsequent section). Only when more electrophysiological results will become available, a definite understanding of the
functional organization of the tectum mesencephali of the goldfish and other
teleosts comes into prospect.
2.4 Comparison

with

physiological

data

2.4.1 Toral signal processing
Some electrophysiological aspects of the processing of toral input in the
tectum have recently been investigated by Vanegas et al. ('79) in Eugerres and
Holocentrue
by means of electrical stimulation of the marginal tectal axons and
subsequent extracellular recording of the electrical events throughout the
depth of the tectum. Their results can be easily interpreted on the basis of
the morphology of type I or pyramidal neurons, which are the only targets of
marginal axons (Ito, '70; Laufer and Vanegas, '74a; Ito et al., '80; present
thesis). The most important electrical events after stimulation of the marginal
fibers are: 1) spike propagation along the marginal fibers with a conduction
velocity of 0.20 or 0.16 m/sec; 2) monosynaptic depolarization of the apical
dendrites of type I or pyramidal neurons; 3) an active current sink at the
level where the apical dendrites of type I neurone converge to the dendritic
shaft and 4) an activation of the axon terminals of type I neurons in layer
3/4 (Vanegas et al., '79). It is remarkable that this tectal afferent system,
which receives its principal input from the cerebellum, has many physiological
characteristics strongly reminiscent of that part of the brain, particularly
of the parallel fiber-Purkinje cell system (Vanegas et al., '79).
The functional significance of the toral afférents to the tectum is
obscure, since no further electrophysiological data are available. However,
some speculations on the basis of comparative anatomical and behavioral data
have been made. The occurrence of a válvula cerebelli, projecting to a torus
longitudinalis which projects, in its turn, to type I tectal neurons via a
peculiar marginal tectal layer, is unique for actinopterygians. The válvula
cerebelli seems to some extent linked with the lateral line system, which may
be mechanoreceptive as well as electroreceptive in teleoste. Both mechanoreceptors (Claas and Münz, '81) and electroreceptors (Finger et al., '81) may
have topographically organized projections to the válvula cerebelli.
Conceivably, the valvular-toral-tectal system might allow for correlation of
the visually perceived environment and the environment as perceived by means
of the lateral line system. Another, related function ascribed to the torus
longitudinalis is opto-static correlation (Ariens Kappers et al., '67; Ito,
'71). Both functions are especially important for maintaining posture in water
(Kishida, '79). It is noteworthy in this context that the torus longitudinalis
and the stratum marginale of the tectum reach their highest degree of
development in fishes that actively move from shallow to deep water or in
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turbulent water. In contrast, these structures are only poorly developed In
epipelagicor bottom-dwelling fishes (Klshlda, '79).
2.4.2 Visual signal processing
Electrical stimulation of the optic nerve has revealed that two retinal
fiber populations with different conduction velocities terminate in the SFGS,
both in Eugerree plumieri
(Vanegas et al., '71, '74) and the goldfish
(Schmidt, '79). A laminar profile analysis of postsynaptic potentials occurring
after electrical stimulation of the optic nerve showed that the fastest
group terminates more superficially than the more slowly conducting group.
Histological verification of the recording site showed that their regions of
termination roughly correspond to layer 5 and layer 4/5 respectively (Vanegas
et al., '71; Schmidt, '79). Current theories indicate that the electrical
potentials which can be recorded extracellularly in a laminated structure after
massive electrical stimulation of a horizontally entering fiber system,
exclusively represent the activity of long, vertically oriented dendrites or
dendritic shafts (Nicholson and Freeman, '75; Freeman and Nicholson, '75;
Schmidt, '79). The activity of horizontally oriented dendrites, which are
abundant in layer 4/5 and 5, is not represented in these potentials.
Consequently, only type I, XII and XIV are considered to be responsible for
the postsynaptic phenomena recorded (Vanegas et al., '74; Schmidt, '79). All
three of these types of neurons indeed have been shown to make contacts with
optic nerve fibers (present thesis, chapter IV). Type I neurons are most
probably contacted by the slowly conducting fibers in layer 4/5, as could be
concluded from the depth of recordings of postsynaptic action potentials
(Vanegas et al., '74) or the distribution of electrical sources and sinks
through the tectal layers (Schmidt, '79). Type XII and type ХГ neurons may
be contacted by both "slow" and "fast" conducting retinal fibers. A tentative
scheme correlating the electrical events recorded with the morphology of type
XII and/or type XIV neurons is proposed by Vanegas ('75). The retinal fibers
that terminate in layer 2 have a slower conduction velocity than both
populations of fibers terminating in layer 5 and 4/5 (Schmidt, '79) . The
results of Schmidt ('79) did not allow for conclusions about cell types
that are postsynaptic to this third population of retinal efferente.
A number of papers deal with responses of single tectal units after visual
stimulation of the contralateral eye. For a correct interpretation of the
results obtained it is necessary to know whether the responses represent the
activity of retinal fiber terminals or the activity of Intrinsic tectal
neurons. A definite elucidation was recently achieved by Rowe ('80) and Niida
et al. ('81) by means of intracellular recording and subsequent dye injection.
Most investigations, however, used extracellular recording, for which more
indirect ways of discrimination have to be applied.
Reliable criteria to distinguish between the activity of retinal
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fiber terminals and tectal neurons were established by Sutterlin and Presser
('70) and O'Benar ('76), using electrical stimulation of the optic nerve and
subsequent measurement of the latency of the response. Units firing after a
latency period smaller than 2 msec are in general retinal fibers, whereas
tectal units mostly fire after a latency of 3 to 10 msec (Sutterlin and
Prosser ,'70; Vanegas et al., '71, '74; O'Benar, '76; Riemslag and Schellart,
'78; Niida et al., '81). In addition, the spike responses of tectal units and
retinal fibers upon electrical stimulation of the optic nerve differ with
respect to (1) the number of spikes elicited, (2) habituation, (3) maximal
frequency of firing and (4) the shape, amplitude and time course of the action
potentials. In particular the last aspect was used by Guthrie and Banks ('74,
'76, '78) for identifying the responses of intrinsic tectal units. Galand and
Liege ('75) used the depth of recording as a criterion. Units in layers 3 and
4 were considered as tectal neurons, since no retinal fibers occur in this
layer. However, units in layer 5 may be both retinal fibers and tectal neurons,
when no further criteria are available (Galand and Liege, '75; Schellart and
Spekreyse, '76; Riemslag and Schellart, '78; Schellart et al., '78). Jacobson
and Gaze ('64), Cronly-Dillon ('64), Zenkin and Pigarev ('69), Niida and Sato
('72^ Ramstad and Hughes ('73) and Warzok and Marks ('73), all made recordings
of tectal units without identifying these units. However, judging from the
location of the recording site in the SFGS and the use of metal electrodes,
their results most likely represent optic fiber responses. Metal electrodes
appear very selective in recording the activity of retinal fiber activity
(Sutterlin and Prosser, '70; O'Benar, '76), whereas micropipettes, filled with
a saline-solution, may record the activity of botn fiber terminals and neurons,
with preference for the latter (Sutterlin and Prosser, '70; O'Benar, '76).
Retinal fibers that terminate in the tectum show a number of different
types of responses after visual stimulation of the contralateral eye (e.g.
sustained as well as transient on, off and on-off responses; movement and
direction selectivity; Jacobson and Gaze, '64; Cronly-Dillon, '64; Sutterlin
and Prosser, '70; Nuda and Sato, '72; Ramstad and Hughes, '73; Warzok and
Marks, '73; Galand and Liege, '75; O'Benar, '76). However, these types of
responses in general do not show any specific stratification pattern, nor any
specific topographical distribution. Only one type of stratification pattern
has been mentioned, viz. by Jacobson and Gaze ('64), who noticed that in
layer 4/5 of the goldfish tectum only sustained responses occur. This was
confirmed by Cronly-Dillon ('64), Warzok and Marks ('73) and O'Benar ('76),
but was not found in other teleosts (Niida and Sato, '72; Ramstad and Hughes,
'73). It is obscure whether these sustained responses may be ascribed to the
slowly conducting population of fibers which also occurs in layer 4/5 (Schmidt,
'79) .
Extracellular recordings of tectal units allow for a distinction of three
populations of visual tectal neurons. One population is located in layer 5 and
4/5, the SFGS, a second one in layer 4 and 3 and a third one in layer 1.
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Sutterlin and Prosser ('70) and O'Benar ('76) found in the SGFS a particular
population of neurons showing spontaneous firing in the dark, inhibited by
light as well as by electrical stimulation of the optic nerve (type I of
Sutterlin and Prosser, '70 and the simple, non-habituating cells of O'Benar,
'76). The tectal neurons recorded by Schellart et al. ('78) also occur in the
SFGS, but these showed partly different characteristics. The neuronal population described by Guthrie and Banks ('74, '76, '78) was not localized in any
specific layer, but includes neurons in the SFGS as well. Several morphologically distinct cell types have been described in the SFGS (type I, III, IV, VI
and VII), and all may be responsible for the responses observed. In addition,
terminals from cells in the nucleus pretectalis, area pretectalis and nucleus
isthmi terminate in the SFGS, and these might also be considered as candidates
for some of the responses recorded in the SFGS. Their visual responses would
at least have long latencies and other characteristics related to transsynaptical stimulation.
Neuronal responses in layers 4 and 3 (the SGC) and layer 2 (the SAC)
distinguish themselves by a number of peculiar characteristics. These may
include the occurrence of rhythmic spontaneous activity (Sutterlin and Prosser,
'70; Guthrie and Banks, '74), habituation (newness-neurones; Galand and Liege,
'75; O'Benar, '76; Guthrie and Banks, '78); large receptive fields and
binocularity (Guthrie and Banks, '74; Galand and Liege, '75) and a rather large
"plasticity" in response (O'Benar, '76). In addition, multimodality is
encountered in the SGC and SAC (see below). There are no indications regarding
specific cell types which would be responsible for these responses. Consequently, all neurons occurring in the SGC or SAC might be responsible for the
types of responses encountered, since all receive monosynaptic and/or polysynaptic input from retinal fibers (see above; type V, VIII, IX, X, XI, XII
and XIII). Guthrie and Banks ('78) distinguished eight types of responses,
based on specific visual stimulation conditions. These could be recorded
from layer 1 up to layer 5, with a slight preference for layer 4/5, 3/4 and 1.
This might be correlated with the larger density of cell bodies in these
layers, but does not allow for identification of specific cell types. In
contrast, it might even suggest that the response types distinguished are
randomly distributed over the different morphologically distinguishable cell
types.
Electrical activity of periventricular
neurons could be recorded satisfactory only by O'Benar ('76) in the goldfish. Recordings from layer 1 revealed
multi-unit burst-like activity of simultaneous firing neurons suggesting
electric coupling. This might be correlated with the gap-like junctions
described in the present thesis. In most recordings, the activity could be
changed by visual stimuli, which is in keeping with the occurrence of
synapses with retinal fibers on the dendrites of these neurons (present
thesis chapter IV).Visual stimulation could elicit a large variety of responsetypes, sometimes rather irreproducable or "plastic" (O'Benar, '76). Guthrie
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and Banks ('78), investigating tectal neurons in the perch, also included SPV
cells in their results, but could not distinguish the activity of SPV neurons
from that of other tectal neurons.
Because the axon hillock of the periventricular or type XIV neurons is
situated far away from the cell body, viz. in layer 4/5, the functional
significance of spike recordings in layer 1 is unclear. In the frog, the same
problem is encountered. In this animal, Gruberg and Lettvin ('80) showed that
the cell bodies of periventricular neurons revealed no or very erratic
electrical activity. However, in the nucleus isthmi, a cell mass getting its
input in the frog exclusively from periventricular tectal cells (Gruberg and
Udin, '78; Gruberg and Lettvin, '80) good and well-defined responses could be
recorded. Gruberg and Lettvin ('80) conclude that the somata of periventricular
cells have no essential function in the electrical activity of these neurons.
λ similar situation might well be present in teleosts. Also in teleosts, SPVor type XIV neurons are the most important afferent elements for the nucleus
isthmi (Ito et al., 'Sib) and in the nucleus isthmi well defined electrical
activity can be recorded after stimulation of the optic nerve (Williams and
Vanegas, '81). So, responses recorded in layer 1 seem to represent only
residual electrical activity coming from the more superficially located axon
hillock, rather than the full electrical activity of these neurons.
The intracellular recordings of Rowe ('80) in Ambloplitea
rupeetria
revealed a type of visual tectal neuron with a cell body in the boundary region
between layer 7 and 6 and dendrites in layer 5 or below. These neurons might
well correspond to type III neurons in the goldfish, since these neurons have
some deeper located branches in teleosts with a highly developed visual system,
to which Ambloplitea
belongs (Kishida, '79). Type III neurons indeed receive
monosynaptic retinal input (chapter IV) and represent a visual type of tectal
interneuron (see fig. V.13). The neurons identified by Rowe ('80) showed a
quite characteristic type of response, (on-off burst cells), but were not
selective for specific stimulus conditions.
The intracellular recordings of Nuda et al. ('81) in Сагаавгиа
оагаввіие,
a species closely related to Сатаввгив auratua,
identified visual neurons in
layer 1 (type XIV), in layer 3/4 (which might be type IX or type X neurons),
in layer 4/5 (which might be type IV or type VII neurons) and in layer 5
(type I neurons). This is in accordance with the present morphological study
and with previous extracellular recordings. By far most recordings were
obtained from type I neurons, which is probably caused by the large frequency

of occurrence of these neurons (chapter III) and by their good resistance to
electrode penetration due to their large dimensions in the direction of
electrode penetration. Type I neurons showed a number of different types of
responses, corresponding to the responses recorded extracellularly in layer 5
(Sutterlin and Prosser, '70; Guthrie and Banks, '74; O'Benar, '76; Schellart
et al., '78). The most remarkable result of Niida et al. ('81) is the complete
absence of any correlation between the type of response recorded and the cell
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type identified. Type I neurons showed a number of different types of
responses, whereas other types of neurons showed the same type of response as
some type I neurons. A similar lack of correlation was reported by Guthrie and
Banks ('78). In my opinion, the "randomness" of these effects indicates that
the aspects of visual responses studied (on-off responses, transient and sustained responses) do not encode relevant information for the goldfish. The
tectum mesencephali of teleosts apparently is no analyser of on-off or
transient-sustained visual responses, but of other aspects of visual as well
as non-visual information. This is in agreement with the conclusion of the
previous section, that tectal cytoarchitecture suggests an important multimodal integrative function.
The pronounced responses of type I neurons upon visual stimulation (Niida
et al., '81) might at first sight seem somewhat surprising, because they have
only a low percentage of contacts with retinal fibers (chapter IV; see also
fig. V.13). However, these contacts are closer to the axon hillock than those
with toral afférents, which might enhance the influence of visual stimulation.
However, purely visual stimuli are rather unphysiological, and the experiments
of Niida et al. ('81) do not indicate the balance between toral and visual
stimulation. When both toral and visual input would be provided to type I
neurons in a physiological ratio, it might well be possible that the visual
input would appear to be of relatively low importance. It should be mentioned
that the visual input of type I neurons in the goldfish seems to be smaller
than in Eugerrea.
In the goldfish, contacts with retinal fibers occur almost
exclusively on their dendrites in layer 5 (chapter I\fl , whereas in Eugerrea
a substantial number of contacts occur on the dendritic shaft as well (Laufer
and Vanegas, '743). According to Ebbesson ('80), in the visually highly
developed teleost Holoaentrus,
type I neurons would receive no retinal input
at all, which would be a very remarkable species difference. However, the
statement of Ebbesson ('80) can only be evaluated after publication of more
experimental details.
2.4.3 Deep tectal information processing - multimodality
With respect to non-visual responses in the tectum of teleosts, only a few
rather incidental observations are available. Sutterlln and Prosser ('70) and

Guthrie and Banks ('74) have reported spontaneously firing neurons in deep
tectal layers that do not respond to visual stimulation. Galand and Liege ('75)
described three types of multimodal units for deep tectal layers : visuo-tactile
units; visuo-lateral line units and visuo-acoustic units. Visuo-tactile units
in deep tectal layers have also been described by O'Benar ('76). Visuolateral line responses and visuo-acoustic units have also been described by
Callens et al. ('67) and Niida ('73) respectively, however, without
reference to a particular tectal layer. Guthrie and Banks ('74) recorded the
activity of deep tectal neurons during electrical stimulation of the
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fasciculus longitudinalis lateralis in the rhombencephalon. This type of
stimulation could have both excitatory and inhibitory effects on deep tectal
neurons. So, several types of multimodal responses have been demonstrated in
the tectum, and these predominantly or possibly even exclusively occur in deep
tectal layers, where afférents from the contralateral tectum, the torus semicircularis and the reticular formation have been demonstrated. There are no
physiological indications about the tectal cell types which may be responsible
for the multimodal responses, but from the present study type XII and XIII are
the most likely candidates. This agrees with the location of multimodal units
in the SAC and SGC.
To my knowledge, there are no data available concerning the electrophysiological properties of telencephalic afférents to the tectum.
3 TECTAL EFFERENTS
3.1 Tectal

targete

The efferente of the goldfish tectum have recently been investigated by
Grover and Sharma ('79). Their results, combined with the results of Schmidt
('79) concerning tecto-retinal efferents in the goldfish, are surmarized in
figure V.14. The nuclei mentioned in this figure are indicated in figure V.3,
V.4 and V.5. The nucleus isthmi, not identified as a tectal target in the
goldfish by Grover and Sharma ('79), is included in figure V.14 for reasons
to be discussed below. Tectal efferents have also been investigated in the
teleosts Еидеггев and Holoaentrue
(Ebbesson and Vanegas, '76), the blind fish
Aetyanax hubbei (Sligar and Voneida, '76), and the carp Суртгпив
carpio
(Luiten, '81). These studies agree with the results of Grover and Sharma ('81)
in describing ascending, bilateral projection to the nucleus rotundus and
other pretectal cell groups, a medial projection to the contralateral tectal
half and descending projections to the ipsilateral torus semicircularis, other
ipsilateral dorsolateral tegmental areas, the ipsilateral lateral reticular
formation and the contralateral medial reticular formation (see fig. V.14).
The descending efferents constitute the largest efferent tectal tract (tractustecto-bulbaris). Ebbesson and Vanegas ('76) and Luiten ('81) describe an
additional medial projection to the torus longitudinalis. However, the toral
afférents labelled represent most likely the cerebello-toral afférents, which
traverse the tectum before reaching the torus (Ito and Kishida, '78).
The most important difference between the results of Grover and Sharma
('79) and those of other authors mentioned concerns the tecto-isthmic projection, which has not been described by Grover and Sharma ('79), but was
demonstrated in all other teleosts investigated. Moreover, Ito et al. ('81)
and Sakamoto et al. ('81) demonstrated in the teleost Navodon modeetua that
the tecto-isthmic projection is highly ordered, and Williams and Vanegas ('81)
provided electrophysiological evidence for the existence of a tecto-isthmic
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Fig. v. 14. Schematic representation of present knowledge concerning the efferent connections
of the tectum of the goldfish. For references, see text, section 3.1. For abbreviations,
see pag. 110.
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Fig. V. 15. Schematic representation of present knowledge concerning the extrinsic
connections of the retina and the tectum in the goldfish. For references: see text,
sections 1.1, 1.2 and 3.1. For abbreviations, see pag. n o .
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projection in Holocentrus
and Eugerrea.
In fact, in all classes of vertebrates
investigated, the nucleus isthmi or its homologue, the nucleus parabigeminalis
(Gruberg and Udin, '78; Sakamoto et al., '81) receives the bulk of its input
from the tectum mesencephali (teleosts: Ito et al., '81; Sakamoto et al., '81;
amphibians: Robinson, '68; Wilczynski and Northcutt, '77; Gruberg and Udin,
'78; Gruberg and Lettvin, '80; reptiles : Foster and Hall, '75; birds: Hunt
and Künzle, '76, '77; mammals: Graham, '77; Harting, '77; Baleydier and
Magnin, '78; Méndez-Otero et al., '80) and is considered as a "satélite
system" of the tectum or colliculus superior (Graybiel, '78). So, a nucleus
isthmi without tectal input would be quite unlikely. Most probably, the
deviating results of Grover and Sharma ('79) with respect to the tecto-isthmic
projection will have some technical reason rather than to reflect species
differences. Consequently, also in the goldfish the nucleus isthmi should be
considered as a tectal target (fig. V.14), just as in the other teleosts
investigated.
The existence of a tecto-retinal projection is a point of controversy in
the literature. Anatomical (Witkovsky, '71; Stell, '72) and electrophysiological
studies (Vanegas et al., '73; Sandeman and Rosenthal, '74; Schmidt, '79) have
clearly demonstrated the existence of retinopetal, centrifugal fibers in
teleosts. However, the origin of these fibers is not certain. Electrophysiological results strongly suggest a tectal origin of retinopetal fibers.
Using electrical stimulation of the optic nerve, Vanegas et al. ('73) found
in Eugerree a fast-conducting population of fibers that showed several characteristic of antidromic activation. Moreover, these fibers remained intact
after eye-enucleation, which excludes a retinal origin and suggest a tectal
origin. Similar electrophysiological results were obtained by Schmidt ('79) in
the goldfish. Electron-microscopical studies corroborated the persistence of
large caliber (=fast conducting) fibers after eye-enucleation (Laufer and
Vanegas, '74b).Sandeman and Rosenthal ('74) recorded the activity of retinopetal fibers in the trigger fish Hemibalistes
chrysopterus,
which could be
activated by visual, vestibular, vibratory and tactile stimuli. Their responses
were weakened by ablation of the ipsilateral tectum and abolished by ablation
of the contralateral tectum, strongly suggesting a tectal origin.
Anatomical studies, using HRP injections in the eye or optic nerve, have
yielded less consistent results. Schmidt ('79) has reported for the goldfish
the bilateral labeling of a large number (about 1500) of vertically oriented
bipolar tectal neurons in the SFGS. This labeling could only be obtained when
the eye had been enucleated 2 to 6 weeks before. Some of the neurons shown by
Schmidt ('79) probably represent type I neurons, because of the characteristic bifurcation of the apical dendritic shaft at the boundary of layer 6 and 7
or because of the basal dendritic shaft in layer 4. Type I neurons, however,
are clearly interneurons, not projecting outside the tectum (present thesis).
Other neurons labeled by Schmidt ('79) might represent type VI neurons, which
indeed have efferent axons. However, these axons are not of a large caliber
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and do not course through the SO or SFGS as could be expected from the electrophysiological results (see above). Meyer and Ebbesson ('81) and Meyer et al.
('81) also labeled tectal neurons after HRP injection in the eyes of
Synodontis
nigriventris
and Tetradon fluviatilis,
respectively. However, these
represent other cell types than those labeled by Schmidt ('79), because they
are located both in the SFGS and SGC, while those in the SFGS are not bipolar.
Furthermore, the number of neurons labeled by Meyer and Ebbesson ('81) and
Meyer et al. ('81) is considerably smaller than the number of neurons labelled
by Schmidt ('79). Apart from the tectal neurons, Meyer and Ebbesson ('81) and
Meyer et al. ('81) labeled neurons in the pretectum and dorsolateral thalamus.
These were not labeled by Schmidt ('79). Münz and Claas ('81), using poecilid
and cyprinid fishes, labeled neurons in the pretectal region as well, but did
not find labeling in the tectum. They also found telencephalic neurons projecting to the retina. Peyrichoux et al. ('77), using cyprinid fishes, could
not at all produce reproducable labeling of retinopetal cells.
Apart from species differences, which I consider unlikely for all differences mentioned, a number of technical reasons may be involved. Absence of
labeling may be due to the inability of retinopetal fiber terminals to incorporate HRP (Peyrichoux et al., '77). On the other hand, false labeling may
occur. According to Münz (personal communication) intraocular injection of HRP
results in aspecific , weak labeling of tectal neurons after three days
survival time, caused by degeneration of anterogradely filled optic nerve
fibers and subsequent incorporation of the HRP delivered in tectal neurons.
Such a kind of labeling of tectal neurons might be present in the material of
Meyer and Ebbesson ('81), who show only weak labeling of tectal neurons after
long survival times. The massive labeling of bipolar neurons in the SFGS
described by Schmidt ('79), might also be due to local uptake of HRP by the
neurons labeled. In experiments of this type, HRP might reach the tectum by
means of capillary transport through the empty channels in the optic nerve.
There seems to be no other explanation for the dramatic effect of eye
enucleation and the labeling of interneurons (type I). Nevertheless, the
results of Schmidt ('79) are still incorporated in figure V.14, since at
present the existence of tecto-retinal fibers cannot be excluded.
It should be mentioned that a number of observations may be explained by
assuming that pretectal neurons have an axon terminating in the retina and a
collateral terminating in the tectum (Münz, personal communication). This
would be in accordance with the labeling of pretectal neurons after HRP injection both in the retina (Meyer and Ebbesson, '81; Meyer et al., '81; Münz and
Claas, '81) and the tectum (Grover and Sharma, '81; Luiten, '81), with the
continued existence of fast conducting fibers in the tectum after eye
enucleation (Vanegas et al., '73; Schmidt, '79) and with their large caliber
and superficial course in the tectum (Laufer and Vanegas, '74b). Such a large
caliber and superficial course was never observed for efferent tectal axons
(present thesis), whereas pretectal neurons may have very large axons (Ito et
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al., '81) and project to superficial tectal layers (Grover and Sharma, '81).
The postsynaptic tectal evoked potential recorded by Schmidt ('79) after eye
enucleation might be explained as well by the existence of pretectal neurons
projecting to both the retina and the tectum, and the results of Sandeman and
Rosenthal ('74) would be explainable by assuming that they did not only ablated
the tectum, but also the pretectum. The antidromic spike described by
Vanegas et al. ('73) is more difficult to explain. However, pretectal cells
with collaterals to both the retina and the tectum do not exclude the concurrent existence of tectal cells that project to the retina.
As far as I am aware only two electrophysiological studies deal with tectal
efferente. Mark and Davidson ('66) recorded single unit activity in the intertectal commissure of Aetronoatus
ocellatus.
These units showed rhytmic spontaneous activity in the dark, which was mostly inhibited by increasing levels
of background illumination, but could not be changedby patterned visual input,
such as light or dark objects or moving stimuli. Williams and Vanegas ('81)
recorded electrical activity in the nucleus isthmi, nucleus rotundus, nucleus
dorsolateralis tegmenti and corpus glomerulosum after electrical stimulation
of the tectum or the optic nerve in Eugerree and Holoaentrue.
Neurons in the
nucleus isthmi showed a characteristic burst of spikes after tectal
stimulation. The results further suggest that the tectal neurons projecting to
the nucleus isthmi receive monosynaptic input from retinal fibers. The
responses in the nucleus rotundus ( or nucleus prethalamicus) showed two
distinct excitatory components. The results concerning the nucleus dorsolateralis tegmenti and corpus glomerulosum were only fragmentary.
Electrical stimulation of the tectum of teleosts elicits several types of
conjugate eye and body movements (Chauchard and Chauchard, '27a, b; Akert, '49;
Meyer et al., '70; Demski and Gerald, '74). The direction of these movements
depends on the tectal site which is stimulated, suggesting a kind of motor-map
within the tectum (Akert, '49; Meyer et al., '70). These behavioral responses
should be effectuated via tectal efferents. Eye movements elicited by tectal
stimulation may be mediated by the nucleus pretectalis, which receives
bilateral tectal input (see fig. V.14) and projects to the oculomotor nuclei
(Finger and Karten, '78). Body movements may be mediated by the reticular
formation, which is an important target of tectal efferents and projects to
the spinal cord. The nucleus pretectalis, area pretectalis and the nucleus
isthmi may be involved as well, since these tectal targets project to the
cerebellum (Finger and Karten, '78; Grover and Sharma, '81; Luiten, '81).
Figure V.15 summarizes the present knowledge concerning the extrinsic
connections of the tectum and retina of the goldfish. Eight structures appear
to have reciprocal connections with the tectum (retina; area pretectalis;
nucleus pretectalis; contralateral tectal half; torus semicircularis; nucleus
dorsolateralis tegmenti; nucleus isthmi; and the ipsilateral reticular
formation, in particular the nucleus reticularis superior). Four nuclei project
to the tectum without receiving tectal input (the telencephalic area dorsalis
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centralis; nucleus dorsalls lateralis thalami; torus longitudinalis and the
nucleus of the rostral mesencephalic tegmentum or nucleus ruber), whereas three
structures receive tectal input without projecting back to the tectum (nucleus
rotundus; nucleus geniculatus lateralis; contralateral reticular formation).
The nucleus dorsalis lateralis thalami, the area pretectalis and the nucleus
pretectalis are intercalated in three indirect retinotectal pathways. So, the
pattern of extrinsic tectal connections is rather complex, suggesting an
important integrative function.
3.S Efferent

teotal

neurone

The Golgi-study presented in chapter III revealed that four types of tectal
neurons have myelinated axons leaving the tectum (type VI, X, XII and XIII).
Electron microscopical observations (chapter IV) confirmed this finding for
type VI, XII and XIII neurons. Type X has not yet been investigated electronmicroscopically. Recent investigations of Grover and Sharma ('81) corroborated
the efferent character of type XII and type XIII neurons, since both types of
neurons were labelled after HRP injection in the torus semicircularis or in
the tractus tecto-bulbaris. According to the results of Schmidt ('79), exten
sively discussed in the preceding paragraphs, the axons of type VI neurons
might terminate in the retina. HRP injection in tectal targets did not yet
label neurons that could belong to type X.
The present study revealed that type XIV neurons have unmyelinated axons
with abundant collateral terminations within the tectum (chapters III and IV).
We never could observe a collateral leaving the tectum or coursing along a
substantial distance in layer 2. However, recent investigations using HRP
injection in tectal targets revealed at least three sites of termination of
type XIV axons outside the tectum, i.e. the nucleus isthmi, the pretectum
and the contralateral half. This means that some collaterals of type XIV
axons still do leave the tectum. Ito et al. ('81) labeled a peculiar subtype
of type XIV neurons after HRP injection in the nucleus isthmi of Navodon
modeetuB. This subtype, with a dendritic as well as an axonal arborisation in
layer 6, has also been demonstrated in the goldfish (present study, chapter
III, p.43; see also cell a in fiq. 16, D.42 and fia. 14.η.51). Сопсеі а Ы .
also in the goldfish the basal axon collateral of this subtype projects to the
nucleus isthmi.
Grover and Sharma ('81) demonstrated in the goldfish two other targets
of type XIV axons, viz. the pretectum and the contralateral tectal half.
HRP injection in the pretectum, including the area pretectalis and nucleus
rotundus, but not the nucleus pretectalis and nucleus geniculatus lateralis,
labeled monopolar neurons in the tectal layers 1 or 2, with an apical process
reaching layer 5, thus allowing for identification as type XIV neurons.
Retrograde labeling in the contralateral tectum was difficult to obtain, but
is one out of 15 attempts. Grover and Sharma ('81) clearly labeled neurons
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Flg. V. 16. Summarizing representation of present knowledge concerning the efferent tectal neurons
in the goldfish. For references, see t e x t , section 3.2. The afferent tectal zones indicated are
discussed in section 2.2. For abbreviations, see pag 110.

in the SPV. Although some of the labeled cells had a peculiar multipolar shape,
most of them might represent type XIV or type XV neurons. A projection of type
XIV neurons to the contralateral tectal half is supported by two other findings.
At first, O'Benar ('76) recorded in the SPV electrical activity closely
resembling the activity of intertectal commissural fibers as recorded by Mark
and Davidson ('66). Secondly, Ito et al. ('81) describe degeneration of some
axon terminals of the S5 type in the tectum of Holocentrua
after lesions in the
contralateral tectal half. As is discussed in chapter IVb, S5 terminals closely
resemble the axon terminals of type XIV axons as identified in the goldfish
(present thesis).
The present knowledge concerning the projections of efferent tectal
neurons is summarized in figure V.16. Type VI neurons, receiving predominantly
visual input (see fig. .іЗ and the general discussion section 2.3.2), might
project back to the retina. The target of the axons of type X neurons, which
integrate visual, toral and telencephalic input, is unknown. The axons of
type XII and XIII neurons, which integrate all types of tectal input, con
stitute the tractus tecto-bulbaris, which is the most important efferent
tract of the tectum. Type XIV neurons, which also may integrate all types of
tectal input, however, with visual input as dominant modality, may project to
the area pretectalis, the nucleus pretectalis, the contralateral tectal half
and the nucleus isthmi. Type XV neurons, processing predominantly non-visual,
deep tectal input, might also project to the contralateral tectal half. Thusfar the tectal neurons projecting to the nucleus pretectalis, nucleus geniculatus lateralis and nucleus dorsolateralis thalami have not yet been
identified.
4 CONCLUSIONS

The preceding discussion is aimed at an exploration of the functional
significance of the laminar organization of the tectum at both the cellular
and the synaptic level. It has been pointed out that the tectum mesencephali
of the goldfish does not only receive afférents from the retina, but also from
at least ten other brain centers. Each type of tectal afferent has a characteristic level of termination within the tectum, allowing for a distinction
of four main afferent zones: a toral afferent zone (layer 7), a visual
afferent zone (layers 5/6, 5 and 4/5), a toral/telencephalic afferent zone
(layer 3/4) and a deep afferent zone (layers 3 and 2), with both visual and
non-visual afférents. The tectal cell types differ primarily with respect to
the location and extension of their dendrites in one or more of these distinct
afferent zones, suggesting that each cell type receives a characteristic sample
out of the information available from different sources. The efferent neurons
that give rise to the large tractus tecto-bulbaris, receive input from all
afferent tectal zones thus probably integrating all types of tectal input. It
may be concluded that the laminar organization of the tectum is primarily
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relevant for multimodal integration.
The tentative conclusion formulated above has been compared with electrophysiological data. In general, these do not present evidence for special
functions of tectal neurons in visual discrimination, since (1) many neurons
do not respond at all to the visual stimuli used, (2) visual responses of
tectal neurons are in general not more complex than those of retinal ganglion
cells, and (3) the types of responses recorded seem to be randomly distributed
among the different cell types. Tectal neurons differ from retinal ganglion
cells only in their strong habituation to visual stimuli and in their responses to non-visual stimulation. This is in accordance with the suggestion that
tectal neurons have a multimodal integrative function rather than a visual
discrimination function. However, this suggestion can not yet be substantiated,
since systematical electrophysiological investigations concerning multimodal
integration within the tectum have not yet been reported.
Apart from its refined laminar organization, the tectum mesencephali
has also a detailed topographical organization of both its afferent and
efferent connections. The combination of a laminar and topographical
organization of tectal afférents is particularly suited for the localization
of objects in the environment of the animal on the basis of integrated multimodal information (including visual, acoustical, lateral line and tactile
afferent input). The topographical organization of tectal efferente allows for
subsequent orientation of the eyes, head and/or body towards or away from
relevant objects. This has particularly become clear from focal electrical
stimulation of the tectum, which elicits goal directed movements, the directicn
of which depends on the tectal site stimulated.
The general function of the tectum, viz. localization and selection of
stimuli and generation of orientation movements, has remained rather constant
throughout all levels of vertebrate phylogeny (Ingle and Sprague, '75). However,
the following two peculiarities of the teleostean tectum in comparison with
the tectum of terrestral vertebrates can be noticed. The first one is the
occurrence of a marginal layer, possibly related with the lateral line system,
a pressoreceptive sensory system occurring only in aquatic vertebrates. The
second one is the importance of multimodal integration as suggested by the
present analysis of tectal cytoarchitecture and synaptology and supported by
the low efficacy of exclusively visual stimulation in evoking spike responses
of tectal neurons. This might suggest that, whereas in terrestral vertebrates
different types of stimuli each may separately result in efferent tectal
activity (see Ingle and Sprague, '75 for review), in the aquatic teleosts the
simultaneous presence of stimuli of different modality is an important prerequisite for activity of efferent tectal neurons. Conceivably, in an aquatic
environment exclusively visual stimuli, not attended with acoustical, lateralline or tactile signals, might more readily represent non significant reflections than in a terrestral environment.
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Í APPENDIX
To arrive at a quantitative estimation of the degree of Influence of the main types of
tectal input on the various cell types distinguished, several calculations have been
performed based on the following assumptions and/or simplifications (see also section
2.3.6 of the general discussion):
(1) Tectal neurons can be classified in discrete cell types with specific dendritic and
axonal properties.
(2) All neurons belonging to a certain tectal cell type as distinguished in this thesis
have a similar function.
(3) Within the tectum of the goldfish, dendrites, dendritic shafts and cell bodies are
postsynaptic structures, whereas axon terminals are presynaptic structures.
(4) All types of postsynaptic structures at a certain level have contacts with all types of
presynaptic structures at the same level.
(5) All types of postsynaptic structures at a certain level have equal percentages of
contacts with all types of presynaptic structures present at the same level, except for the
axons of type XIV neurons.
(6) a: type XIV axons make exclusively synapses with type XIV dendrites
bi type XIV axons make a large number of synapses with dendrites of other types of
tectal neurons.
(7) The influence of a certain axon on a certain neuron is proportional to the number of
synaptic contacts between both structures.
All calculations start from the assumptions 1, 2, 3, 4 and 7. However, with respect to
the assumptions 5 and 6 the following three conditions are considered.
Condition 1 starts from the assumptions 5 and 6a. This means that any type of postsynaptic structure at a certain level makes equal percentages of contacts with all types
of presynaptic structures present at the same level, except for the axons of type XIV
neurone, which are presumed to make only synaptic contacts with dendrites of type XIV
neurons.
Condition 2 implies that the assumptions 5 and 6 are replaced by the assumption that
each individual axon makes about the same number of synaptic contacts, which means that the
influence of each type of axon is proportional to its frequency of occurrence.
Condtion 3 starts from the assumptions 5 and 6b, which implies, just as in condition
1, that any type of postsynaptic structure at a certain level makes equal percentages of
contacts with all types of presynaptic structures present at the same level, except for the
axons of type XIV neurons. In contrast to condition 1, type XIV axons are now assumed to
establish a large percentage of contacts with the other tectal neurons.
The following symbols are usedi i (cell type) means the input of a cell type (eg i
(III), i (IV) etc); о (cell type) means the output of a cell type; the four main steams of
tectal afferent input are indicated as vis, tel, tor or deep, which means visual,
telencephalic, toral and "deep" tectal input, respectively. For a further discussion of
these types of input the reader is referred to the general discussion.
Condition

1

For tectal interneurons the following equations can be formed.
Type I:

is contacted by all tectal presynaptic elements, except for deep tectal
afférents. Judging from the number of synapses in the different layers
(fig.4 en p.98) no more than 5% of their input is visual and no more dan 5% Is
telencephalic. At least 90% of their input comes from the torus longltudinalls.
i (I)-0.05vis+0.9tor+0.05tel

(la)
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Type III:

may be contacted by visual afférents, axons of other type III neurons and
axons of type VII neurons (see figs. V.8-V.11). In condition 1 this results
in the following formula:

Type IV:
Type V:

i (III)-l/3vis+l/3 o(III)+l/3 o(VII)

(2a)

i (IV)=l/3vis+l/3 o(IV)+l/3 o(VIII)

(3a)

consists of two different subpopulations in our schemes, one in layer 4 and
one in layer 3, with the following inputs:
i (V. )-l/2 o(V
li,

)+l/2 o(IX)

(4a)

l i t

i (V. )=l/3tel+l/3deep+l/3 ofV, )
Type VII:

(5a)

is contacted by the same axons as type III and IV together. Judging from
their dendritic extension, the basal dendrites in layer 4/5 have about 4 times
more synapses than the dendrites in layer 5 and 6, in formula:
i (VII)-l/5(l/3vie+l/3 o(III)+l/3 o(VII)}+4/5{l/3vie+l/3 o(IV)+l/3 o(VIII)}=
i (VII)-l/3vls+l/15 o(III)+4/15 o(IV)+l/15 o(VII)+4/15 o(VIII)

(6a)

Type VIII: Judging from the extension of the dendritic trees and the length of the
dendritic shaft, the ratio between the importance of the dendrites in layer
4/5, dendritic shaft and soma in layer 4 and dendrites in layer 3/4 is
estimated to be 2 : 1 : 1. This results in the following equation:
i (VIII)>=l/2{l/3vis+l/3 o(IV)+l/3 o(VIII)}+l/4{l/2 о (V1 )+l/2 o(IX)} +
l/4{l/2tel+l/2 o(I)}
i <VIII)=l/6vis+l/8tel+l/8 o(I)+l/6 о(І )+1/в оІ ^ + І/б o(VIII)+l/8 o(IX) (7a)
Type IX:

is contacted by the same types of presynaptic structures as type VIII.
However, the ratio between the influence of the dendrites in layer 4/5, those
in layer 4 and the dendrites and soma in layer 3/4 is estimated to be
2 : 1 : 2

for type IX, resulting in the following equation:

i (IX)-2/5{l/3vis+l/3 o(IV)+l/3 o(VIII)} + l/5{l/2 ofVj^ )+l/2 o(IX)) +
2/5{l/2tel+l/2 o(I)}i (IX)>2/15vis+2/10tel+2/10 o(I)+2/15 o(IV) + l/10 ofVj^ )+2/15 o(VIII) +
1/10 o(IX)

(8a)

According to assumption 7 (see also general discussion, section 2.3.6) i (cell type) «
о (cell type), which means that equation (1) to (8) constitute eight equations with six
unknowns. These can be solved in terms of visual, telencephalic, toral and deep tectal
input, resulting in the following set of equations(see also fig. V.13):
i (I)=0.05vis+0.9tor+0.05tel
1 (III)-0.e8viB+0.06tor+0.06tel
1 (IV)-0.73vis+0.12tor+0.14tel

(lb)
(2Ы
(3b)

i (V. )-0.38vis+0.29tor+0.33tel

(4b)

i (Vj^ )-0.50tel+0.50deep

(5b)

i (VII)-0.76vis+0.11tor+0.13tel

(6b)

i (VIII)=0.47vls+0.25tor+0.29tel
i (IX)-0.38vis+0.29tor+0.33tel

(7b)
·

(8b)

From these equations the input of other tectal neurons can now be estimated.
Type XIV:

Judging from the number of synapses (fig.
4, on p.98 ), the ratio between the
influence of the dendrites in layer 5/6, 5 and 4/5 and the dendrites and
dendritic shaft in layer 4, 3 and 2 is 2 : 1. The influence of structures in
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layer 5/6 and 5 compared with those in layer 4/5 is estimated to be
proportional to 2 : 1. The influence of structures in layer 4 : 3/4 : 3 : 2 is
estimated to be proportional to 2 : 2 : 1 : 1, in formula:
i (XIV)-(l-a).o(XIV)+ a|2/3[2/3{l/3vis+l/3 o(III)+l/3 o(VII)}+l/3{l/3vis+
1/Э o(IV)+ 1/3 о( ІІІ)}1+1/з[2/6{1/2 otV, )+l/2 o(IX)}+2/6{l/2tel+
lu
il
1/2 o(I)} + l/6{l/3tel+l/3deep+l/3 (V^^ ) } + l/6deepJ| •
i (XIV)« a {0.22vis+Q.07tel+0.07deep+0.06 o(I)+0.15 o(III)+0.07 o(IV)+
0.06 oW1

Ì+0.02

olVj^ )+0.15 o(VII)+0.07 o(VIII)+0.06 o(IX)) +

(l-o).o(xìv)

(9a)

i (ХІ )-0.60 із+0.14tor+0.18tel+0.08deep
Type Vii

Judging from the number of synapses (see fig.

(ЭЬ)
4, on p.98 ) , the ratio

between the influence of the dendrites in layer 6, the dendritic shaft
and soma in layer 5 and 4/5, and the dendrites in layer 4 is 1 : 1 : 2.
λ detailed discussion on the input of the dendrites in layer 6 as well as in
layer 4 is presented in the general discussion , section 2.3.2; in formulai
i (VI)-l/4vis+l/4[l/2(l/3vis+l/3 o(III)+l/3 о(VII))+l/2{І/З Ів+1/Э o(IV)+
1/3 о( ІІІ)}]+1/2 o(VIII)i (VI)»0.33vis+0.04 o(III)+0.04 o(IV)+0.04 o(VII)+0.54 o(VIII)

(10a)

or
i (VI)-0.69vis+0.15tor+0.17tel
Type Xt

(10b)

Type X neurons have a similar dendritic morphology as type IX neurons, and
consequently receive the same kind of input.
i (X)-2/15vis+l/5tel+l/5 o(I)+2/15 o(IV)+l/10 olVj^ )+2/15 o(VIII)+

(Ha)

1/10 o(IX)
or
i (X)-0.38vis+0.29tor+0.33tel
Type XII:

(lib)

Judging from the distribution of synapses, the ratio between the influences
of structures in layer 5 and 4/5, layer 4, layer 3/4 and 3, and layer 2/3
is 3 : 6 : 5 : 7. The influence of layer 5 compared with layer 4/5 is
estimated to be proportional to 2 : l;in formula:
i (XII)=2/21{l/3vis+l/3 o(III)+l/3 o(VII)}+l/21{l/3vis+l/3 o(IV)+l/3 o(VIII)}
+6/21(1/2 o(V 1 ») + l/2 o(IX)}+5/21{l/3tel+l/3 o(I) + l/3 o t V ^ ) }
+7/21deep=
i (XII)"0.05vis+0.08tel+0.33deep+0.08 o(I)+0.03 o(III)+0.02 o(IV)+
0.14 o(V. )+0.08 o(V. )+0.03 o(VII)+0.02 o(VIII)+0.14 o(IX)

(12a)

or
i (XII)-0.23vie+0.16tor+0.23tel+0.37deep

(12b)

Type XIII: From the number of synapses and the dendritic extension, the degree of
influence of structures in layer 5/6 and 5; layer 4/5; layer 4+3/4; layer 3;
and layer 2 is estimated to be proportional to 1 : 1 : 2 : 3 : 5. This
yields the following equations:
i (XIII)»l/12{l/3vis+ 1/3 o(III)+l/3 o(VII)}+l/12{l/3vis+l/3 o(IV)+
1/3 o(VIII)}+2/12[l/2[l/2 ofVj^ )+l/2 о (IX) } + l/2{ l/2tel+l/2 o(I)}] +
3/12{l/3tel+l/3deep+l/3 ofVj^ )}+5/12deep=
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i (XIII)«0.06vis+0.13tel+0.50deep+0.04 o(I)+0.03 o{III)+0.03 o(IV)+
0.04 о( и ) + 0 . 0 8 o(V 1 )+0.03 o(VII)+0.03 o(VIII)+0.04 o(IX)

i (XIII)=o.l7vis+0.07tor+0.21tel+0.54deep

(13a)

(13b)

With respect to the presynaptic elements in each layer, except for type XIV axons,
the following equations can be formed in condition 1:
layer 7)=1.0tor

(14a)

layer Б)»!.Ovis

(15a)

layer 5/6+5)=l/3vis+l/3 o(III)+l/3 o(VII)

(16a)

layer 4/5)=l/3vis+l/3 o(IV)+l/3 o(VIII)

(17a)

layer 4)=l/2 o(IX)+l/2 ofv, )

(Іва)

layer 3/4)=l/2tel+l/2 o(I)

(19a)

layer 3)-l/3tel+l/3deep+l/3 ofV. )
(layer 2/3+2)-!l .Odeep

(20a)
(21a)

When the equations lb to 8b are filled in, the following equations can be derived
i (layer 7)=1.0tor

(14b)

i (layer 6)=1.0vis

(15b)

i (layer

5/6+5)=0.88vis+0.06tor+0.06tel

(16b)

i (layer

4/5)=0.73vis+0.12tor+0.14tel

(17b)

i (layer 4)=0.38vis+0.29tor+0.33tel

(18b)

i (layer

(19b)

3/4)=0.03vis+0.45tor+0.53tel

i (layer 3)=0.50tel+0.50deep

(20b)

i (layer 2/3+2)-l.Odeep

(21b)

According to equation 16a and 17a, the SFGS should contain about 33% visual afférents,
of which the retinal afférents are quantitatively the most Important ones. This is too
high a percentage in comparison with the real values found for retinal afférents (about
18%, chapter IVb; Airhart and Kriebel,'BO), due to the neglect of type XIV axons.

Condition

2

In this condition the influence of the different types of presynaptic elements is
proportional to their frequency of occurrence. The numbers available and the resultant
ratios are indicated in table V.l. From these numbers the following equations can be
formed for the input in the different tectal layers.
layer 7:

(14c)

i (1,1=100% tor
?

(100% visual) see general discussion; section 2.3.2)

layer 6:

i (I,)-

layer 5:

The ratio between the frequency of occurrence of different types of
presynaptic elements is as follows:

(15c)

o(ret): o(NP): o(AP): o(NRMT): o(NI): o(III): o(VII): o(XIV)(2/3x160): 0.4: 0.4: 0.4: 1: 5: 1: (2/9x1200). So,
1(1 )-0.28 o(ret)+0.001 o(NP)+0.001(AP)+0.001 o(NRMT)+0.003 o(Nl)+
0.013 o(III)+0.003 o(VII)+0.70 o(XIV)i(l )=0.29vis+ 0.013 o(III)+0.003 o(VII)+0.70 o(XIV)
layer 4/5:

(16c)

o(ret): o(IV): o(VIII): о(XIV) = (1/3x160): 1:1 :(1/9x1200). So,
1 (l 4 / 5 )=0.28 o(ret)+0.005 o(IV)+0.005 o(VIII)+0.71 o(XIV)
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(17c)

Table
Frequency
type

of оооиттепев and laminar

of presynaptic

element

axons of type I neurons

V.l

distribution of presynaptic elements

frequency of
occurrence

ratio

10

6.25021

5
1
1200
160
Θ0

axons of type IV-XIII neurons, each
1.250z'
axons of type XIV neurons
1500.000 2 '
afférents from the retina
200.000 2)
afférents from the TL
100.ooo3'
afférents from the telene.
?
deep tectal afférents
?
afférents from NP
500 3 '
afferente from AP
afférents from NRMT
afférents from NI

the

tectum

teotal layers

il

number

12.500 2 '

axons of type III neurons

di stribution over

in the goldfish

(10) 4)
(10) 4)
0.4

500 3 )

0.4
(0.4) 5)

?
1250 6 '

1

layer 3/4
layer 5
see fig. 7
layer 5:4/5:4i3/4:3-2tli3
layer 5:4/5-2:1
layer 7

Ii2

layer 3/4:layer 3-1:1
layer 3:2/3:2-1:1:2
layer 5
layer 5
layer 5
layer 5

roughly eitimated on the baais of the width of these la yera and/or the morphology
of the axon·
'see chapter III of Che present thesis
derived from cell counts in Nissl-stained material ; see also General discussion
section I.I and 1.4
ratio number has arbitraril y b aen set equal to type I axone
'ratio number has arbitraril у ь een set equal to pretecta 1 nuclei
derived from cell counts in Ni •sl-stained material
layer 4:

layer 3/4:

o(V. )l o(IX): o(XIV)-0.5:1:(3/9x1200). So,
i
4
i d .4 )-0.001 0(7,
)+0.002 o(IX)+0.996 o(XIV)
1
4
o(tel): o(I): o(XIV)-(l/2xlO):10:(1/9x1200). So,

layer 3:

i d , ..)-0.04tel+0.07 o(I)+0.90 o(XIV)
(19c)
3/4
o(tel): o(deep): o ^ ): o(XIV)»(l/2xlO) : (1/3x10) :0.5: (2/9x1200). So,
id,)-0.03tel+0.02deep+0.003
ofV,
)+0.95 o(XIV)
л
1
3

(20c)

layer 2/3+2:

i ( l 2 + 2 ,3)>400» "deep"

(21c)

dec)

From the numbers presented in table V.l, the input-equations of tectal neurone can be
derived in the same way as in condition 1. This would yield equations 1c to 13c. These
equations, however, will not be written out here, since they are not used in the general
discussion section. The reason for this is that the equations 14c to 21c show already
clearly that this condition is not realistic. On the one hand, structures with a low
frequency of occurrence (tectal cell types IV, V, VI, VIII, IX, afferente from NP, AP, N1
and NRMT), have almost no influence, which would seem to make them redundant. On the other
hand, structures with a high frequency of occurrence (retinal fibers and type XIV neurone)
have too large an influence in condition 2. Retinal fibers would constitute about 28% of
the presynaptic elements in layer 5 and 4/5, which is too high as compared with values
measured (about 18%, Airhart and Kriebel, 'ΘΟι chapter І Ы . Type XIV axons would
constitute about 90% of all tectal presynaptic elements. However, a value of about 50% seens
more realistic, since this is the frequency of occurrence of S5 terminals in the tectum of
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üolocentruB
(Ito et αϊ., '80), which are presumably for the major part constituted by
typ« XIV axon terminals (see discussion section of chapter IVa). So, in tectal circuitry a
relatively large frequency of occurrence of a certain type of presynaptic structure seems
to a certain extent to be compensated by a relatively low number of synapses made by each
individual structure, and vice versa.
Condition

3

This condition lies in between the extreme conditions 1 and 2. For type XIV axons It is
assumed that they constitute 50% of contacts in layer 5 and 5/6; 25% of all contacts in
layer 4/5) 75% of all contacts in layer 4) 33% of all contacts in layer 3/4 and 50% of all
contacts in layer 3. This distribution is based on the following considerations. The
percentages enumerated result in an average percentage of about 50%, as is in agreement
with the percentage of SS terminals in the tectum of Holoaentrut
(Ito et al., '80), which
are probably constituted for the major part by type XIV axon terminals (see discussion
section of chapter IVa). The axons of type XIV neurons have no specific preference to
terminate in the narrow layers 4/5 and 3/4, and are assumed to have in these layers the sane
amount of influence as the other types of presynaptic elements (in layer 4/5; visual
afférents, axons of type IV neurons and axons of type VII neurons » in layer 3/4: telencephalic afférents and axons of type I neurone). Their Influence in the wider layers 5, 4
and 3 is assumed to be larger. The ratio between 50% (layer 5 ) ; 75% (layer 4) and 50%
(layer 3) roughly reflecte the preference of type XIV to terminate in layer 4(see chapter
III and also the results calculated for condition 2 ) ; and is also in accordance with the
distribution of SS terminals in Holooentrue
(Ito et al., '80). It should be mentioned
furthermore that the resultant percentage of contacts of visual afférents in layer 5 and
4/5 is about 16% and 25%, resulting in an average value of about 19% for the whole SFGS.
This is in line with the values found for retinal fibers (about 18%, see Airhart and
Kriebel, '80; chapter IVb). So, with respect to the number and laminar distribution
of type XIV axon terminals, condition 3 represents the most probable estimation that can
be made at present. However, with respect to the preference of type XIV axons to make
contacts with type XIV dendrites, the reality is probably situated somewhere In between
condition 1 and 3. Condition 1 assumes 100% preferences and condition 3 0%, which both seem
too extreme (see general discussion section 2.3.6). The following equations hold in
condition 3 (for further details the reader is referred to condition 1 ) .
Type I:

1 (I)-0.05vls+0.9tor+0.04tel+0.01deep (is set equal to condition 1,
except for one percent of deep input via type XIV axons)

Type III:

i (III)-l/2 o(XIV)+l/2{l/3vie+l/3 o(III)+l/3 O(VII)}-

(Id)

i (III)-0.17vis+0.17 o(III)+0.17 о(VII)+0.50(XIV)

(2d)

Type IV:

1 (IV)-l/4vle+l/4 o(IV)+l/4 o(VIII)+l/4 o(XIV)

(3d)

Type V, :
1*

Í (V, Ì-3/A
**

o(XIV)+X/4{l/2 OÍV, Ì+1/2 o<IX)>ι*

I (V, )-0.13 oiV. )+0.13 o(IX)+0.7S o(XIV)
Type V l i :

1 (Vj^ )-l/2 o(XIV)+l/2{l/3tel+l/3deep+l/3 oiVj ) ) i (V, )»0.17tel+0.17deep.0.17 ofv,
li

Type VII:

(4d)

)+0.50 o(XIV)

(5d)

-4

i (VII)- l/S [l/2 o(xrV)+l/2{l/3tor*l/3

o ( I I I ) + l / 3 o(VII))] +

4 / 5 [ l / 4 v i e + l / 4 o(IV)+l/4 o(VIII)+l/4 O(XIV)]1 (VII)-0.23vie+0.03 o ( I I I ) + 0 . 2 0 o(IV)+0.03 o(VII)+
0.20 o(VIII)+0.30 o(XIV)
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(βά)

Type Vili:

i

( V I I I ) = l / 2 [ l / 4 v i s + l / 4 o ( I V ) + l / 4 o ( V I I ) + l / 4 o(XIV)|+ 1 / 4 [ з / 4 o(XIV) +
1/4(1/2 o(V1

Type IX:

) + l / 2 o(IX) }]+l/4[l/3 o(XIV)+l/3 o ( I ) + l / 3 t e } =

i

( V I I I ) = 0 . 1 3 v i s + 0 . 0 8 t e l + 0 . 0 8 o ( I ) + 0 . 1 3 o ( I V ) + 0 . 0 3 ofV, ) + 0 . 1 3 o ( V I I I ) +
0 . 0 3 o ( I X ) + 0 . 4 0 o(XIV)
*
(7d)

i

(IX) = 2 / 5 [ l / 4 v i s + l / 4 o(IV) + l / 4 o ( V I I I ) + l / 4 o(XIV)] +1/5 [ 3 / 4 o(XIV) +

i

( I X ) = 0 . 1 0 v l s + 0 . 1 3 t e l + 0 . 1 3 o ( I ) + 0 . 1 0 o ( I V ) + 0 . 0 3 ofV,

1 / 4 ( 1 / 2 olV1

) + l / 2 o ( I X ) j + 2 / 5 [ l / 3 o ( X I V ) + l / 3 t e l + l / 3 o(I)]=
)+0.10

o(VIII)+

0.03 o ( I X ) + 0 . 3 8 o(XIV)
Type XIV:

i

(8d)

(ХІ ) = 2 / з { 2 / з [ і / 2 o ( X I V ) + l / 2 Í l / 3 v i s + l / 3 o ( I I I ) + l / 3

o(VII)}]+

l / 3 [ l / 4 v i s + l / 4 o ( I V ) + l / 4 o ( V I I I ) + l / 4 o(XIV)]| + 1 / 3 ¡2/6 [ э / 4 o(XIV) +
1/4(1/2 о(

1ь

) + 1 / 2 o ( I X ) } ] + 2 / б [ і / 3 o(XIV) + l / 3 t e l + l / 3 o ( I ) ] +

1/б[і/2 o(XIV)+l/2{l/3tel +l/3deep+l/3 o ^

) }]+l/6deep ] =

1 ( X I V ) = 0 . 1 3 v i s + 0 . 0 5 t e l + 0 . 0 7 d e e p . 0 . 0 4 o ( I ) + 0 . 0 7 o ( I I I ) + 0 . 0 6 о ( Г )+
0 . 0 1 o(V.
1

) + 0 . 0 1 o(V,
«4

1

)+0.07 o(VII)+0.06 o(VIII)+0.01 o(IX)+
I*

0.43 o ( X I V )

<9d)

Assuming that K c e l l type)= o(cell type) (see under condition 1 ) , the equations
Id to 9d constitute nine equations with eight unknowns, which can be solved in terms of
visual, toral, telencephalic and deep tectal input; for type I it was assumed that they
could receive some deep information via the axons of type XIV. The following set of
equations results:
i (I)=0.05vis+0.90tor+0.04tel+0.01deep

(le)

i (III)=0.67vis+0.09tor+0.12tel+0.12deep

(2e)

i (IV)=0.70vis+0.09tor+0.12tel+0.09deep

(3e)

i (V1

)=0.54vis+0.13tor+0.17tel+0.16deep

(4e)

i (V. )=0.33vis+0.07tor+0.30tel+0.30deep

(5e)

i (VII)=0.69vis+0.09tor+0.12tel+0.10deep

(6e)

i (VIII)=0.54vis+0.16tor+0.20tel+0.10deep

(7e)

i (IX)=0.47vis+0.20tor+0.25tel+0.09deep

(8e)

i (XIV)=0.56vis+0.12tor+0.16tel+0.17deep

(9e)

From these equations, the input of the efferent tectal neurons can also be
estimated.
Type VI:

i (VI) = l/4vis + l/4 [l/2{1/2 o(XIV)+l/6vis+l/6 o(III) + l/6 o(VII)} +
l/2{l/4vis+l/4 o(IV) + l/4 o(VIII)+l/4 o(XIV)}] +
1/2[з/4 o(XIV)+l/4 O(VIII)] =
1 (VI)=0.30vis+0.02 o(III)+0.03 o(IV)+0.02 o(VII)+0.16 o(VIII)+
0.47 o(XIV)

i
Type X:

(lOd)

(VI)=0.70vis+0.09tor+0.12tel+0.lOdeep

(lOe)

the equations for type X are equal to those of type IX,
1 (X)=0.10vis+0.13tel+0.13 o(I)+0.10 o(IV)+0.03 o(V 1 )+0.10 o(VIII)+
0.03 o(IX)+0.38 o(XIV)

i

(lid)

(X)=0.47vis+0.20tor+0.25tel+0.09deep
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(lie)

Type XII:

i

(XII)-2/21 [ l / 2 o(XIV)+l/2{ l / 3 v i s + l / 3 o ( I I I ) + l / 3 ofVII)}] +1/21 [ l / 4 v i s +
1/4 o ( I V ) + l / 4 o ( V I I I ) + l / 4 o(XIV)]+6/21 [3/4 o(XIV) +
1/ê o ( V l i i ) + l / 8 o ( I X ) ] + 5 / 2 l [ l / 2 { l / 3 t e l + l / 3 o ( I ) + l / 3 OÍXIV)} +
1/2 {1/2 o(XIV) + l / 6 t e l + l / 6 d e e p + l / 6 oW1

i

))] +7/21 deep=

(XII)=0.03vis+0.06tel+0.35deep+0.04 o ( I ) + 0 . 0 2 o ( I I I ) + 0 . 0 1 o(IV)+0.04 o(V 1 )
+0.02 o(V1 )+0.02 o(VII)+0.01 o(VIII)+0.04 o(IX)+0.37 o(XIV)
(12d)
or

i
Type XIII:

(XII)°0.32vi6+0.10tor+0.15tel+0.44deep

(12e)

1 (XIII)-=1/12 [ l / 2 o ( X I V ) + l / 2 { l / 3 v i s + l / 3 o(III)+l/3 o(VII)}] +
1/12 [і/4 ів+1/4 o(IV)+l/4 o ( V I I I ) + l / 4 o(XIV)]+
2/12[і/2{3/4 o(XIV)+l/8 o(V 1 )+l/8 o(IX) } + l / 2 { l / 3 t e l + l / 3 o ( I ) +
1/3 o(XIV))] + 3/12[l/2 o(XIV) + l / 2 { l / 3 t e l + l / 3 d e e p + l / 3 oiVj^ )}] +
5/12deep1 (XIII)-0.04vis+0.07tel+0.46deep+0.03 o ( I ) + 0 . 0 1 o ( I I I ) + 0 . 0 2 o(IV)+
0.01 ofVj^ )+0.04 olVj^ )+0.01 o(VII)+0.02 o(VIII)+0.01 o(IX) +
0.28 o(XIV)
'

(13d)

or
1 (XIII)=0.26vis+0.07tor+0.14tel+0.53deep

(13e)

With respect to the presynaptic elements in each layer, the following equations
can be formed in condition 3:
i (layer 7)»1.0tor

(14d)

i (layer 6)»1.0vis

(15d)

1 (layer 5/6+5)=l/6vis+l/6 o(III)+l/6 o(VII)+l/2 o(XIV)

(16d)

i (layer 4/5)=l/4vis+l/4 o(IV)+l/4 o(VII)+l/4 o(XIV)

(17d)

i (layer 4)-l/8 ofV, )+1/β o(IX)+3/4 o(XIV)
i (layer 3/4)-l/3tel+l/3 o(I)+l/3 o(XIV)

(18d)
(19d)

i (layer 3)=l/6tel+l/6deep+l/6 ofVj^ )+l/2 o(XIV)
i (layer 2/3+2)-1.0deep

(20d)
(21d)

When equations le to 9e are filled in, the following equations can be derived:
i (layer 7)=1.0tor

(14e)

i (layer 6)=1.0vis

(15e)

i (layer 5/6+51=0.67vis+0.09tor+0.12tel+0.12deep

(16e)

i (layer 4/5)=0.70vls+0.09tor+0.12tel+0.09deep
i (layer 4)-0.54vls+0.13tor+0.17tel+0.16deep

(17e)
(18e)

i (layer 3/4)-0.20vis+0.34tor+0.40tel+0.06deep
i (layer 3)-0.33vie+0.07tor+0.30tel+0.30deep
i (layer 2/3+2)«1.0deep

(19e)
(20e)
(21e)
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VI SUMMARY
The purpose of the present thesis is to increase insight in the functional
anatomy of the tectum mesencephali of the goldfish on the basis of detailed
histological observations at the light- and electron microscopical level concerning the somatic, dendritic, axonal and synaptic properties of tectal neurons. For this purpose a qualitative and quantitative Golgi- and combined
Golgi-electron microscopic investigation has been performed.
By means of the Golgi technique fifteen cell types could be distinguished,
primarily based upon their characteristic dendritic lamination patterns.
Several aspects of these cell types have been quantified, including the lamination patterns and extensions of their dendritic trees, the locations and dimensions of their cell bodies and their frequency of occurrence. Four cell
types are provided with a myelinated axon that leaves the tectum, eight cell
types have an unmyelinated axon terminating at characteristic levels within the
tectum, and three cell types have obscure axonal properties. In comparison with
the number of optic nerve fibers terminating within the tectum(about 200.000),
the number of efferent tectal neurons is relatively small(2000-8000), whereas
the total number of tectal interneurons is relatively high (1-2 million).
For the combined Golgi-electron microscopical investigation three types of
interneurons and three types of efferent neurons were selected. The main
results of this investigation are:l) Dendrites and cell bodies appear to be
exclusively postsynaptic structures whereas axon terminals are exclusively presynaptic structures. 2) The cell types investigated each have a characteristic
distribution of synaptic density along the surface of their dendrites and cell
bodies, resulting in characteristic mean numbers of synapses per postsynaptic
component. 3) Optic nerve fibers contribute to about 10-20% of the synaptic
contacts on the postsynaptic structures studied in layer 5.
In the general discussion a functional anatomical framework concerning the
tectum mesencephali is constructed on the basis of: 1) the lamination pattern
of tectal afférents as described in the literature; 2) the lamination pattern
of postsynaptic and presynaptic structures of tectal cell types as determined
by the present Golgi-study; 3) the number of synapses on the cell types studied
by means of the Golgi-electron microscopic technique and 4)a number of assumptions concerning the contribution of the different types of presynaptic structures present in each tectal layer in the formation of synapses. On the basis
of this framework estimations are presented for the flow of information from
the different types of tectal input through the neuronal tectal circuit and
for the importance of the different types of tectal neurons in the processing
of signals from the different types of tectal afferent systems.
It may be concluded that the topographical organization of the tectum is
aimed at the localization of objects in the environment of the animal and the
generation of goal-directed movements, whereas the laminar organization of the
tectum is relevant for the selection of significant objects on the basis of
multimodal information.
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НЕТ TECTUM MESENCEPHALI VAN DE GOUDVIS
(CARASSIUS AURATUS)
Een licht- en elektronenmikroskopisch onderzoek
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SAMENVATTING van het proefschrift "THE TECTUM MESENCEPHALI OF THE GOLDFISH
(CARASSIUS AURATUS). A light- and electron microscopic investigation".
Katholieke Universiteit Nijmegen, 1981

J. Meek

1
SAMENVATTING
Inleidende

opmerkingen

Het onderzoek dat in dit proefschrift wordt beschreven betreft een onder
zoek naar de struktuur van het dak van de middenhersenen, het tectum
тевепoephali ι van de goudvis. Als we de schedel van een goudvis openen, kunnen we
de hersenen van bovenaf zien liggen (fig. A ) . Verschillende delen kunnen
worden onderscheiden, o.a. de voorhersenen, middenhersenen, kleine hersenen en
achterhersenen (fig. A ) . Het gedeelte van de middenhersenen dat van bovenaf
zichtbaar is is het tectum of dak, en daar is het in dit proefschrift om be
gonnen. Wanneer we de middenhersenen dwars doorsnijden en het snijvlak door een
mikroskoop bekijken, dan zien we dat het tectum inderdaad als een dak boven de
rest van de middenhersenen is gelegen (fig. В ) . Bij mikroskopisch onderzoek
valt direkt op dat het tectum is opgebouwd uit lagen. Er kunnen zeven van
deze lagen worden onderscheiden, die van binnen naar buiten van 1 t/m 7 zijn
genummerd (fig. В ) .
Het is reeds lang bekend dat de oogzenuw voornamelijk in het tectum
eindigt, en dat het tectum dientengevolge betrokken is bij de verwerking van
lichtprikkels. De verbinding tussen de ogen en het tectum is
topografisch
geordend, hetgeen betekent dat elk plekje van de retina, het lichtgevoelige
netvlies achter in de oogbol, verbonden is met een specifiek plekje van het
tectum, met als gevolg dat via de oogzenuw een kaart van de zichtbare buiten
wereld op het tectum wordt geprojecteerd. Het in dit proefschrift beschreven
onderzoek is vooral opgezet om meer inzicht te verkrijgen in de wijze waarop
oogzenuwvezels hun invloed in het tectum uitoefenen.
Bij onderzoek naar de struktuur van een hersencentrum staan de volgende
begrippen centraal. Hersenen zijn opgebouwd uit zenuwcellen
of neuronen.
Deze
zien er uit als bolletjes met een aantal langere of kortere takken. Het
bolletje wordt cellichaam
of eoma genoemd en er worden twee soorten takken
onderscheiden: dendrieten
of axonen. In het algemeen heeft een zenuwcel
meerdere dendrieten, doch slechts één axon of zenuwvezel. Het oppervlak van
het cellichaam en van de dendrieten is gericht op het ontvangen van signalen,
terwijl het axon signalen wegzendt. Daartoe maakt een axon kontakten met
andere cellen, zowel met hun dendrieten als met hun cellichaam. Overal waar
zo'η kontakt wordt gevormd bevindt zich een struktuurtje dat вупарв wordt ge
noemd, en dat het overbrengen van signaaltjes van de ene naar de andere zenuw
cel mogelijk maakt. Hersenweefsel bestaat dus voornamelijk uit neuronen met
hun uitlopers, en deze uitlopers vormen een zeer ingewikkeld netwerk met grote
aantallen onderlinge synaptische kontakten. Wanneer we dit netwerk willen
analyseren, hetgeen in dit proefschrift het geval is voor het tectum mesencephali, gaat het dus vooral om een nadere bestudering van de cellichamen,
dendrieten, axonen en Synapsen van de aanwezige neuronen.
De zojuist genoemde strukturen kunnen slechts met behulp van bepaalde tech
nische hulpmiddelen zichtbaar worden gemaakt. Om cellichamen, dendrieten en
axonen te kunnen waarnemen is een lichtmikroskoop
nodig, een instrument dat
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Fig. Α. (=Fig. I.l. van het proefschrift) De hersenen van de goudvis. a: De positie van de
hersenen in de vis; b: Bovenaanzicht; с: Zijaanzicht.
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Fig. В. (=Fig. 1.2. van het proefschrift) Dwarse doorsneden door het tectum van de goudvis.
a: Een opname met een lage vergroting om de ligging van het tectum boven de rest van de
hersenen te tonen; b: Een opname met een hogere vergroting om de tectale lagen aan te
duiden. SAC: stratum album centrale; SFGS: stratum fibrosum et griseum superficiale;
SGC: stratum griseum centrale; SM: stratum marginale; SO: stratum opticum; SPV: stratum
periventriculare.

tot ongeveer 1000 χ kan vergroten, terwijl voor de bestudering van de kleine
Synapsen zelfs een elektronenmikroekoop
nodig is, een instrument dat tot
ongeveer 100.000 χ kan vergroten. Verder moet hersenweefsel eerst "gefixeerd",
dat wil zeggen vastgelegd worden met behulp van chemicaliën, omdat dood weefsel anders zeer snel zijn struktuur verliest en ultelkaar valt. Daarna moeten
zeer dunne plakjes weefsel (coupes) worden gesneden om de inwendige struktuur
van de hersenen zichtbaar te maken. Voor lichtmikroskopie varieert de vereiste
dikte van 0.01 tot 0.1 mm, terwijl voor elektronenmikroskopie de coupes slechts
0.0001 mm dik mogen zijn. Coupes worden gemaakt met een mikrotoom of ultramikrotoom, en het weefsel moet hiervoor worden ingebed in paraffine, celloïdiie
of plastic, omdat het anders niet hard genoeg is om dunne coupes te snijden.
Tenslotte moet een weefselkleuring worden toegepast, omdat ongekleurde coupes
bijna geheel transparant zijn. Hiervoor is een groot aantal kleurstoffen beschikbaar. In dit proefschrift wordt voornamelijk de Golgi-impregnatie
gebruikt, een methode waarmee weliswaar slechts een klein aantal neuronen zichtbaar wordt gemaakt, maar dan wel kompleet met hun cellichaam, dendrieten en
axon. Voor elektronenmikroskopie is bovendien een overzichtskleuring gebruikt
om Synapsen zichtbaar te maken.
Enkele andere begrippen die in de nu volgende samenvatting voorkomen
kunnen als volgt worden omschreven:
afferenten:
axonen (zenuwvezels) die signalen naar een bepaald hersencentrum
toezenden
aollateralen:
zijtakken van een axon
efferenten:
axonen (zenuwvezels) die signalen uit een bepaald hersencentrum
wegzenden
elektrofyeiologiaah
onderzoek:
onderzoek naar de elektrische signalen van
zenuwcellen
impregneren:
het vullen van een zenuwcel met een bepaald neerslag
input:
het geheel van binnenkomende signalen
kwalitatief
morfologisch
onderzoek:
onderzoek dat gericht is op het
beechrijven
van een bepaalde struktuur
kwantitatief
morfologieoh
onderzoek:
onderzoek dat gericht is op het meten
van een aantal grootheden in een bepaalde struktuur
laminatiepatroon
(laminaire
organisatie):
de wijze waarop een hersencentrum
is opgebouwd uit lagen
motoriek:
het geheel van bewegingen dat een dier kan uitvoeren
multimodaal:
betrekking hebbend op meerdere modaliteiten, in dit geval zintuigsystemen
poatsynaptiaohe
struktuur:
struktuur die zich achter (post-) een synaps
bevindt, en dus signalen ontvangt (i.h.a. dendrieten en cellichamen)
presynaptisahe
struktuur:
struktuur die zich ббг (pre-) een synaps bevindt,
en dus signalen wegzendt (i.h.a. axoneindigingen)
receptief
oppervlak:
het oppervlak van postsynaptische structuren dat betrok
ken is bij de vorming van Synapsen
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responsie:
reaktie van een zenuwcel op een bepaalde prikkeling
visueel:
betrekking hebbend op licht
Samenvatting
Het in dit proefschrift beschreven onderzoek heeft als hoofddoel het ver
krijgen van inzicht in de funktionele anatomie, d.w.z. de samenhang tussen
struktuur en funktie, van het tectum mesencephali van de goudvis met behulp
van gedetailleerd histologisch onderzoek op licht- en elektronenmikroskopisch
niveau. Dit doel, alsmede het verloop van het onderzoek,wordt in de algemene
inleiding nader omschreven, waarbij tevens een overzicht wordt gegeven van de
literatuur over de struktuur en de funktie van het tectum mesencephali van
beenvissen (teleostei) die voor en tijdens het eigen onderzoek werd gepubli
ceerd. Daarna wordt in hoofdstuk II een enigszins gewijzigde Golgi-methode
beschreven die geschikt is gebleken om tectale neuronen volledig te impregne
ren.
De lichtmikroskopische resultaten worden beschreven in hoofdstuk III. Met
behulp van de in hoofdstuk II beschreven Golgi-Сох modifikatie, alsmede met
behulp van andere Golgi-methoden konden 15 verschillende celtypen in het tectvm
van de goudvis worden onderscheiden. Deze celtypen, genummerd van I ь /т XV,
zijn schematisch weergegeven in figuur C. De celtypen verschillen onderling in
vorm, ligging en aantal uitlopers van het cellichaam, en in dendritische en
axonale eigenschappen. De dendrietbomen van elk celtype blijken in specifieke
tectale lagen te zijn gelegen en daar een karakteristieke uitbreiding te heb
ben (zie fig. С ) . Vier celtypen hebben een axon dat het tectum verlaat om in
een ander hersencentrum te eindigen (efferente neuronen, type VI, X, XII en
XIII) , terwijl acht celtypen een axon hebben dat in één of meerdere specifieke
lagen binnen het tectum zelf eindigt (interneuronen, type I, III, IV, V, VII,
VIII, IX en XIV). Het axon van de drie resterende celtypen is niet gevonden.
Het geschatte aantal cellen per type is als volgt: type I: 5000-20.000; typeIII:
2500-10.000; type IV t/m х щ ,
elk 500-2000; type XIV: 1-2 miljoen. Vergeleken
met het aantal oogzenuwvezels dat in het tectum eindigt, ongeveer 200.000, is
het aantal cellen van de typen I t /m XIII relatief klein en hetzelfde geldt
voor het totale aantal tectale efferenten, geschat op 2000-8000. Het aantal
neuronen behorende tot type XIV is daarentegen relatief groot.
Het elektronenmikroskopisch onderzoek, beschreven in hoofdstuk IV, heeft
zich geconcentreerd op een analyse van de Synapsen van tectale neuronen met
behulp van een gekombineerde Golgi-elektronen mikroskopische techniek. Gezien
de grote bewerkelijkheid van deze analyse is het onderzoek beperkt tot zes
celtypen, te weten de interneuronen type I, III en XIV (dit zijn de meest tal
rijke tectale neuronen) en de efferente neuronen type VI, XII en XIII. Uit een
kwalitatief onderzoek (hoofdstuk IVa) blijkt dat de onderzochte cellichamen
en dendrieten alle uitsluitend postsynaptisch en dus signaal ontvangend zijn,
terwijl alle onderzochte axoneindigingen presynaptisch en dus signaal ver-
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Flg. С. (•Fig. 19 op рад. 51 van het proefschrift). Schematische weergave van de 15 tectale
celtypen die in het proefschrift worden beschreven. De afmetingen van de cellichamen en
de horizontale uitbreiding van de dendrieten zijn op schaal weergegeven (vergroting: 70x).
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schaffend zijn. Verscheidene op ultrastruktureel niveau te onderscheiden tectale afferenten,waaronder oogzenuwvezels, blijken op de onderzochte celtypen
te synapteren. De resultaten zijn samengevat in figuur D.Een zeer merkwaardige
konfiguratie die is waargenomen betreft het kontakt tussen het boogvormige axon
van type XIII^ neuronen en eveneens boogvormig verlopende dendrieten.
Naast dit kwalitatieve onderzoek zijn de Synapsen van de geselekteerde tectale neuronen aan een kwantitatieve analyse onderworpen met de nadruk op hun
dichtheid, aantal en grootte (hoofdstuk IVb).Tectale celtypen blijken een ka
rakteristieke dichtheidsverdeling van Synapsen over hun receptieve oppervlak
te bezitten, resulterend in eveneens karakteristieke gemiddelde aantallen per
hoofddendriet, dendrietboom en cellichaam. Deze gevonden waarden zijn weerge
geven in figuur E. De grootte van de Synapsen is niet karakteristiek voor de
diverse postsynaptische onderdelen der celtypen, doch staat hoofdzakelijk in
verband met het tectale laminatiepatroon en met presynaptische strukturen.
Oogzenuwvezels vormen 10 tot 20% van de synaptische kontakten die in laag 5 op
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Fig. D. (-Fig. 52 op pag. 87 van het proefschrift). Samenvatting van het kwalitatieve
Golgi-elektronen mikroskopische onderzoek. Zwarte strukturen zijn presynaptlsch, grijzt
strukturen zijn postsynaptisch en witte strukturen zijn niet betrokken bij de vorming Vz.>;
Synapsen. А, В, С, D en E zijn in het proefschrift beschreven tectale afferenten.

het receptieve oppervlak van de onderzochte neuronen voorkomen (zie fig. E ) .
In de algeroene diskussie (hoofdstuk V) wordt besproken op welke wijze de
gevonden resultaten bijdragen tot ons inzicht in het funktioneren van het
tectum mesencephali van beenvissen. Uit een overzicht van de literatuur betref
fende tectale afferentie blijkt dat behalve de retina tenminste tien hersen
centra op het tectum projekteren. Op grond van deze afferentie kunnen vier
tectale hoofdzones worden onderscheiden: 1) laag 7 met afferentie uit de torus
longitudinalis, een hersencentrum dat alleen bij beenvissen voorkomt; 2) de
lagen 5 en 6 met diverse typen visuele afferentie; 3) de grenslaag tussen
laag 3 en 4, met afferentie uit het telencephalon (de voorhersenen) en uit de
torus longitudinalis; en 4) de lagen 3 en 2, met zgn. "diepe" tectale
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Fig. Б. (-Fig. б op рад. 103 van het proefschrift). Schematische weergave van het aantal
en de verdeling van de synaptische kontakten van zes tectale celtypen. Elke stip
vertegenwoordigt 10 Synapsen en elke pijlpunt vertegenwoordigt 10 synaptische kontakten
met oogzenuwvezels. Witte strukturen net zwarte stippen zijn postsynaptisch zwarte
strukturen met witte stippen presynaptisch.
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afferentie vanuit diverse hersencentra. In laag 4 eindigen geen afferenten.
Vervolgens is een schatting gemaakt van de mate waarin de tectale celtypen
input vanuit deze vier afferente zones verwerken. Deze schatting berust op het
laminatiepatroon van presynaptische strukturen enerzijds en postsynaptische
strukturen anderzijds, alsmede op de berekende aantallen Synapsen voor de
onderzochte celtypen. Daarbij is aangenomen dat alle typen presynaptische
strukturen in een bepaalde laag Synapsen vormen met alle typen postsynaptische
strukturen in dezelfde laag. Elk celtype blijkt dan een karakteristieke kombinatie van verschillende typen tectale input te ontvangen, waarbij voor type I
torale input het belangrijkst is, voor de typen III, IV, VI, VII en de meeste
type XIV cellen visuele input, en voor type XV de "diepe" tectale input. Voor
type VIII, IX en X is visuele, torale en telencephale input van min of meer
gelijk belang, terwijl de belangrijkste efferente celtypen XII en XIII tectale
input uit alle lagen integreren. De laminaire organisatie van het tectum lijkt
dus vooral belangrijk te zijn voor multimodale integratie. De tot nu toe
gepubliceerde resultaten van elektrofysiologisch onderzoek bieden helaas nog
geen houvast voor het toetsen van deze funktionele interpretatie van de
struktuur van het tectum, omdat de geregistreerde visuele responsies van tectale neuronen slechts zelden aan een bepaald celtype kunnen worden toegeschreven en omdat er (nog) geen systematisch onderzoek is gedaan naar tectale responsies op andere dan visuele prikkeling.
Uit een overzicht van de literatuur betreffende de tectale efferentie
blijkt tenslotte dat het tectum op tenminste tien andere hersencentra projekteert, waarvan de reticulaire formatie in de achterhersenen het belangrijkste
gebied is. Zowel type XII als type XIII projekteren naar dit gebied, dat
betrokken is bij de regulatie van de motoriek. Het projektiegebied van type VI
en type X is nog onduidelijk. Daarnaast blijkt dat sommige type XIV neuronen
tot de tectale efferenten gerekend moeten worden, aangezien ze behalve
collateralen in het tectum zelf ook collateralen buiten het tectum bezitten.
Konkluderend kan worden gesteld dat de topografische organisatie van het
tectum gericht is op het lokaliseren van Objekten in de omgeving van het dier
en het opwekken van doelgerichte bewegingen ten opzichte hiervan, terwijl de
laminaire organisatie van belang is voor het selekteren van relevante Objekten
op grond van multimodale informatie.
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