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Chapter I 
General Introduction 

Morphological and functional aspects of 
the superior colliculus of rats 

The present chapter will provide a review of present knowledge of anatomical and 
functional properties of the superior colliculus (SC) of mammals, with particular 
emphasis on rats, in order to explain the aims of the present thesis. For this purpose 
the following aspects will be discussed: 

1.0 Position and lamination of the superior colliculus of rats 
2.0 Morphological features of collicular neurons 
3.0 Afferent and efferent connections of the rat superior colliculus 
4.0 Relations between superficial and deeper collicular layers 
5.0 Chemoarchitecture of the superior colliculus 
6.0 Functional aspects of the superior colliculus 
7.0 Albinism 
8.0 Structure and aim of the present investigation 

1.0 Position and lamination of the superior colliculus of rats 

The superior colliculus (also known as the rostral pair of the quadrigeminal bodies) 
is a paired eminence which forms the rostral half of the "tectum" or "roof" of the 
midbrain (Fig. ΙΑ,Β). The term colliculus (Latin for "Httle hill") has been typically 
restricted to mammals, while the term tectum and tectal applies to all vertebrates. 

The superior colliculus is rostrally bordered by the pretectal complex and thala
mus, and caudally by the inferior colliculus (Fig. IB). Laterally the superior colliculus 
is limited by the dorsal tegmentum of the midbrain without a sharp transition. 
Ventrally the periaqueductal gray forms the natural boundary, whereas the pia mater 
(the thin innermost layer of the meninges) is found to be the dorsal border of the 
superior colliculus. 

The cytoarchitecture of the superior colliculus is most clearly seen after Klüver 
Barrera (Fig. 2) or paraphenylene diamine staining (see chapter II Figure 3 and 
chapter III Figure 2) of transverse sections through the superior colliculus. These 
types of stains clearly show the laminated character of this structure. The mammalian 
superior colliculus is usually divided into seven layers, numbered I to VII from 
superficial to deep, which run parallel to the collicular surface (Székely, '73; Kana-
seki and Sprague, '74; Killackey and Erzurumlu, '81; Huerta et al., '83; Huerta and 
Harting, '84a). Immediately ventral to the pia lies the stratum zonale (SZ or layer I), 
followed by layer II, the stratum griseum superficiale (SGS), and layer III, the 
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Fig. 1. A; Photograph of the dorsal view of the brains of a rat after a part of the left neocortex has been 
removed. The superior colliculus is indicated by the arrowhead. B: Schematical drawing from the 
photograph of A. BO = olfactory bulb; Ce = cerebellum; 1С = inferior colliculus; NeC = neocortex; PB 
= pineal body; PF = paraflocculus; SC = superior colliculus; Th = thalamus. Bar = 5 mm. 
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Fig. 2. Transverse section of the rat superior coUiculus. The superior colliculus (SC) is situated above the 
central gray and covered by the neocortex (Kluver-Barrera staining). CG = central gray; MGN = medial 
geniculate nucleus; NeC = neocortex; PC = cerebral peduncle; RN = red nucleus. Bar = 1 mm. 

stratum opticum (SO). Layers I-III are together indicated as the superficial layers or 
the superficial part of the superior colliculus, while layers IV, the stratum griseum 
intermedium (SGI), and V, the stratum album intermedium (SAI) are indicated as 
the intermediate layers. The two most ventrally situated collicular layers: layers VI, 
the stratum griseum profundum (SGP) and VII, the stratum album profundum 
(SAP), are together indicated as the deep layers of the superior colliculus. Layers IV-
VII are together also indicated as the deeper layers. Wiener ('86) has proposed an 
other laminar subdivision of the rodent superior colliculus based upon homologies 
with the superior colliculus of the cat. In his study the deeper layer IV (SGI) is 
subdivided into three sublayers (IVa, IVb, and IVc) in which sublayers IVb and IVc 
correspond to the SGI and SGP respectively of the former nomenclature. Layer VII 
(SAP) of the older nomenclature was subdivided by Wiener ('86) into layers V, VI 
and VI. In this review as well as in further chapters the former nomenclature will be 
used in order to facilitate comparison with littérature. 

The laminar architecture of the superior colliculus is caused by the alternation of 
layers containing low densities of myelinated fibers (layers I, II, IV, and VI), with 
these containing many myelinated fibers (V, Ш, and VII; Fig. 3 chapter II). In the 
optic layer III and the intermediate white layer V a rostrocaudal fiber orientation 
dominates, whereas in the deep white layer VII most fibers have a transversal 
orientation. 

2.0 Morphological details of collicular neurons 

Studies of Golgi impregnated cells within the superior colliculus have been published 
for the rat (Tokunaga, '70; Langer and Lund, '74; Tokunaga and Otani, '76; Labriola 
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and Laemle, '77), mouse (Valverde, '73), rabbit (Cajal, '11), cat (Victorov, '68; 
Sterling, '71; Norita, '80; Moschovakis and Karabelas, '85), monkey (Graham and 
Casagrande, '80; Laemle, '81), and man (Laemle, '81, '83). 

Collicular neurons of the rat have been classified according to the position, shape 
and orientation of the soma, the orientation of the dendritic tree and the width of 
the dendritic field of Golgi-impregnated cells (Tokunaga, '70; Langer and Lund, '74; 
Tokunaga and Otani, '76; Labriola and Laemle, '77). A summarizing drawing of cells 
of these studies is presented in Figure 3. In the superficial layers of the rat Langer 
and Lund ('74) and Labriola and Laemle ('77) classified cells as horizontal (h), 
marginal (ml), piriform (p), narrow field vertical (nfv), wide field vertical (wfv), and 
stellate (s; see Fig. 3). Of these cell types horizontal, marginal, and piriform cells 
were found in the zonal layer and the upper part of the stratum griseum superficiale, 
narrow and wide field vertical cells in the deeper part of the SGS, and SO, while 
stellate cells were found in SGS and SO (see Fig. 3). Valverde ('73) found horizontal 
cells only in the zonal layer, while Tokunaga and Otani ('76) found these cells mainly 
located within the upper half of the superficial part in agreement with Langer and 
Lund ('74) and Labriola and Laemle ('77). Tokunaga and Otani ('76) have used 
another classification which include cylindrical types with dorsally or dorsoventrally 
oriented dendrites, reversed conical type, and multipolar narrow-, medium- and wide-
field neurons. The narrow-field vertical cells of Langer and Lund ('74) and Labriola 
and Laemle ('77) correspond to the cylindrical type with dosoventrally oriented 
dendrites of Tokunaga and Otani ('76), whereas cells described by the former 
authors as piriform, wide field vertical and stellate, correspond to the cylindrical type 
with dorsally oriented dendrites, reversed conical and multipolar types of Tokunaga 
and Otani ('76) respectively. The deeper layers of the rat superior colliculus mainly 
consists of medium to large sized multipolar, vertical, and horizontal neurons (Fig. 
3; Tokunaga and Otani, '76). 

Recently, collicular neurons have been labeled intracellularly with HRP (horsera
dish peroxidase; hamster: Mooney et al., '88; squirrel monkey: Moschovakis et al., 
'88). The results obtained by this technique clearly shows that (collicular) neurons 
possess a far more complex dendritic tree (cf. Fig. 4, which coincide with a wide field 
vertical cell). 

3.0 Afferent and efferent connections of the rat superior colliculus 

In the present section, the origin and destination, as well as the laminar and topo
graphic organization of afférents and efferents will be surveyed. First the afférents of 
the superior colliculus will be discussed, basically going from rostral to caudal within 
the rat brain, and secondly, the efferents will be decribed subdivided into ascending 
and descending efferents. The afferent and efferent connections of the superior 
colliculus of rats are schematically presented in Figure 5A-D, while the laminar 
organization of these connections within the superior colliculus is depicted in Figure 
6A-B. The position of afferent and target nuclei of the superior colliculus is indicated 
in Figure 7a-f. 
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Fig. 3. Schematic representation of rat Golgi-impregnated coUicular cells redrawn from figures presented 
by Langer and Lund ('74), Labriola and Laemle ('77), and Tokunaga and Otani ('76). Cell types: h = 
horizontal; ml = marginal; mm = multipolar medium field; mw = multipolar wide field; nfv =* narrow 
field vertical; ρ = piriform; s = stellate; wfv = wide field vertical. Roman numbers indicate coUicular 
layers, small arrows point to axon of cells. Bar = 100 μιη. 
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Fig. 4. Illustration of an intracellular (HRP) labeled cell in the superior coUiculus of the hamster as 
reconstructed by Mooney et al. ('88, Fig. 6). The soma of this neuron was located in the middle of the 
optic layer, its dendrites extended to the coUicular surface (indicated by soUd line). The axon is seen as 
the processes ventral to the soma and extends into the SGS, SO, SGI, SAI, and SGP. Calibration = 100 
дт . 
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3.1 Afferent connections of the superior colliculus 
In rats, more than 40 different brain structures are found to project to the superior 
colliculus (Matute and Streit, '85). 

Since the partition of the superior colliculus into a superficial and deeper zone is 
correlated with different connectivity patterns of these two groups of layers, the 
connections of these zones will be reviewed separately. This partition is, in turn, 
correlated with different functions of these zones: The superficial layers of the 
superior colliculus are primarily involved in visual functions (Huerta and Harting, 
'84a), while in contrast the deeper layers of the superior colliculus are involved in 
multimodal functions, and the execution of head and body movements (Casagrande 
et al., '72; Sprague, '75; Huerta and Harting, '84). It is not the aim of this review to 
explore all these afferent connections in detail, but rather to discuss the most 
outstanding ones in view of our understanding of the organization and function of the 
mammalian superior colliculus. 

3 . l . a AFFERENT CONNECTIONS OF THE SUPERFICIAL COLLICULAR LAYERS 

Afférents to the superficial zone of the superior colliculus arise predominantly from 
visual structures like the retina (Ret), visual cortex (VC), ventral lateral geniculate 
nucleus (LGNv), pretectal complex (PtC), and parabigeminal nucleus (Pbg; Figs. 5A, 
6A). The following details may be noticed. 

Retinocollicular projection 
Already Cajal (1911) noted that the optic tract bifurcates close to the lateral 
geniculate nucleus (LGN) and that one branch reaches the LGN and the other one 
the superior colliculus. In rats more than 90% of all ganglion cells project to the 
superior colliculus (Linden and Perry, '83a). Ganglion cells of the retina are known 
to project to the superficial layers of the SC, as investigated by means of autoradio
graphy (Lund et al., '76), by intraocular injections of neurotoxin (Gomez-Ramos et 
al., '84), 3H-proline (Swanson et al., '74), or horseradish peroxidase (HRP; Beckstead 
and Frankfurter, '83), by injections of HRP into the superior colliculus (Linden and 
Perry, '83a; Hofbauer and Drager, '85 (mouse); Schober and Gruschka, '78), and by 
electrophysiological studies (Siminoff et al., '66; Sefton, '68). Although this retino
collicular projection in rat is bilaterally, the ipsilateral retino-collicular projection is 
far less than the contralateral one (see below). The contralateral retino-collicular 
projection terminates throughout the entire rostro-caudal extent of the superficial 
layers (Huerta and Harting, '84a; Sefton and Dreher, '85), as well as within layer IV 
of the deeper layers (see paragraph З.І.Ь). The retinocollicular projection is topo
graphically organized within the superior colliculus in such a way that contralateral 
upper visual fields are represented medially and lower visual fields laterally, whereas 
temporal and nasal fields are represented in the caudal and rostral parts respectively 
(Siminoff et al., '66; Drager and Hubel, '75, '76; Goldberg and Robinson, '78; Stein, 
'81). 

A small amount of retinofugal fibers does not cross at the optic chiasm, but 
terminates at the ipsilateral side and is restricted to the rostral part of the SGS 
(Martin et al., '83). The percentage of these optic axons projecting ipsilateral in 
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hooded rats is estimated at 5-10% (Polyak, '57) or only 2-3% (Jefferry, '84; Dreher 
et al., '85). In albino rats this ipsilateral projection is even smaller or absent (Lund, 
65; Siminoff et al., '66; Lund et al., '76; Dreher et al., '85). 

The total number of ganglion cells in pigmented rat retina is on average 109,000 
(Perry et al., '83), and on the basis of morphological criteria classified into three 
major classes of ganglion cells, i.e.; class I, with large somata (16-32 μτη), thick axons 
(mean diameter of 0.9 μιη), and large dendritic trees (up to 480 μπι); dass II, with 
medium sized somata (11-22 μηι), medium thick axons (0.6 μιη) and medium large 
dendritic trees (<250 μπι); and class III cells, with small to medium sized somata (6-
15 μιη), thin axons (0.35 μιη), and large dendritic trees (up to 450 μιη; Fukuda and 
Stone, '74; Fukuda, '77; Perry, '79; Ni and Dreher, '81). The classification into I, II, 
and III corresponds with physiologically defined W, X, and Y classes of retinal 
ganglion cells. The majority (about 63%) of retinal ganglion cells were identified as 
small (class III) cells, about 35% as medium (class II), and only about 2% of retinal 
ganglion cells are designated as large (class I) cells (Schober and Gruschka, '78; 
Dreher et al., '85; Sefton and Dreher, '85). All these classes of retinal ganglion cells 
project to both the superior colliculus and the lateral geniculate nucleus (Schober 
and Gruschka, '78; Dreher et al., '85; Sefton and Dreher, '85; Mooney and Rhoades, 
'87). However, terminals of the three retinal ganglion cell classes seem to be 
segregated in distinct sublayers within the superficial layers, in a way smaller 
ganglion cells project more ventrally in the superficial layers (Sefton '69; Lund et al., 
'76; Fukuda et al., '78; Takemoto et al., '78; Sefton and Dreher, '85). 

Retinofugal projections to deeper layers, particularly layer IV, will be discussed 
below. 

Retinal terminals contain many, primarily pale mitochondria, round vesicles, and 
frequently dense core vesicles and make asymmetrical synaptic contacts on one or 
more dendrites or dendritic spines (Lund, '69, '78; Valverde, '73; Mathers, '77; 
Vrensen and DeGroot, '77). 

Apart from the superior colliculus, the retina projects to other brain structures as 
well, including the suprachiasmatic nucleus (SCN), the lateral geniculate body, i.e., 
the dorsal and ventral lateral geniculate nucleus (LGNd.v) and the intergeniculate 
leaflet (IGL), the lateral posterior nucleus (LP), the nucleus of the optic tract 
(NOT), the olivary (PO) and posterior pretectal (PP) nuclei, and nuclei of the 
accessory optic system, i.e., the medial (MTN), lateral (LTN) and dorsal (DTN) 
terminal nucleus (Fig. 8; Sefton and Dreher, '85) The nuclei of the accessory optic 
system are innervated through fibers running into the inferior and/or superior 
fasciculus of the accessory optic tract (cf. Fig. 8). 

Corticocollicular projections 
The visual areas 17, 18 and 18a of the occipital cortex project to the superficial part 
of the ipsilateral superior colliculus of rodents (Nauta and Bûcher, '54; Lund, '64, 
'66; Jen et al, '78; Killackey and Erzulumlu, '81; Rhoades, '81; Sefton et al., '81; 
Lent, '82; Olavarria and VanSluyters, '82; So and Jen, '82; Cadusseau and Roger, '85; 
Hallman et al., '88). The most frequently investigated cortical afferent of the 
superficial collicular part is the primary visual cortex, i.e., area 17 of Brodmann, Ocl 
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of Ziles and Wree, ('85) or the striate cortex. In rats this area projects primarily to 
the deeper part of the superficial gray layer and the stratum opticum (Fig. 6a; Nauta 
and Bûcher, '54; Lund, '64, '66; Killackey and Erzurumlu, '81; Rhoades, '81; Lent, 
'82; So and Jen, '82; Hallman et al., '88). The area 17 corticocollicular projection 
arises from pyramidal neurons clustered in groups of 2-3 or isolated throughout the 
upper middle zone of cortical layer V and distinguisable from other pyramidal cells 
in layer V by an apical dendrite that extends into cortical layer I (Sefton et al., '81; 
Olavarria and VanSluyters, '82; Cadusseau and Roger, '85; Schofield et al., '87; 
Hallman et al., '88). The corticocollicular pathway, which terminates within a slightly 
more ventral zone of the superficial gray layer ends in visuotopic register within the 
superficial layers (Huerta and Harting, '84a). The projection from the visual cortex 
to the superior colliculus is not limited to the superficial part, but extends as far as 
the upper zone of the SGI (Lund, '64; Killacky and Erzurumlu, '81; Cadusseau and 
Roger, '85) as will be discussed below. 

Electron microscopic degeneration studies in mice and rats have shown that area 
17 corticocollicular terminals consistently contain round vesicles and synapse asym
metrically on dendritic profiles (Lund, '69; Valverde, '73). 

The areas 18 (Oc2M) and 18a (Oc2L) are known to project to the superficial part 
of the SC in the same manner as the primary visual cortex (Sefton et al., '81; 
Olivarria and Sluyters, '82; Cadusseau and Roger. '85). 

Subcortical projections to the superficial layers 
In addition to the retino- and visual corticocollicular projections to the superficial 
zone of the SC, several other brain structures project to this part of the superior 
colliculus as well (see Fig. 5A and 6A). These brain sructures include nuclei of the 
pretectal complex (Cadusseau and Roger, '85), the suprageniculate nucleus (SGN; 
Tanaka et al., '85a), the ventral lateral geniculate nucleus (Brauer and Schober, '82; 
Swanson et al., '74; Ribak and Peters, '75; Cadusseau and Roger, '85), and the 
parabigeminal nucleus (Watanabe and Kawana, '79; Stevenson and Lund, '82; 
Cadusseau and Roger, '85). 

The pretectal complex 
The pretectal complex (PtC) comprises a group of nuclei, including the nucleus of 
the optic tract (NOT), the anterior (PA), posterior (PP) and olivary pretectal (PO) 
nucleus, and the nucleus of the posterior commissure (NPC) situated between the 
superior colliculus and the lateral posterior thalamic nucleus (see Fig. 7b,e,f). The 
pretectal complex plays an important role in the control of the pupillary light reflex, 
optokinetic nystagmus (an oscilatory movement of the eyes consisting of a fast and 
slow component), visually guided behaviour, and the generation of eye movements 
(Berman, '77; Collewijn, '81; Schoppmann, '85; Pak et al., 87). All pretectal nuclei 
mentioned above, except the PP eure found to project to the ipsilateral superficial 
layers, but the exact laminar organization of each projection is not yet resolved 
(Cadusseau and Roger, '85; Lieberman et al., '85). 
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Afférents of the Superficial Layers 

Fig 5 Schematic representation of afferent and efferent connections of the superior colhclus of the rat 
A; Afferent connectivity pathways of the superficial layers, and (B) of the deeper layers C: Efferent 
colhcular connections of the superficial layers, and (D) of the deeper layers For details and references, 
the reader is referred to section 3 of this general introduction Abbreviations are presented in separate 
list 
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The suprageniculate nucleus 
The suprageniculate nucleus (SGN) in the rat is situated just medially to the 
brachium of the inferior colliculus at the level where the parabigeminal nucleus 
appears (Fig. 7b; Tanaka et al., '85a). 

Reciprocal bilateral connections between the superior colliculus and the SGN 
have been studied in the rat by Tanaka et al. ('85a), by means of HRP injections into 
the superficial as well as deeper layers of the superior colliculus. After injections 
restricted to the superficial layers, they found anterogradely labeled fibers and 
retrogradely labeled neurons restricted to the ipsilateral SGN. Only when the HRP 
deposit was spread into the layers below the stratum opticum Tanaka et al. ('85a) 
observed a bilateral connection between the superior colliculus and the SGN. 

The lateral geniculate body 
The lateral geniculate body consists of a dorsal (LNGd) and ventral (LGNv) nucleus 
and an intergeniculate leaflet (IGL). The ventral nucleus can be subdivided into an 
external division, the pars lateralis, and an internal division, the pars medialis (Fig. 
7b; Numi et al., '63). Only the lateral part of the ventral LGN, containing somewhat 
larger cells than the medial part, projects to the superior colliculus (Swanson et al., 
'74; Hayashi and Nagata, '81; Brauer and Schober, '82; Cadusseau and Roger, '85). 
The projection of the LGNv to the superficial layers is primarily ipsilateral and 
terminates in the ventral zone of the SGS and in the upper SO (Fig. 6A; Swanson et 
al., '74; Brauer and Schober, '82). As shown in Figure 8, the retina also projects to 
the lateral (magnocellular; LGNvm) part of the LGNv. It seems therefore, that the 
lateral part of the LGNv is involved in a retino-geniculo-collicular pathway. 

The nucleus parabigeminalL· 
The nucleus parabigeminalis (Pbg), located in the lateral tegmentum of the midbrain 
(Fig. 7c), is cytoarchitectonically divided into a dorsal, middle and ventral subgroup 
(Tokunaga and Otani, '78; Watanabe and Kawana, '79; Jen et al., '84). 

The parabigemino-collicular projection is topographically organized in such a way 
that the rostral part of the superficial layers receives a projection from the con
tralateral medial part of the Pbg, while the caudal part of these layers receives 
projections from the ipsilateral dorsal and ventral Pbg, and the middle part of the 
superficial layers of the SC projections from the ipsilateral dorsal and ventral Pbg 
as well as from the contralateral medial Pbg (Watanabe and Kawana, '79; Linden 
and Perry, '83b; Jen at al., '84; Schümann, '87). 

The Pbg projects also to other nuclei involved in the processing of integration of 
visual stimuli, such as the dorsal and ventral lateral geniculate nuclei, the supra-
chiasmatic nucleus and pretectal complex (Graybiel, '78). 

3 . 1 . b AFFERENT CONNECTIONS OF THE DEEPER COLLICULAR LAYERS 

In contrast to the superficial layers, the deeper layers receive afférents from a large 
number and variety of brain structures located throughout the neuraxis. The afferent 
sources include sensory as well as motor structures (Figs. 5B, 6A). 
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Cortical afférents 
Cortical afférents of the deeper layers originate in the visual cortex (Lund, '64; 
Killacky and Erzurumlu, '81; Olavarria and VanSluyters, '82; Cadusseau and Roger, 
'85; Hallman et al., '88), somatosensory cortex (SSC; Wise and Jones, '77; Kassel, '80; 
Killackey and Erzurumlu, '81; Stein, '84), auditory cortex (AC; Druga and Syka, '84; 
Cadusseau and Roger, '85), cingulate cortex (CC; Domesick, '69; Beckstead, '79; 
Wyss and Sripanidkulchai, '84; Cadusseau and Roger, '85), and the dorsal medial 
frontal cortex (MFCd, Fig. 5B; Hall and Lindholm, '74; Beckstead, '79; Neafsey et 
al., '86). 

The majority of all corticocollicular projections is uncrossed and originates from 
cortical layer V. The principal collicular target of most of the corticocollicular 
projections is the ipsilateral SGI, where cortical fibers often terminate in a series of 
patches (Beckstead, '79). 

Visual cortex 
In addition to the heavy projection of the visual cortex to the superficial layers, as 
described above, a sparse ipsilateral projection from the primary visual cortex to the 
dorsal zone of the SGI has been found (Lund, '64; Olavarria and VanSluyters, '82; 
Cadusseau and Roger, '85; Hallman et al., '88). 

Somatosensory cortex 
In rats, a corticocollicular projection from the somatosensory cortex (Brodmann's 
areas 1, 2, and 3) has been demonstrated (Wise and Jones, '77; Kassel, '80, '82; 
Killackey et al., '89). The corticocollicular pathway terminates primarily ipsilateral 
in layer IV (SGI) and sparsely in layer V (SGP). There is a well organized somato-
topic pattern in this corticocollicular projection. The horizontal body axis (nose-tail) 
is laid out along the rostral-caudal axis of the superior colliculus, whereas the vertical 
body axis is represented along the medio-lateral axis (Wise and Jones, '77; Stein, 
'84). In the rodent somatotopy the somatic receptive fields show a well organized 
representation of the vibrissae (whiskers) which are in close topographical register 
with visual receptive fields (Drager and Hubel, '75). There is a parallel in the 
organization of somatosensory and visual inputs to the superior colliculus. Thus, nasal 
visual and anterior tactile input are found rostrally in the superior colliculus, while 
inferior visual and ventral tactile input are located laterally (Drager and Hubel, '76; 
Wise and Jones, '77; Killackey and Erzurumlu, '81; Rhoades, '81; Kassel, '82). 

Auditory cortex 
Descending connections from the auditory cortex originate from layer Vb of the 
ipsilateral auditory cortical area (Brodmann's areas 41 and 42) and represents only 
a small part of the total descending cortical input to the superior colliculus (Druga 
and Syka, '84; Cadusseau and Roger, '85). The terminal pattern of the auditory 
corticocollicular pathway is comparable to the somatosensory corticocollicular one, 
as described above (Druga and Syka, '84). 
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Cingulate cortex 
The cingulate cortex, i.e., the retrosplenial, posterior, and anterior cingulate cortex, 
is found to project weakly to the ipsilateral deeper layers of the rat superior col
liculus (Domesick, '69; Beckstead, '79; Wyss and Sripanidkulchai, '84; Cadusseau and 
Roger, '85). 

The dorsal medial frontal cortex 
In rats this cortical area is homologue with the frontal eye fields in other mammals 
(Hall and Lindholm, '74; Neafsey et al., '86). The medial frontal cortex projects 
moderately to the ipsilateral deeper collicular layers (Beckstead, '79; Neafsey et al., 
'86), without a clear laminar pattern. 

Subcortical projections to the deeper collicular layers 

Retina 
As descibed above, a massive retinocollicular projection to the superficial layers of 
the SC of rats is present. In addition to this retinocollicular distribution, a significant 
number of retinal axons has been described to terminate below these layers (Beck
stead and Frankfurter, '83). These deeper retinocollicular terminals are predomi
nantly found in the contralateral SGI and, sparsely, in the ipsilateral SGI (Beckstead 
and Frankfurter, '83). 

Zona incerta 
The zona incerta (Zi) is situated rostro-dorsally to the substantia nigra (Fig. 7a,b,f). 
Cytoarchitectonically the zona incerta can be divided into an anterior, dorsal, ventral, 
magnoceliular, caudal, and posterior subregion (Kawana and Watanabe, '81). The 
zona incerta participates in visual discrimination (Legg, '79), motor responses 
(Kaelber and Smith, '79), and drinking behaviour (Huang and Mogenson, '72). 

Collicular afférents from the zona incerta originate mainly in the ventral and 
caudal parts of this structure (Ricardo, '81; Watanabe and Kawana, '82; Cadusseau 
and Roger, '85; Roger and Cadusseau, '85; Taylor et al., '86). The projection from 
the ventral part of the zona incerta to the deeper collicular layers is topographically 
organized in such a way, that the lateral, medial, anterior and posterior portions of 
the ventral part of this structure projects to the medial, lateral, anterior and posterior 
portions of the superior colliculus (Watanabe and Kawana, '82). The distribution of 
the incertocollicular projection is predominantly ipsilateral and forms a discontinuous 
(patchy) pattern within the deeper layers (Ricardo, '81; Watanabe and Kawana, '82). 

Ventral lateral geniculate nucleus 
The only thalamic structure found to project to the deeper layers of the superior 
colliculus of rats is the ventral lateral geniculate nucleus (Swanson et al., '74; Brauer 
and Schober, '82; Cadusseau and Roger, '85). Cells in the LGNv (in paticular the 
lateral subnucleus) project to the rostro-lateral part of the superior colliculus. The 
studies of Swanson et al. ('74) and Brauer and Schober ('82) reveal that the LGNv 
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projects primarily to the superficial layers, but in addition to the ipsilateral SGI and 
SAI as well (Fig. 5B and 6A). 

The substantia nigra 
The substantia nigra (SN), situated in the midbrain ventral to the zona incerta and 
dorsal to the cerebral peduncle (Fig. 7b,f), is usually subdivided into the substantia 
nigra pars compacta (SNc), and the substantia nigra pars reticulata (SNr). 

One of the main targets of the SNr is the superior colliculus, and a considerable 
amount of neuroanatomic data has been published dealing with the projection from 
the SNr to the superior colliculus (Hopkins and Niessen, '76; Faull and Mehler, '78; 
Beckstead et al., '79, 81; Gerfen et al., '82; Rhoades et al., '82; Cadusseau and 
Roger, '85; May and Hall, '86; Takada et al., '88; Williams and Faull, '85, '88). 
Nigrocollicular neurons in rat are limited to the rostral half of the pars reticulata and 
although the presence of contralateral projections has been reported (Hopkins and 
Niessen, '76; Gerfen et al., '82) this projection is primarily ipsilateral (Beckstead et 
al., '81; Gerfen et al., '82). The nigrocollicular axons project to two layers of patches 
located in the ipsilateral superior colliculus, one near the ventral portion of the SGI 
and a more pronounced one located more deeply, i.e., in the ventral portion of the 
SAI (Beckstead et al., '79; Gerfen et al., '82; Williams and Faull, '85, '88). The 
nigrocollicular projection utililizes τ-aminobutyric acid (GABA) as inhibitory trans
mitter by which the substantia nigra inhibits collicular cells (Vincent, '78; Chevalier, 
'81; Karabelas and Moschovakis, '85). 

An important afferent projection to the substantia nigra pars reticulata comes 
from the striatum (the nucleus caudatus and putamen) and the distribution of this 
projection coincides with the localization of nigrocollicular cells (Williams and Faull, 
'85). Electron microscopic studies in the rat have revealed that fibers from the 
striatum make direct monosynaptic contact on cell bodies and dendrites of nigral 
neurons projecting to the superior colliculus (Williams and Faull, '85, '88). 

The striato-nigro-collicular pathway plays an important role in the generation of 
saccades (specific eye movements; Chevalier et al., '81; Takada et al., '88). 

Inferior colliculus 
The inferior colliculus (Fig. 7d,e,f) is incorporated in the acoustic pathway, i.e., the 
pathway from the cochlea to the superior temporal gyrus of the cerebral cortex. It 
consists of three subnuclei; a central, an external, and a pericentral subnucleus 
(Druga and Syka, '84). The external subnucleus of the inferior colliculus projects to 
the caudal half of the ipsilateral side of the deeper collicular layers (Druga and Syka, 
'84; Redgrave et al., '88). Cadusseau and Roger ('85) found by means of HRP 
injections into the deeper layers of the superior colliculus of rats additional projec
tions from the other subnuclei of the inferior colliculus. 

Sensory trigeminal complex 
The mammalian brainstem trigeminal complex (TC) consists of the principal sensory 
nucleus (Pr5), the spinal trigeminal nucleus, the mesencephalic nucleus, and the 
motor nucleus of the trigeminal nerve (Fig. 7d,f). The spinal trigeminal nucleus can 
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be further divided into three subnuclei, i.e. in rostro-caudal direction the subnucleus 
oralis (TCso), the subnucleus interpolaris (TCsi), and the subnucleus caudalis (TCsc; 
Olszewski, '50; Killackey and Erzurumlu, '81). Of these components of the brainstem 
trigeminal complex, the principal sensory nucleus, and all three subnuclei of the 
spinal trigeminal nucleus project to the superior colliculus. (Killackey and Erzurumlu, 
'81; Huerta et al., '83; Cadusseau and Roger, '85). However, the majority of tri-
geminocollicular projection cells is found in the subnucleus interpolaris, while only 
a few cells are present within the principal sensory nucleus (Killacky and Erzurumlu, 
'81; Huerta et al., '83). Trigeminocollicular afférents end primarily in the con
tralateral rostral part of layers IV-VI, where they occur in patches (Feldman and 
Kruger, '80; Killackey and Erzurumlu, '81; Huerta et al., '81, '83). 

Nucleus of the lateral lemntcus 
Besides the inferior colliculus, the nucleus of the lateral lemniscus (NLL) is also a 
relay station in the acoustic pathway and consists in the rat of a dorsal (DLL) and a 
ventral (VLL) nucleus (Fig. 7d,f) which are both recipients of afférents from the 
cochlear nuclei. 

The rostral portion of the dorsal nucleus of the lateral lemniscus sends efferent 
fibers to the superior colliculus which terminate predominantly ipsilaterally (Druga 
and Syka, '84; Cadusseau and Roger, '85; Tanaka et al., '85b; Beninato and Spencer, 
'86). 

The deep cerebellar nuclei 
In most mammals three accumulations of gray matter are embedded in the white 
matter of the cerebellum on each side of the midline. These nuclei are; the nucleus 
lateralis, corresponding in part to the nucleus dentatus in man, the nucleus inter-
positus which corresponds largely to the globose and embiliform nuclei, and the 
nucleus medialis which corresponds to the nucleus fastigii of other mammals 
including man (Williams and Warwick, '75). 

In rodents, the lateral cerebellar nucleus and the nucleus interpositus (INT; Fig. 
If) has been found to project to the contralateral deeper layers of the superior 
colliculus (Faull and Carman, '78; Cadusseau and Roger, '85; May and Hall, '86b; 
Gonzalo-Ruiz and Leichnetz, '87; Gayer and Faull, '88). An ipsilateral cerebello-
collicular projection described in some other species like the rabbit (Uchida et al., 
'83) and cat (Edwards et al., '79; Kawamura et al., '82) seems to be absent in 
rodents. 

Spinal cord 
By means of lesions at various spinal cord levels (Antonetty and Webster, '75), as 
well as injections of wheat germ agglutinin conjugated to HRP into the spinal cord 
(Yezierski, '88) spinocollicular projections in the rat were examined. The projection 
of the spinal gray upon the superior colliculus appears to be entirely crossed, and can 
be divided into two components. In one of these, the classical spinocollicular tract, 
fibers cross immediately in the cord and ascend in the ventro-lateral funiculus to 
reach the superior colliculus using the spinothalamic tract, and end predominantly in 
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the caudal part of the intermediate white layer. The other component ascends 
ipsilaterally and crosses to the contralateral side in the intercollicular commissure. 
Axons of this component also distribute to the caudal half of the SAI. The projection 
from individual cord segments to the superior colliculus is topographically arranged 
in a series of overlapping bands (Antonetty and Webster, '75; Yezierski, '88). In 
rostro-caudal direction in the SAI first the cervical cord segments appear, followed 
by the thoracic, lumbar, and finally in the most caudal part of the SAI the sacro
coccygeal segments of the spinal cord arrive (Antonetty and Webster, '75; Yezierski, 
'88). Sparsely degenerated fibers have been observed in the lateral part of the SGP 
and SAP (Antonetty and Webster, '75; Yezierski, '88). 

3 . 1 . С SUMMARIZING REMARKS ON AFFERENT COLLICULAR CONNECTIONS 

Summarizing, it can be stated that the colliculopetal projections of the superficial 
layers are mostly connected with nuclei involved in the relay of visual information. 
Many of these connections are restricted to specific zones or sublayers. The deeper 
collicular layers also receive some inputs from neural structures involved in pro
cessing visual information, but most input to deeper layers arises from other struc
tures, e.g. involved in acoustic, as well as somatosensory information processing. 
Many of these afférents are topographically arranged within one or more layers of 
the superior colliculus, and frequently they form patches or clusters in the inter
mediate gray layer (see above for details). 

Huerta and Harting ('84b) proposed the term "module" for a segregated set of 
specific afférents in specific patchy regions of the intermediate gray layer. The 
functional significance of the modular organization of deeper collicular afférents is 
not yet clear. Since many efferents, neurotransmitters and other biochemical sub
stances are arranged in clusters or patches too, as will be discribed below, it may 
well be that the arrangement of specific classes of neurons with different functions 
and anatomical connections could be the most favourable one for interactions 
between one afferent system and a number of different efferent modules (Huerta 
and Harting, ,84b). 

32 Efferent projections from the superior colliculus 

3 . 2 . a EFFERENT PROJECTIONS FROM THE SUPERFICIAL COLUCULAR LAYERS 

Efferent axons from cells of the superficial layers remain primarily uncrossed, and 
most of them ascend to terminate in the lateral posterior thalamic nucleus, pretectal 
nuclei, and the dorsal and ventral lateral geniculate nucleus (Perry, '80; Mason and 
Groos, '81; Schober, '81; Pasquier and Villar, '82; Donnelly et al., '83; Mackay-Sim 
et al., '83; Sugita et al., '83, '85; Cosenza and Moore, '84; Reese, '84, '88; Lieberman 
et al., '85; Takahashi, '85; Taylor and Lieberman, '85, '87; Taylor et al., '86; Groene-
wegen, '88). In addition, descending pathways from the superficial layers have been 
described to the parabigeminal nucleus (Drager, '74; Graybiel, '78; Holcombe and 
Hall, '81; Linden and Perry, '83b; Taylor et al., '86), and the dorsal lateral pontine 
gray (Watt and Michailoff, '83: Torigoe et al., '86; Figs. 5C and 6B). 
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Fig. 7. Drawings of transversal (a-d) and saggital (e-f) sections to indicate positions of afferent and 
efferent nuclei within the brain of the rat (adapted from figures 27, 37, 47, 53, 78, and 82 respectively of 
Paxinos and Watson, '86). Positions of transversal sections (a-d) are indicated in drawings e and f. 
Abbreviations are presented in separate list. 
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Lateral posterior thalamic nucleus (upulvinar") 
A prominent target of the superficial layers is the lateral posterior thalamic nucleus 
or pulvinar (LP), situated medial and caudal to the LGNd (Fig. 7b,f)· The LP 
receives visual information from cortical areas 17 and 18a, from the pretectal 
complex and the ventral part of the lateral geniculate body (Schober, '81). The LP 
is, therefore, besides the lateral geniculate body, another thalamic nucleus relaying 
visual information to the cortex (Schober, '81). 
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Colliculo-lateral posterior connections have been studied by means of degenera
tion (Schober, '81), autoradiography (Perry, '80; Reese, '84; Takahashi, '85), HRP 
(Mason and Groos, '81; Schober, '81; Sugita, '83, '85; Donnelly et al., '83; Taylor and 
Lieberman, '85; Taylor et al., '86), and Phaseolus (Groenewegen, '88). Collicular cells 
projecting to the LP have been found in the ipsilateral SGS and SO. The majority of 
these cells are located within the SO (Reese, '84; Sugita et al., '83, '85), where they 
are about 12.5 /ші in diameter. Those in the SGS are smaller (about 6.6 μΐη; Sugita 
et al., '83). Takahasi ('85) has found a topographic organization of the colliculo-
lateral posterior projection in which the medial part of the superior colliculus 
projects dorsally within the caudo-medial LP, the lateral part of the superior col
liculus ventro-laterally, and the anterior and posterior part of collicular layers II and 
III project to the medial part of the caudo-medial LP. Compared with the colliculo-
geniculate projection (see below), the colliculo-lateral posterior projection originates 
from different cells, located relatively more ventrally in the SGS and SO (Sugita et 
al., '83, '85). 

Pretectal nuclei 
Projections from the superficial layers to the ipsilateral pretectal complex have been 
described by Terasawa et al. ('79), Репу ('80), Weber and Harting ('80), Takahashi 
('85), and Taylor et al. ('86). The results of these studies are neither clear about the 
precise pretectal nuclei which receive information from the superficial layers, nor 
about the precise laminar origin of this projection. Takahashi ('85) found, by means 
of autoradiography, projections to the posterior pretectal nucleus and the nucleus of 
the optic tract, while Perry ('80) did not differentiate between individual pretectal 
nuclei, and Taylor et al. ('86) found after injections of HRP into the superior 
colliculus anterograde labeled terminal fields in all pretectal nuclei including the 
nucleus of the posterior commissure. 

Lateral geniculate body 
Both the dorsal and the ventral part of the lateral geniculate body receive informa
tion from the ipsilateral SGS and SO (Perry, '80; Mason and Groos, '81; Pasquier 
and Villar, '82; Mackay-Sim et al., '83; Sugita et al., '83, '85; Reese, '84, '88; Taylor 
and Lieberman, '85, '87; Taylor et al., '86). Cells located predominantly in the SGS 
project to the ventrolateral part of the dorsal lateral geniculate nucleus (Perry, '80; 
Sugita et al., '83; Cosenza and Moore, '84; Reese, '84; Taylor et al., '86). In the 
ventral nucleus of the geniculate body only the pars lateralis receives collicular 
information. 

The distribution of colliculo-geniculate projection cells within the SGS and SO is 
not randomly organized. Cells in the rostral part of these layers terminate most 
medially within the LGNd, cells in the caudal part within the most lateral aspect of 
the LGNd, whereas cells located in the medial and lateral part of these layers 
terminate respectively rostrally and caudally within the LGNd. The collicular 
projection to the lateral division of the LGNv was topographically similarly organized 
as the LGNd (Reese, '84; Taylor et al., '86). 
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In comparison with the origin of the colliculo-lateral posterior projection, the 
projection from the superior colliculus to the dorsal lateral geniculate nucleus has 
its origin in more dorsal parts of the superficial layers (i.e., 97% in the SGS and 3% 
in the SO, and 8% in SGS and 92% in the SO respectively; Sugita et al., '83). Both 
colliculo-lateral posterior and colliculo-geniculate cells within the SGS were indicated 
as small (somata diameters of 6.6 μιη and 7.2 μτη respectively), while those within 
the SO were medium-sized (12,5 μιη and 12.8 μιη respectively; Sugita et al., '83). 

Parabigeminal nucleus 
The colliculo-parabigeminal pathway arises primarily from the ipsilateral superficial 
layers and projects to all three subnuclei of the parabigeminal nucleus, i.e., the 
dorsal, medial, and ventral one (Holcombe and Hall, '81; Linden and Perry, '83b; 
Taylor et al., '86). The majority (about 80%) of the collicular cells projecting to the 
parabigeminal nucleus are located in the superficial gray layer. About 15% arises in 
the optic layer, and only a few cells are found in the intermediate gray layer 
(Holcombe and Hall, '81). 

The projection from the superior colliculus to the Pbg is reciprocal (see above) 
and topographically organized in such a way that the caudal part of the para
bigeminal nucleus projects to the caudal superior colliculus, and the rostral Pbg to 
the rostral superior colliculus (Taylor et al., '86). 

Dorsal lateral pontine gray 
In addition to the above mentioned afférents of the superficial layers a projection 
from the stratum opticum to the dorsal lateral pontine gray (DLPG) has been 
described. This projection, however, primarily originates in the deeper collicular 
layers IV-VII (Watt and Michailoff, '83; Torigoe et al., '86). 

3 . 2 . b EFFERENT PROJECTIONS FROM THE DEEPER COLUCULAR LAYERS 

Efferent projections of neurons located in the deeper collicular layers are more 
diverse than those of the superficial part of the SC (see Figs. 5D and 6B). The 
efferent pathways are generally divided into four fiber bundles; two major descending 
ones, one ipsilateral and one contralateral, a smaller ascending one and a com
missural bundle which cross to end within the deeper layers of the contralateral 
superior colliculus (Huerta and Harting, '84a; Redgrave et al., '86, '87a,b). 

Descending pathways 
The deeper part of the superior colliculus in rats, as in other mammals, has two 
major descending projections. One is the crossed descending pathway or medial 
efferent bundle, which crosses the midline in the dorsal tegmental decussation, 
continues as the colliculospinal or predorsal bundle and eventually reaches the spinal 
cord. The other major descending projection is the ipsilateral lateral efferent bundle, 
that travels caudally and laterally, and terminates mainly in the dorsolateral, 
peduncular and lateral nuclear groups of the caudal pons (Bume et al., '81; Huerta 
and Harting, '84a; Redgrave et al., '86). 
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Fig. 8. Schematical diagram of the rat retinofugal projections. Note that only the projection from one eye 
is presented, and that 90% of the optic fibers cross within the optic chiasm to terminate in contralateral 
retinoredpient nuclei. Abbreviations are presented in separate list. 

The colliculospinal tract 
The contralateral medial efferent ("predorsal") bundle or colliculospinal tract has its 
origin predominantly from cells in the SAI (Redgrave et al., '86;Bickford and Hall, 
'89). It crosses within the dorsal tegmental decussation and gives rise to numerous 
terminations into the nucleus reticularis tegmenti ponds (NRTP, Fig. 7e; Bume et 
al. , '81; Watt and Michailoff, 'SSjRedgrave et al.,'86;Torigoe et al.,'86;Shammah-
Lagnado et al., '87; Gayer and Faull, '88). Some axons of this tract leave the bundle 
dorsal from the NRTP and terminate in the medial portion of the nucleus reticularis 
pontis oralis (NRPO, Fig. Te; Gayer and Faull, '88). Caudally from the NRTP fibers 
can be seen to terminate in the region ventral and medial to the abducens nucleus 
(Beitz, '82;Redgrave et al.,'87a). At the level of the caudal one-third of the inferior 
olivary complex in the medulla a projection to the medial accessory olivary nucleus 
(MAON) has been demonstrated (Hess, '82; Swenson and Castro, '83). 

At the level of the spinal cord, the colliculospinal tract continues until the lower 
cervical levels (Waldron and Gwyn, '69;Murray and Coulter, '82; Williams and Faull, 
'88). Colliculospinal neurons are among the largest and most densely (Nissl) staining 
neurons in the superior colliculus, located primarily in lateral regions of the stratum 
intermedium (SAI) and dorsal zone of the stratum griseum profundum (SGP; Murray 
and Coulter, '82; Sahibzada et al., '87; Williams and Faull, '88). 
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Projections from the superior colliculus to the spinal cord are topographically 
organized. Colliculospinal neurons projecting to the upper cervical spinal cord are 
located in the rostral one-third, whereas the lower cervical spinal cord receives 
information from collicular neurons situated in the caudolateral part of the con
tralateral superior colliculus (Murray and Coulter, '82). Thus, parts of the superior 
colliculus receiving somatosensory inputs from the face and head (and visual inputs 
from the nasal visual field) project only to the rostral cervical spinal cord, while the 
colliculospinal cells in rats terminating in the lower cervical spinal cord are found in 
the part of the superior colliculus that receives its input from mechanoreceptors on 
the contralateral forelimb and trunk and from temporal acoustic and visual space 
(Murray and Coulter, '82; Huerta and Harting, '84a,b). 

The lateral efferent bundle 
Compared with the contralateral colliculospinal tract, the ipsilateral lateral efferent 
bundle or coUiculopontine tract descends more laterally and innervates targets that 
are mainly within the lateral midbrain and pons (Fig. 5D; Petrovicky, '76; Bume et 
al., '81; Huerta and Harting, '82, '84а; Redgrave et al., '86; Gayer and Faull, '88). 
Rostrally axons leave this bundle to terminate within a region of the mesencephalic 
reticular formation that lies medial to the parabigeminal nucleus (Huerta and 
Harting, '82, '84a; Redgrave et al., '86). In cats, more caudally and ventrally, axons 
of this tract terminate within the paralemniscal nuclei of the lateral pontine 
tegmentum (Henkel and Edwards, '783^; Edwards, '80). These paralemniscal nuclei 
in turn project to a specific region of the facial motor nucleus that innervates the 
pinnae (external ears), providing a pathway by which the superior colliculus is 
involved in movements of the pinnae. These movements play an important role in 
the localization of acoustic stimuli (Henkel and Edwards, '78a,b; Stein and Clamami, 
'81). In rats this pathway is not yet found. 

Axons within the ipsilateral descending pathway also terminate within the rostral 
as well as the dorsal lateral pontine gray (Burne et al., '81; Huerta and Harting, '82, 
'84a; Redgrave, '87a,b; Gayer and Faull, '88). The latter area projects to the vermal 
area of the cerebellum, which is among others involved in the co-ordination of eye 
movements (Kassel, '80; Burne et al., '81). 

Besides the above mentioned targets of the coUiculopontine tract, the capsule of 
the inferior colliculus (Huerta and Harting, '84a; Redgrave et al., '86) and the 
cuneiform nucleus (CN; situated immediately ventral to the inferior colliculus, Fig. 
7d; Huerta and Harting, '82; '84a; Dean and Redgrave, '84a,b; Redgrave et al., '87b; 
'88; Zemlan and Behbehani, '84, '88) have been described as targets of the col-
liculopontine tract as well (Fig. 5D). 

Ascending pathways 
A comprehensive list of destinations of the ascending pathways of the deeper 
collicular layers is given by Huerta and Harting ('84b) and Sparks and Hartwich-
Young ('89). A summary of ascending pathway targets of the deeper collicular layers 
of the rat is presented in Figures 5D and 6B. 
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Ascending projections of the deeper collicular layers of the rat are described to 
terminate in the suprageniculate nucleus (Perry, '80; Takahashi, '85; Tanaka et al., 
'85a), the lateral dorsal thalamic nucleus (Thompson and Robertson, '87), the 
mediodorsal thalamic nucleus (Groenewegen, '88), the pretectal complex (Perry, '80; 
Takahashi, '85), the intralaminar nuclei (Faull and Mehler, '85; Yamasaki et al., '86), 
the periaqueductal gray (Beitz, '82; Takahashi, '85), and the mesencephalic reticular 
formation (Shammah-Lagnado, '83; Takahashi, '85). 

Suprageniculate nucleus 
A target of ascending projections of the deeper collicular layers is the supra
geniculate nucleus (SGN; Perry, '80; Takahashi, '85; Tanaka et al., '85a). Cells of this 
colliculofugal projection originate primarily in the ipsilateral as well as contralateral 
intermediate layers (Tanaka et al., '85a). 

Latero-dorsal nucleus of the thalamus 
In the rat the lateral nuclear group of the thalamus consists of the lateral posterior 
nucleus (LP), which receives input from superficial layers (see above), and the 
laterodorsal (LD) nucleus. The lateral dorsal nucleus of the thalamus receives 
efferent projections from the intermediate layers and the deep gray layer (Fig. 6B; 
Thompson and Robertson, '87). The rostral parts of layers IV and V are connected 
bilaterally with the LD, while cells located in the rostral part of collicular layer VI 
have terminals which end within the ipsilateral LD (Thompson and Robertson, '87). 

Mediodorsal thalamic nucleus 
The mediodorsal nucleus (MD) of the thalamus can be subdivided into a medial 
(MDM), a central (MDC), a lateral (MDL) and a narrow paralaminar division (Fig. 
7a; Faull and Mehler, '85; Groenewegen, '88). The organization of a number of 
subcortical afférents to the mediodorsal nucleus was determined by Groenewegen 
('88). One of these afférents comes from the deeper collicular layers. Of the sub
divisions of the mediodorsal nucleus, predominantly the lateral part, but to a lesser 
degree also the ventral and medial parts receive projections from the deeper 
collicular layers (Groenewegen, '88). 

Fibers of the superior colliculus terminate in the same parts of the mediodorsal 
nucleus that project to the medial precentral cortex, an area associated with eye 
movements and comparable with the frontal eye field in the monkey (Hall and 
Lindholm, '74). 

Pretectal complex 
In addition to the above mentioned colliculo-pretectal projection of the superficial 
layers (see 3.2.a), projections from the deeper collicular layers to nuclei of the 
pretectal complex have been described by Perry ('80), Takahashi ('85), and Taylor 
et al. ('86). However, the precise laminar arrangement of these projections as well 
as the target nuclei of the pretectal complex is not clear. 
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Intralaminar nuclei 
The intralaminar (ΓΓ) nuclei are groups of cells embedded in the internal medullary 
lamina of the thalamus. They comprise a rostral group of three nuclei (the central 
medial, paracentral and central lateral nuclei) and a caudal parafascicular nucleus 
(Faull and Mehler, 85). Of these intralaminar nuclei the paracentral, central lateral 
and parafascicular nucleus receive efferent projections from the deeper collicular 
layers (Faull and Mehler, '85; Yamasaki et al., '86). The cells of origin of the 
colliculo-intralaminar thalamic pathway are located in the intermediate and deep 
collicular layers (primarily the lower one-half of the SGI, and the upper portion of 
the SGP; cf. Fig. 6B; Faull and Mehler, '85; Yamasaki et al., '86). 

The average soma diameter of cells within the SGI projecting to nuclei of the 
intralaminar thalamus is 11.0 ± 3.5 (S.D.) μτη, while those situated within the SGP 
are 14.7 ± 3.9 (S.D.) /im. Within the SGI as wel as the SGP these cells are grouped 
in clusters which appeared to be in register with the radial (superficial-deep) 
direction (Yamasaki et al., '86). 

Periaqueductal gray 
The mesencephalic periaqueductal gray or mesencephalic central gray (CGM) 
surrounds the cerebral aqueduct at the level of the mesencephalon. The rodent 
central gray consists of four subdivisions, i.e. a medial, a ventrolateral, a dorsolateral, 
and a dorsal subdivision (Beitz, '82). Both the ipsilateral and contralalteral layers VI-
VII of the superior colliculus project to the mesencephalic central gray (Fig. 6B; 
Beitz, '82; Takahashi, '85). 

Mesencephalic reticular formation 
The rostral portion of the mesencephalic reticular formation (MRF) receives input 
from the deeper collicular layers. This collicular projection arises primarily ipsi-
laterally from the lateral two-third of the SGP (Shammah-Lagnado, '83; Takahashi, 
'85). 

Intercollicular pathway 

A colhculofugal bundle can be seen crossing within both the collicular and posterior 
commissures, to end predominantly within the deeper collicular layers of the 
contralateral colliculus. These commissural axons primarily terminate within the 
rostral one-half of the SGI, SGP, and lower SAI (Fish et al., '82; Yamasaki et al., 
'84). In addition, a small projection to the SGS and SO has been described (Fish et 
al., '82; Yamasaki et al., '84; Jen and Au, '86). Cells of origin of the intercollicular 
pathway are located in the rostral SGI, SAI, and SGP (Yamasaki et al., '84). 

Possible functional roles of the intercollicular pathway could be the suppression 
between the left and right superior colliculus (Fish et al., '82). 

3.2.C SUMMARIZING REMARKS ON EFFERENT COLLICULAR CONNECTIONS 

All tagets of efferent projections of the superficial layers are situated within the 
thalamus, except the parabigeminal nucleus, and all these targets are related to the 
visual system. 
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The diversity of afferent connectivity patterns of the deeper collicular layers is 
correlated with a large variety of targets of cells in these layers. Several targets of 
the deeper layers are known to be involved in movements of the eyes, pinnae, head 
and body, and gating information to cortical areas. 

The cells of origin of some of the efferent pathways occur in clusters, e.g., the 
colliculo-intralaminar pathway; Murray and Coulter, '82; Carlton et al., '83; Huerta 
and Harting, '84a,b). The patchy organization of afferent terminals (see above) and 
the clusters of cells of origin of particular efferent projections, subdivide collicular 
layer(s) into specific parts which have been called afferent and efferent "modules" 
(see section 3.1.с and Huerta and Harting, Wa.b). 

4.0 Relations between superficial and deeper collicular layers 

As shown in the previous paragraphs the superficial layers (I-III) have different 
connectivity patterns, physiological properties, and functional significances compared 
to the deeper layers (IV-VII). Casagrande et al. ('72) and Edwards ('80), therefore, 
have proposed that these two collicular parts are independent entities. Edwards ('80) 
argued that the deeper layers are comparable to the mesencephalic reticular forma
tion. When this would be true, one of the most difficult things to explain would be 
the topographic register of superficial, visual maps and the deeper, acoustic and 
somatosensory, as well as (pre)motor maps described above. Several authors have 
therefore investigated the relation between the superficial and deeper regions of the 
colliculus more closely. From these studies it appears that the superficial and deeper 
parts have a large number of mutual intrinsic dendritic and axonal connections, and 
thus may certainly not be considered as completely separated entities. In more detail, 
the following may be noticed in this respect. 

Afférents from the retina, the visual cortex, the suprageniculate nucleus, and the 
ventral lateral geniculate nucleus are not restricted to the superficial layers, but 
extend within the deeper layers (predominantly the SGI) as well (see above). In 
addition, cells located within the superficial layers may have the same target as cells 
located in the deeper layers. For example, the suprageniculate nucleus, the pretectal 
complex, the contralateral superior colliculus, and the dorsal lateral pontine gray 
receive information from deeper collicular cells and from cells situated in the 
superficial layers (predominantly the SO; see Figure 6B). 

Besides these overlapping afferent and efferent connections, dendrites of cells 
within the superficial layers have been described to spread into the deeper layers 
(Tokunaga and Otani, '76; Mooney et al., '84, '88; Moschavakis and Karabelas, '85, 
'88). Tokunaga and Otani ('76) found, by using the Golgi-Сох method medium- and 
wide-field multipolar cells in the intermediate collicular layers of the superior 
colliculus of rats, with dendrites extending into the superficial layers (cf. Fig. 3). By 
means of intracellular HRP injections into the superior colliculus of hamsters 
Mooney et al. ('84, '88) demonstrated dendrites of cells in layers IV-V extending as 
far as the SGS and reciprocally dendrites of cells located in the SO into the SGI (cf. 
Fig. 4). In addition, intracellular HRP injections in the superior colliculus of cats and 
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squirrel monkeys revealed dendrites of cells in layer III extending into layer IV and 
the reverse (Moschovakis and Karabelas, '85, '88). 

Recently direct axonal connections between the superficial and deeper collicular 
layers have been demonstrated by Rhoades et al. ('89). After injections of the 
anterograde tracer Phaseolus vulgaris leucoagglutinin (PHA-L) into the superficial 
gray layer of hamsters they found labeled terminal swellings (indicating synaptic 
contacts) in the optic layer as well as in all deeper collicular layers. Axons arising 
from cells located in the SGS passed through the optic layer giving rise to numerous 
"en passant" swellings. Within the SGI, these axons had terminals in networks in 
which both terminal and "en passant" swellings were observed (Rhoades et al., '89). 
Descending further within the SAI terminals of these fibers were similar to those in 
the optic layer, and another dense terminal field was seen in the SGP. 

In general, the deep terminals of axons from cells in the superficial layers are 
shifted laterally to the locations of their cell bodies (Rhoades et al., '89). Labeled 
fibers in the SAI, SGP, and SAP curved laterally, leaved the superior colliculus and 
could be traced as far as the parabigeminal nucleus and the dorsolateral pons. Many 
colliculofugal axons arising from the SGS and SO gave descending collaterals into 
the SGI. 

It may be concluded that a variety of connections between superficial and deeper 
collicular layers has recently been described. These connections probably provide the 
anatomical substrate for bringing different maps in register with each other and to 
incorporate visual aspects in the multimodal intergration and premotor responses of 
the deeper layers (Rhoades et al., '89). 

5.0 Chemoarchitecture of the superior colliculus of rodents 

A large number of neurotransmitters and neurohormones have been found in the 
central nervous system of vertebrates (Freeman and Norden, '84). In the classical 
mode of neurotransmission a substance is liberated from the presynaptic contact, 
binds subsequently with a specific receptor on the postsynaptic membrane and 
induces a change in the permeability to one or more classes of ions. Examples of 
these compounds include acetylcholine and a number of amino acids. Among these 
amino acids I^glutamate, I^-aspartate, taurine, glycine, and T-aminobutiric acid are 
the major neurotransmitter substances in the central nervous of vertebrates (see 
Freeman and Norden, '84). These amino acids are divided into two categories: (1) 
acidic amino acids (glutamate and aspartate), which generally depolarize and have 
excitatory effects on neurons; and (2) neutral amino acids (GABA, glycine and 
taurine), which hyperpolarize and inhibit in general neuronal activity. In particular 
glutamate and GABA are found in high concentrations in the central nervous system. 
In addition to their role as transmitter, they also play a role in oxidative metabolism 
in the brain (Freeman and Norden, '84). 

A second group of neurotransmitters do not give primarily a change in mem
brane permeability, but their postsynaptic effects are mediated by metabolic 
changes induced by the action of a "second messenger". These neurotransmitters or 
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neuromodulators include dopamine, norepinephrine, 5-hydroxytryptamine and 
histamine. 

Neurohormones are the products of neurosecretory neurons. Many neuropeptides 
are believed to function as neurohormones, for example enkephalins, ß-endorphins, 
substance P, somatostatin, angiotensin, neurotensin, as well as prostaglandins, 
corticosteroids, estrogens, testosterone, and thyroid hormone (Freeman and Norden, 
'84). The differences between neurotransmitters and neurohormones as described 
above is not always clear. In addition, neurotransmitters may be involved in the 
development, maintenance and plasticity of individual neurons (Lipton and Kater, 
'89). 

Within the supenor colliculus of rodents the following transmitters, modulators 
and/or neurohormones have been described (Fig. 9). 
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Fig 9. Schematic representation of laminar patterns of immimoreactivity within the superior colhculus 
of rats For details see section 5.0. Abbreviations are presented m separate bst. 

Acetylcoline 
Acetylcholine (ACh) may be localized by the presence of choline O-acetyltransferase 
(ChAT), an enzyme which catelyzes the synthesis of ACh from choline and acetyl-
CoA and by acetylcholinesterase (AChE), an enzyme which hydrolytically splits ACh 
into choline and acetate. 
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Within the superior colliculus of rats and mice ACh activity has been demon
strated by many authors (Paxinos and Watson, '86; Ross and Godfrey, '85; Harvey 
and McDonald, '85; Beninato and Spencer, '86; Mufson et al., '86; Wallace, '86a,b; 
Wiener , '86). 

Within the superficial layers of the SC of rats and mice, high AChE activities 
were found in the zonal and superficial gray layer (average 150 - 200 mmol/kg dry 
wt/min), while the activity of AChE in the optic layer is weakly (30 - 70 mmol/kg 
dry wt/min; Ross and Godfrey, '85). In the deeper layers AChE activity was highest 
in the SGI (80 - 100 mmol) where it has a patchlike distribution (Sandell, '84; Ross 
and Godfrey, '85; Wallace, '86a,b; Wiener, '86). The distribution of AChE activity 
within the SAI and SGP is also discontinuous (patchy), but less intense than in SGI 
(Fig. 9; 30 - 70 mmol). The remaining deeper collicular layer (SAP) has a weak 
AChE activity (30 - 70 mmol). A significant rostro-caudal variation in AChE activity 
occurs in the SGI, since the caudal part of this layer contains more than twice the 
activity present in the rostral part (Ross and Godfrey, '85). 

The distribution of acetyltransferase (ChAT) is comparable to that of AChE (Fig. 
9). However, in layers I and II the presence of ChAT is much lower compared to 
AChE. In these layers the AChE activity was 2 to 4 times that in whole brain, while 
ChAT activity was less than that in whole brain (Ross and Godfrey, '85). 

The presence of ACh in the superficial layers has its origin partly from a choli
nergic projection from the parabigeminal nucleus, since lesions in the parabigeminal 
collicular pathway reduced AChE activity substantially (Mufson et al., '86). Choli
nergic projections to the SGI of the deeper layers may originate from the cuneiform 
nucleus (Hoover and Jacobowitz, '79; Ross and Godfrey, '85), the pedunculopontine 
tegmental nucleus (PPTg), and the lateral dorsal tegmental nucleus (LDTg) of the 
central gray, since all these nuclei contain cholinergic cells which project to the 
deeper layers (Beninato and Spencer, '86). 

Oculomotor disturbances in Hunting's and Parkinson's diseases may be caused by 
an imbalance between GABAergic inhibitory input from the substantia nigra and 
cholinergic excitatory input from the pedunculopontine tegmental nucleus to the 
intermediate layers of the superior colliculus (Beninato and Spencer, '86). 

GABA 
T-Aminobutyric acid (GABA) is produced by the transamination of a-oxoglutarate 
to glutamate, which is decarboxylated by the enzyme glutamic acid decarboxylase 
(GAD) to produce GABA. This amino acid is an important inhibitory neurotrans
mitter in the central nervous system (Houser et al., '83; Freeman and Norden, '84). 

Both GABA and GAD have been demonstrated in the superior colliculus of the 
rat by biochemical assay (Lund-Karlsen and Fonnum, '78; Kvale and Fonnum, '83), 
high affinity uptake (Lund-Karlsen and Fonnum, '78; Kvale and Fonnum, '83; Kvale 
et al., '83), and inununohistochemistiy (Houser et al., '83). It appears that most of 
the GAD positive reaction product is found in the superficial layers, but intermediate 
and deep layers contain GAD positive terminals as well (Fig. 9; Houser et al., '83). 
Within the superficial layers GAD possitive profiles frequently were postsynaptic to 
retinal terminals (Houser et al., '83). In addition, GABA has been found in other 
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structures related to the visual system, such as the retina (Wood et al., '76; Vaughn 
et al., '81), the dorsal lateral geniculate nucleus (Ohara et al., '83; Gabbott et al, 
'86), pretectal nuclei (Giolli et al., '85), and accessory optic nuclei (Giolli et al., '85). 
The pathway from the substantia nigra pars reticulata to the superior colliculus uses 
GABA as neurotransmitter (Deniau et al., '78; Vincent, '78; Dichiara et al., '79; 
Chevalier et al., '81; Araki et al., '84). GABAergic terminals of the mgrocollicular 
projection arborize below the SO (Vincent et al., '78). The projection from the zona 
incerta is also GABAergic (Araki et al., '84). 

Glutamate 
The acidic amino acid L-glutamate (Glu) is one of the most abundant amino acids 
in the central nervous system and known as an excitatory transmitter (Fonnum, '84). 
Autoradiography of L-[3H]glutaniate reveals that this transmitter is present in the 
superficial layers of the superior colliculus of the rat, especially within the superficial 
gray layer (Fig. 9; Greenamyre et al., '84; Halpain et al., '84). After ablation of the 
visual cortex in adult rats high affinity uptake of L·glutamate was reduced by 75% in 
the superior colliculus, which suggest that visual corticofugal fibers to the superior 
colliculus are glutamergic (Lund-Karlson and Fonnum, '78; Fosse and Fonnum, '86; 
Fosse et al., '86). 

Serotonin 
Serotonin (Ser; 5-hydroxytryptaimne or 5-HT) has been suggested to be an inhibitory 
neurotransmitter in the superior colliculus (Ueda et al., '85). Serotonin immuno-
reactive fibers form a network throughout the superior colliculus. Their concentration 
is highest in the superficial layers, particularly in the ventral half of the SGS and 
dorsal half of the SO (Fig. 9). Within the deeper layers the SGI and SGP have the 
highest densities of serotonin-immunoreactivity (Ueda et al., '85; Lüth and Seidel., 
'87; Tohyama et al., '88). The serotoninergic input to the superior colliculus is 
primarily associated with projections from the nucleus raphe dorsalis (DR) and 
nucleus raphe medianus (MnR; Parent et al., '81; Beitz et al., '86; Villar et al., '88). 
By comparison of densities of [3H]5-HT labeled high affinity 5-HT binding sites in 
the superior colliculus of normal and enucleated rats, it appears that the density of 
binding sites in the contralateral visual layers of enucleated rats is reduced by 35-
40% (Segu et al., '86). 

Catecholamines 
Dopamine (Dop), noradrenaline (or norepinephrine), and adrenaline (or epine
phrine) are collectively indicated as catecholamines and are products in the synthetic 
pathway from fenylalanine to adrenaline. The presence of dopamine has been 
investigated within the superior colliculus by using dopamine-ß-hydroxylase, an 
enzyme that catalyzes the conversion of dopamine into noradrenaline (Swanson and 
Hartman, '75) or by the uptake of [3H]dopamine (Weiler et al., '87) in homogenates 
of the superior colliculus. It appears that only small amounts of dopamine are 
present in the superior colliculus (Weller et al., '87) and distributed in particular in 
the SGS, SO, and SGI (Fig. 9; Swanson and Hartman, '75). The superficial gray layer 
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contains an abundance of cells with a moderate concentration of ß-adrenergic 
receptors (Wanaka et al., '89). 

Neuropeptides 
Recently the distribution of immunoreactive structures of some neuropeptides 
(substance Ρ (SubP), leucine-enkephalin (Enk), calcitonin gene-related peptide 
(CGRP), and corticotropin-releasing factor (CRF)) in the rat superior colliculus was 
studied with the aid of polyclonal antibodies against these substances (Miguel-
Hidalgo et al., '89). It appears that substance Ρ immunoreactive (SP) cells were 
located mainly in the dorsal two-third of the SGS, while fibers are found in the SGS, 
SO, and SGI (Fig. 9; Bennett-Clarke et al., '89; Miguel-Hidalgo et al., '89). The 
mean soma diameters for SP-positive cells in the superficial layers of the rat is 8.5 ± 
1.1 (S.D.) /¿m and not different from mean soma diameters of Nissl stained SGS-
cells (i.e., 8.6 ± 1.3 (S.D.) /ші; Bennett-Clarke et al, *89). 

A few leucine-enkephalin containing neurons were detected in the caudal portion 
of the SGS (Fig. 9). Fibers containing enkephalin are distributed in stratified patches 
within the SAI, SGP, and SAP (Migual-Hidalgo et al., '89). 

Neurons displaying immunoreactivity against calcitonin gene-related peptide were 
found in the SGI, SGP, and SAP, and in a small number in the SO and SAI. Fibers 
containing this neuropeptide were homogeneously distributed in the intermediate 
layers and in patches in the deep collicular layers (Fig. 9; Migual-Hidalgo et al.' 89). 

Corticotropin-releasing factor immunoreactivity was observed in fibers that are 
evenly distributed throughout all layers, except layer II where fewer of these fibers 
were found (Fig. 9; Migual-Hidalgo et al., '89). 

6.0 Functional aspects of the superior colliculus 

In order to survive, animals must be able to respond quickly to moving objects as 
soon as they enter their environment. The animal must rapidly determine the identity 
of the stimulus on the basis of its visual, acoustic and/or other properties, and has to 
know the speed and direction of its movement. Then, the animal must move its head, 
eyes, ears and other parts of the body to hold the source of the stimulus in view, or 
to avoid dangerous objects, i.e., the animal has to be able to make appropriate 
orienting movements. One region of the mammalian brain involved in such a control 
of head, eye, body, and pinnae movements is the superior colliculus. 

It is known for more than 100 years that stimulation of the superior colliculus can 
produce eye movements (Adamiik, 1870). Since that time, a well ordered motor map 
involved in eye movement generation is known to exist in the superior colliculus 
(Dräger and Hubel, '75), and the superior colliculus has been found to be involved 
in the spatial localization of a stimulus (Schneider, '69), more general visual orienting 
responses (Barnes et al., '70; Sprague et al., '73; Goodale et al., '78), directing eye 
movements (McHaffie et al., '82), turning behaviour (Dichiara et al., '82), locomotor 
exploration (Dean et al., '82), the generation of saccadic eye movements (Sefton and 
Dreher, '85; Moschovakis et al., '88), nociception (Larson et al., '87; McHaffie et al., 
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'89), and "perceptual" function, i.e., in the discrimination of the correct stimulus, 
without making orienting movements (Barnes et al.,'70; Gordon, '72; Ingle, '73). 

The most dramatic deficits produced by collicular lesions, which involve the 
superficial as well as deeper collicular layers, are a reduction in attention, orienta
tion, and following behaviour (Casagrande and Diamond, '74). Cells within the 
superficial layers are primarily visual, having input from the retina, visual cortex, and 
parabigeminal nucleus (see Fig. 5A). Information processed in the superficial layers 
is send to the visual cortex via the lateral posterior nucleus of the thalamus. Interrup
tion of this circuit (e.g. by damaging the superficial layers) gives behaviour changes 
which are limited to vision, whereas deeper lesions produce a variety of behaviour 
changes (Sprague, '66; Casagrande and Diamond, '74). 

Superior colliculus and visual cortex studies performed in cats and monkeys show 
that the geniculostriate system processes sensory information in order to determine 
"what the stimulus is precisely", whereas the superior colliculus determines "what 
the impact of the stimulus is and where it is going", e.g., in order to bring the 
stimulus into the center of the visual field and keep it there (Gordon, '72; Schiller, 
'84). 

Comparison between "higher" mammals (cat, monkey) and "lower" mammals 
(e.g.,hamster) shows that in lower animals the function is simply "there is a target, 
orient to it", whereas in higher animals (monkey) the function becomes "there is an 
interesting object; think about looking at it" (Goldberg and Robinson, '78). 

In rats, besides orientation movements, other functions of the superior colliculus 
have been described on the basis of electrical stimulation experiments including the 
generation of biting and gnawing responses, behaviour resembling avoidance and 
flight, suspension of normal voluntary movement, activation of the cortical EEG, 
cardiovascular changes, and analgesia in rostral parts of the body (Fig. 10; Dean and 
Redgrave, '84a; Dean et al.,'86,'88,'89; Ellard and Goodale, '86;'88; Sahibzada et 
al., '86). Orientation responses can be evoked from sites throughout the superior 
colliculus, whereas withdrawal movements can be evoked only from sites in the 
rostral one-third of the superior colliculus (Sahibzada et al.,'86). These two sets of 
behaviour data, i.e.,orienting towards or away from, may have distinct functional 
output channels: Defence-like behaviours depend on the ipsilateral descending 
pathway, whereas orientation is mediated by the crossed descending colliculospinal 
projection (Dean et al., '86, '88, '89; Ellard and Goodale, '86; '88; Redgrave et al. 
'87b). 
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7.0 Albinism 

Albinism (albus is Latin for white), is a genetic defect preventing normal synthesis 
of melanin (pigment substance; Guillery and Scott, '73). This genetic defect is 
accompanied by several additional functional and morphological abnormalities. 
Functional disturbances are primarily visual, such as low visual acuity (sharp-sighted), 
photophobia (shunning the light), strabismus (squinting), and nystagmus (a slight 
oscilatorry movement of the eyes; see Guillery, '86, for review). Morphologically the 
latter phenomenon may be caused in part by the aberrant course of a proportion (for 
albino rats about 5%) of ipsilateral retinofugal fibers in albino animals. These optic 
nerve fibers, which originate in the temporal retina, normally do not decussate, but 
in albino animals these fibers terminate on the contralateral side (rat: Lund, '65; 
Creel and Giolli, '76; Lund et al., '80; Dreher et al., '85; Taylor et al., '86; mouse: 
La Vail et al., '78; Drager and Olsen, '80; guinea pig: Giolli and Creel, '73; rabbit: 
Giolli and Guthrie, '69; Klooster et al., '83; cat: Berman and Payne, '85; ferret: 
Morgan et al., '87; tiger: Guillery and Kaas, '73; human: Guillery et al., '75; Creel et 
al., '78). This anomaly has been found in the retino-geniculo-cortical pathway (Giolli 
and Creel, '73; Guillery et al., '75; Creel and Giolli, '76; Creel et al., '78; Taylor et 
al., '86), as well as in the retinocollicular projection (Lund, '65; Giolli and Guthrie, 
'69; Giolli and Creel, '73; Lund et al, '80; Berman and Payne, '85). The latter 
anomaly may affect the organization within the superior colliculus of albino animals 
compared to the intrinsic organization of the superior colliculus of pigmented 
animals. For this reason albinism is also a matter of interest in the present investiga
tions (see chapter II for details). 

8.0 Structure and aim of the present investigation 

As shown in previous sections much knowledge is available regarding the extrinsic 
connections of the superior colliculus, whereas some studies have focussed their 
attention to intracollicular cell types. However, little is known about the intrinsic 
collicular connectivity patterns and the synaptology of this structure. 

The present study attempts to contribute to our knowledge and understanding of 
the intrinsic collicular structural organization and connectivity patterns with special 
attention for two aspects, i.e., (a) the interlaminar and (b) the intralaminar 
organization and differentiation. The term interlaminar differentiation is introduced 
to indicate the degree of differences observed between neighbouring collicular 
layers, whereas the term intralaminar differentiation refers to the differences 
observed in somatic, dendritic, and synaptic organization of different neurons and 
cell types within a certain layer. For this purpose cell bodies, dendrites, and 
synaptic contacts of (reconstructed) cells have been analysed quantitatively at the 
light and the electron microscopical level, particularly to investigate (a) differences 
between the various layers, with particular emphasis on the transition between 
superficial (visual) and deeper (multimodal) layers, i.e. between layers III and IV, 
(b) the degree of dendritic and synaptic homogeneity within specific collicular 
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layers, and (с) the influence of albinism on the morphometrical parameters 
determined. 

These aspects will be dealt with in the following chapters of the present thesis: 
II: morphometric parameters of the superior colliculus of albino and pigmented 

rats 
III: synaptic morphometry and synapse-to-neuron ratios in the superior colliculus 

of albino rats 
IV: dendritic and synaptic properties of collicular neurons. A quantitative light 

and electron microscopical study of Golgi-impregnated cells. 
The first of these chapters (II) describes a morphometric light microscopical 

analysis of collicular neurons to evaluate differences between individual layers, and 
between different (rostral, caudal, medial, and lateral) regions within the superior 
colliculus, as well as between the superior colliculus of albino and pigmented rats. 

Chapter III deals with differences or similarities in quantitative parameters of 
synaptic terminals and contacts in the distinct collicular layers. In particular it will 
be analysed whether the collicular synapses have a comparable interlaminar dif
ference as collicular axons or in contrast follow the non-laminar organization of 
collicular neurons described in chapter II. 

Chapter IV describes light- and electron micorcopical inter- and intralaminar 
differences of morphometrically analysed (reconstructed) Golgi-impregnated neurons 
within the rat superior colliculus. In particular layer IV is analysed, because of the 
strategic position of this layer at the transition zone between the superficial (visual) 
layers, and the deeper (multimodal) layers. Differences in dendritic and synaptic 
organization of identified neurons will be discussed. 

A general discussion will be presented in chapter V. In this general discussion the 
relevance of the present study for our insight in the mechanisms present in the 
tectum of lower vertebrates and the colliculus superior of higher vertebrates will be 
discussed. 
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Abréviations (adapted from Paxinos and Watson, '86) 

3 
4 
6 
12 
I-VII 
8n 
3V 
4V 
ac 
AC 
AChe 
acp 
Aq 
bic 
BO 
bp 
bsc 
cc 
CC 
Ce 
CG (D,M) 
CGM 
CGRP 
ChAT 
cic 
CIC 
Cl 
CL 
CM 
CN 
CO 

cp 
CPu 
CRF 
cs 
esc 
Cx 
DA 
DCIC 
di 

principal oculomotor nucleus 
trochlear nucleus 
abducens nucleus 
hypoglossal nucleus 
collicular layers I-VII 
vestibulocochlear nerve 
third ventricle 
fourth ventricle 
anterior commissure 
auditory cortex 
acetylcholinesterase 
anterior commissure, posterior part 
aqueduct 
brachium of the inferior colliculus 
olfactory bulb 
brachium of the pons 
brachium of the superior colliculus 
corpus callosum 
cingulate cortex 
cerebellum 
central gray (dorsal, medial part respectively) 
mesencephalic central gray 
calcitonin gene-related peptide 
choline O-acetyltransferase 
commissure of the inferior colliculus 
central nucleus of the inferior colliculus 
claustrum 
centrolateral thalamic nucleus 
central medial thalamic nucleus 
cuneiform nucleus 
optic chiasm 
cerebral peduncle, basal part 
caudate putamen 
corticotropin-releasing factor 
colliculospinal tract 
commissure of the superior colliculus 
cortex 
dorsal hypothalamic area 
dorsal cortex of the inferior colliculus 
diencephalon 
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Dk 
DIX 
DLPG 
DM (C,D) 

Dop 
DPO 
DR 
DTg (P) 
DTN 
ECIC 
ECu 
Enk 
f 
FL 
Fr (1, 2) 
GABA 
GÌ (A ,V) 

Glu 
GP 
Hb 
Hi 
HL 
iao 
ic 
1С 
IGL 
IMA 
IMD 
InCo 
INT 
IntG 
IO 
IP 
IT 
LD (DM.VL) 

LDTg (V) 
lip 
LH 
LGNd 
LGNv (m,p) 

11 

nucleus of Darkschewitsch 
dorsal nucleus of the lateral lemniscus 
dorsal lateral pontine gray 
dorsomedial hypothalamic nucleus (compact or diffuse part, respec
tively) 
dopamine 
dorsal periolivary region 
dorsal raphe nucleus 
dorsal tegmental nucleus (pericentral part) 
dorsal terminal nucleus of the accessory optic tract 
external cortex of the inferior colliculus 
external cunéate nucleus 
enkephalin 
fornix 
forelimb area of cortex 
frontal cortex (area 1, area 2, respectively) 
r-aminobutyric acid 
gigantocellular reticular nucleus (alpha an ventral part, respectively) 
glutamate 
globus pallidum 
habenular nucleus 
hippocampus 
hindlimb area of cortex 
inferior fasciculus of the accessory optic tract 
internal capsule 
inferior colliculus 
intergeniculate leaflet 
intramedullary thalamic area 
intermediodorsal thalamic nucleus 
intercollicular nucleus 
interposed cerebellar nucleus 
intermediate geniculate nucleus 
inferior olive 
interpeduncular nucleus 
intralaminar thalamus 
lateral dorsal thalamic nucleus (dorsomedial and ventrolateral part, 
respectively) 
laterodorsal tegmental nucleus (ventral part) 
longitudinal fasciculus of the pons 
lateral hypothalamic area 
dorsal lateral geniculate nucleus 
ventral lateral geniculate nucleus (magnocellular, and parvocellular 
part, respectively) 
lateral lemniscus 
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LP (купе) 

LSO 
LTN 
LV 
LVPO 
m5 
MAON 
mep 

MD (CUM) 

Me5 
Med 
mes 
MFCd 
MG (d,v,m) 

MiTg 
ml 
mlf 
MnR 
Mo5 
MRF 
MSO 
mt 
MTN 
MVPO 
NLL 
no 
NOT 
NRM 
NRP (C,0,V) 

NRTP 
OC (1,2) 
oc 
PA (d,v) 
Pbg (d,m,v) 
pc 
PC 
PCRt 
PH 

Pi 
Pit 
PL 

: lateral posterior thalamic nucleus (laterocaudal, and mediocaudal 
part, respectively) 

: lateral superior olive 
: lateral terminal nucleus of the accessory optic tract 
: lateral ventricle 
: lateroventral periolivary nucleus 
: motor root of the trigeminal nerve 
: medial accessory olivary nucleus 
: middle cerebellar peduncle 
: mediodorsal thalamic nucleus (central, lateral, and medial part, 

respectively) 
: mesencephalic trigeminal tract 
: medial cerebellar nucleus 
: mesencephalon 
: dorsal medial frontal cortex ("frontal eye field") 
: medial geniculate nucleus (dorsal, ventral, an medial part, respec

tively) 
: microcellular tegmental nucleus 
: medial lemniscus 
: medial longitudinal fasciculus 
: median raphe nucleus 
: motor trigeminal nucleus 
: mesencephalic reticular formation 
: medial superior olive 
: mammillothalamic tract 
: medial terminal nucleus of the accessory optic tract 
: medioventral periolivary nucleus 
: nucleus lateralis lemniscus 
: optic nerve 
: nucleus of the optic tract 
: nucleus raphe magnus 
: nucleus reticularis pontis (pars caudalis, oralis, and ventralis, respec

tively) 
: nucleus reticularis tegmenti pontis 
: occipital cortex (area 1, and area 2, respectively) 
: optic chiasm 
: anterior pretectal nucleus (dorsal, and ventral part, respectively) 
: parabigeminal nucleus (dorsal, medial, and ventral part, respectively) 
: posterior commissure 
: paracentral thalamic nucleus 
: parvocellular reticular nucleus 
: posterior hypothalamic nucleus 
: pineal gland 
: pituitary gland 
: paralemniscal nucleus 
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PMn 
Pn 
Po 
PO 
PP 
PPTg 
Pr5VL 
PtC 
PV 

РУ 
pyx 
Ret 
rhomb 
Rt 
s5 
SAI 
sao 
SAP 
SC 
SCc 
SCN 
Ser 
SGI 
SGN 
SGP 
SGS 
SN (er) 
SO 
sp5 
SpC 
SPO 
SSC 
st 
SubP 

sz 
TC (sc,si,so) 

tel 
to 
tz 
Tz 
VC 
VM 
VL 
VLL 

paramedian reticular nucleus 
pontine nuclei 
posterior thalamic nuclear group 
olivary pretectal nucleus 
posterior pretectal nucleus 
pedunculopontine tegmental nucleus 
principal sensory trigeminal nucleus, pars ventrolateral 
pretectal complex 
paraventricular thalamic nucleus 
pyramidal tract 
pyramidal decussation 
retina 
rhombencephalon 
reticular thalamic nucleus 
sensory root of the trigeminal nucleus 
stratum album intermedium 
superior fasciculus of the accessory optic tract 
stratum album profundum 
superior colliculus 
contralateral superior colliculus 
suprachiasmatic nucleus 
serotonin 
stratum griseum intermedium 
suprageniculate nucleus 
stratum griseum profundum 
stratum griseum superficiale 
substantia nigra (pars compacta, and reticulata, respectively) 
stratum opticum 
spinal trigeminal tract 
spinal cord 
superior periolivary nucleus 
somatosensory cortex 
stria terminalis 
substance Ρ 
stratum zonale 

trigeminal complex (subnucleus caudalis, interpolaris, and oralis, 
respectively) 
telencephalon 
optic tract 
trapezoid body 
nucleus of the trapezoid body 
visual cortex 
ventromedial thalamic nucleus 
ventrolateral thalamic nucleus 
ventral nucleus of the lateral lemniscus 
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VPL : ventral posterolateral thalamic nucleus 
VPM : ventral posteromedial thalamic nucleus 
VTA : ventral tegmental area 
VTg : ventral tegmental nucleus 
xscp : decussation of the superior cerebellar peduncle 
Zi : zona incerta 
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Chapter II 
Morphometric parameters of the superior colliculus 

albino and pigmented rats 

FJ. AJbeis, J. Meek, AND R. Nieuwenhuys 

ABSTRACT 

The superior colliculus (SC) or optic tectum of mammals consists of seven layers, 
numbered I-VII from superficial to deep, each of which has distinct connectivity 
patterns and electrophysiological properties. The present study is devoted to a 
morphometrical analysis of neuronal diameters, densities, and numbers in different 
layers and regions of the superior colliculus of albino as well as pigmented rats in 
order to present a quantitative characterization of the coUicular neuronal population 
involved in the different connectivities and functions of these compartments. The 
morphometric parameters were calculated from tracings of nuclei and cell bodies by 
means of Kontron-Videoplan equipment and a Micro PDP 11/23 computer. The 
mean soma diameter per superior colliculus appears to be 12.0 μτη, the average 
neuronal density 70 cells per 0.001 mm3, and the total number of neurons about 
600,000. The mean soma diameter gradually increases from superficial to deep layers 
(i.e., from 10.0 to 14.0 μΐη). Cellular density is highest in layer III, the retinal afferent 
layer (90 cells per 0.001 mm3), and decreases both in more superficial layers (to 
about 80 in layer I) and deeper layers (to about 44 in layer VII). About 25% of all 
coUicular neurons are situated in layer II whereas layer I contains the lowest 
percentage of cells (4%). Rostrally within each coUicular layer, cellular volumes are 
about 25% larger than caudally. On the other hand, neuronal densities are rostrally 
about 38% lower than caudally in all layers except for layers VI and VII. We 
conclude that coUicular neurons, in contrast to coUicular axons, are not arranged in 
distinct layers or clusters but basically establish a random network with only gradual 
transitions. In this respect, no statistically significant differences were observed 
between albino and pigmented rats. 
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Introduction 

The superior colliculus (SC) is the laminated rostral part of the midbrain roof or 
tectum of mammals. CoUicular layers contain alternately low and high densities of 
myelinated fibers and are divided into superficial, intermediate and deep layers. 
Superficial layers are as follows: layer I, stratum zonale (SZ); layer II, stratum 
griseum superficiale (SGS); and layer III, stratum opticum (SO). Intermediate layers 
are: layer IV, stratum griseum intermedium (SGI), and layer V, stratum album 
intermedium (SAI). Deep layers are layer VI, stratum griseum profundum (SGP), 
and layer VII, stratum album profundum (SAP). Layers IV-VII are also indicated as 
the deeper collicular layers (Casagrande et al., 72). Ventrally, SAP can be sharply 
deliniated from the mesencephalic central gray. 

The superficial layers of the SC are primarily involved in visual functions (Huerta 
and Harting, '84). Their afférents arise, in rats, predominantly from visual structures 
like the retina, visual cortex, lateral geniculate nucleus and parabigeminal nucleus 
(Lund, '66; Sefton, '68; Swanson et al, '74; Ribak and Peters, '75; Watanabe and 
Kawana, '79; Brauer and Schober, '82; Beckstead and Frankfurter, '83; Hofbauer and 
Drager, '85). Efferent connections of the superficial layers project in turn also mainly 
to structures involved in visual signal processing, including the pretectal nuclei, 
lateral posterior nucleus, lateral geniculate nucleus, and parabigeminal nucleus 
(Kassel, '80; Schober, '81; Sugita et al., '83, '85; Lieberman et al., '85; Takahashi, '85; 
Taylor and Lieberman, '85; Torigoe et al., '86). The deeper collicular layers are 
predominantly involved in multimodal integration and premotor functions 
(Casagrande et al., '72). In rats, their afférents thus originate, e.g., from the inferior 
colliculus (Druga and Syka, '84), auditory cortex (Cadusseau and Roger, '85), nuclei 
of the lateral lemniscus (Tanaka et al., '85), spinal cord (Antonetty and Webster, 
'75), and somatosensory cortex (Wise and Jones, '77), whereas efferents of the 
deeper layers predominantly project to the pretectal area (Lieberman et al., '85) and 
the pontine reticular formation (Torigoe et al., '86). 

The main purpose of the present study is to investigate the laminar differentiation 
of the collicular neuronal population and to analyse the degree of correlation of this 
neuronal differentiation with the distinct connectivity patterns and functional 
properties of the collicular layers. Particular attention will be paid on differences 
between the superficial collicular zone (layer I-III) and the deeper one (layer 
IV-VII), since these have been suggested to represent completely different entities 
(Edwards '80). Because qualitative observations do not reveal obvious neuronal 
differences, quantitative measurements of soma sizes, densities, and numbers of 
neurons are necessary to unravel possible subtle differences as well as to make 
morphological differences between neuronal populations in different layers and zones 
accessible for statistical evaluation. 

In addition to a laminar profile analysis of the collicular neuronal population, a 
second aim of the present study is to analyse regional variations in morphometric 
parameters of collicular neurons that might be correlated with the topographic 
organization of several collicular connections. In this respect it may be noticed that 
not only the retinal projection, but also the trigeminal projection (Huerta et al., '83) 
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and the intertectal pathway (Jen and Au, '86) are topographically arranged, whereas 
other projections are arranged in clusters or patches (e.g., the collicular projection 
from the substantia nigra; Beckstead et al., '79). 

The third aim of the present investigation concerns a morphometnc comparison 
between the organization of the superior colliculus of albino and pigmented rats. 
Albinos and pigmented specimens differ in several ways in a variety of species, 
including man (see Guillery, '86, for review). In rats the total cross sectional area of 
the optic nerve in albinos is about 30% smaller and the density of optic fibers is 1.4 
times higher than in pigmented rats (Sugimoto et al., '84). Another difference 
between albino and pigmented animals is a so-called misrouting of ipsilateral retinal 
fibers, which results in lower percentages of ipsilateral retinofugal fibers in albino 
animals compared to pigmented ones (Lund, '65; Giolli and Guthrie, '69; Giolli and 
Creel, '73; Klooster et al., '83; Dreher et al., '85; Taylor et al., '86). By means of a 
detailed comparison of the quantified neuronal populations of albino and pigmented 
strains of rats it may be tested whether the superior colliculus of albino rats, which 
is frequently used in research on collicular structure and function, is peculiarly or 
poorly developed compared with pigmented rats, or has indeed a similar neuronal 
organization. 

Materials and methods 

Histological procedure 
Three male albino (Wistar) rats and three male pigmented (ACI) rats weighing ca. 
270 g were used for the present morphometnc analysis. After anaesthesia with 
Narkovet (0.1 ml/100 g body weight) the rats were injected with heparin (0.1 ml/100 
g b.w.) and nitroglycerin (0.02 ml 0.001%/100 g b.w.). Transcardial perfusion-fixation 
was performed with 100 ml saline (0.9% sodium chloride; 20oC) followed by 450 ml 
of a 2% paraformaldehyde/2% glutaraldehyde mixture in 0.1 M phosphate buffer 
(pH 7.3). After perfusion the rats were decapitated and the dorsal part of the skull 
was removed. The head was immersed in fixation solution for 3 hours and sub
sequently placed in a stereotactic device, by means of which transverse slices 1 mm 
thick were cut. The slices containing the superior colliculus were osmicated (3 hours 
at 20oC with 2% Os04 in 0.1 M phosphate buffer), dehydrated through a graded 
series of ethanol, and embedded via propylene oxide in Epon 812 between slides 
coated with Repelcote to allow flat embedding and remounting. After polymerisation, 
the slices of the right superior colliculus were remounted for semithin sectioning at 
2 μΐη thickness, and every 100 μπι a few sections were collected for staining with 
paraphenylene diamine (Estable-Puig et al, '65) and coverslipped with Entalan. 

Sampling procedure 
To be able to analyse overall morphometric parameters of the superior colliculus as 
well as laminar differences and possible variations in rostrocaudal, mediolateral or 
centralperipheral directions, the following sampling procedure was used. 
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Fig. 1. Illustration of the sample procedure used in the present morphometric study, a: Recontruction 
of the average dorsal aspect of the right superior coUiculus (SC) of albino rats and schematic visualisa
tion of the position of sections sampled and levels distinguished. The superior colUculus was divided into 
four levels (Α-D) of equal thickness, excluding the most rostral and caudal cap of 250 ftm. From each 
level three evenly dispersed sections (arabic numbers) were taken for analysis, b: Schematic representa
tion of the four sectors (1-4) and 7 layers (I-VII) distinguished in transverse sections, resultmg in 28 
segments per section. CG = central gray. 

By means of the semithin sections obtained as described above, a horizontal recon
struction of the dorsal view of each right superior colliculus was made (Fig. la). The 
sections of the rostral and caudal cap 250 μιη thick were not included in our 
morphometric analysis in order to exclude possible peculiarities in the boundary 
regions. The remaining part of the colliculus was divided into four rostrocaudal levels 
of equal thickness (Fig. la), and out of each level three sections were selected in a 
systematic random way for morphometric analysis (Fig. la.b). On photographs at x85 
magnification of these 12 sections per rat, the lateral boundary of the superior 
colliculus was defined as the line from the lateral boundary of the SGS to the central 
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gray following the natural radial coordinates (along blood vessels, axons, and 
dendrites). Next, each section was divided in four mediolateral sectors of equal 
width, with omission of a medial and a lateral sector of 125 ¿tm (Fig. lb) in order to 
avoid boundary problems. In addition, the seven layers were delineated on each 
photograph on the basis of fiber density, resulting in a distribution of 28 segments 
per section (seven layers each with four sectors; Fig. lb). The sampling strategy 
described thus allowed for storage of data in 4 χ 28 = 112 files per rat, each file 
containing the results of one segment per level. The volume of the rostral, caudal, 
medial, and lateral parts of the superior colliculus not taken into account was 
estimated at 24% with the aid of stereometric formules. 

Measurements 
Photomontages of x550 magnification of the 12 sections selected per rat were used 
to trace neuronal somatic and nuclear profiles by means of a Kontron-Videoplan 
measuring system. Videoplan data were subsequently transmitted to a PDP 11/23 
computer system. In total, about 250,000 nuclear and somatic profiles were traced for 
the present study. The calculation of numerical neuronal densities and numbers has 
been based on tracings of neuronal nuclei. To investigate the reliability of this method 
we measured the variation in size and shape of the nuclei. From tracings of all nuclear 
profiles we have calculated a mean ellipticity index (i.e., smallest nuclear diameter 
divided by the largest nuclear diameter) of 0.73 ± 0.13 (SD; Fig. 2a). The standard 
deviation of the diameters of nuclear profiles with a nucleolus ranged in various 
collicular compartments from 5 to 11% of the mean value. As will be discussed in the 
Discussion section, these values are acceptable for the application of the stereological 
formulae used in the present research without introducing major deviations. 

Measurements of neuronal somatic diameters are based in the present study on 
tracings of somatic profiles containing a nucleolus. Several authors have applied this 
method, since the nucleolus occupies more frequently a position in or around the 
center of the soma than in the somatic periphery. This results in a better approxima
tion of diameter distributions than from tracings of all soma profiles (Madarász et 
al., '78, '83; Peduzzi and Crossland, '83; Peters et al., '85; Bertram and Bolender, 
'86). In our own material, a random sample of sagittally and transversely sectioned 
profiles of somata with nucleoli traced at xl,250 magnification shows a distribution 
of nucleolar position with strong preference for the central part of the soma as 
depicted in Figure 2b. The average nucleolar eccentricity within collicular somata is 
about 29%. According to Born et al. ('87) such a nucleolar position results in an 
underestimation of only about 5% of the true soma diameter. 

Photographs of x85 magnification were used to trace the boundaries of different 
compartments (layers, sectors, or segments) to calculate their surface area as well as 
the thickness and mediolateral extension of collicular layers. The surface of each 
segment multiplied by the rostrocaudal extent of each level was used to calculate 
volumes of different compartments. 

Orientation of somata was calculated with the aid of the Videoplan as the angle 
between the largest soma diameter and the nearest laminar boundary. Soma orienta
tion was determined in one albino and one pigmented rat. 

57 



η . 2 0 2 2 5 
е-07Э!013 

а 

40 -

30 -

2 0 

I O 

02 Oí 06 09 IO E 
ellipticity index nucleus 

1 6^( r s ) 

N =170 
Ê,= 2 1 2 * 1 0 7 

К 1 2 3 4 5 6 7 Ες 
nucleolar eccentricity 

Fig. 2. Basic morphometric parameters of nuclei and nucleolar sampled, a: The distribution of the 
ellipticity index (E, i.e., smallest/largest diameter) of nuclei traced to calculate cellular densities and 
numbers, b: The distribution of nucleolar eccentricity (Èc), i.e., the position of the nucleolar center along 
the somatic radius (?,.). The inset visualizes the mean position and size of the nucleolus within a 
collicular neuronal soma of average size (rs = 6.27 ± 1.07 μια). 

Calculations 

With the aid of a Kontron-Videoplan system, profile areas, smallest and largest 
profile diameters, orientation of the profiles, and segment areas were calculated from 
the tracings. These data were transmitted to the PDP 11/23 computer to calculate 
morphometric values for different collicular samples, as e.g., different levels and 
sectors per layer, complete layers, and the whole sampled part of the right CS, by 
basing the calculations on different sets of segments. Values calculated include: 

1. Mean soma diameters calculated from the profile areas with the formula 
І. ^агеа/тг). 

2. Form factors (shortest/largest diameter of profiles). 
3. Number of nuclei per unit test area (NA = 

N 
sample/A 

sample). 
4. Number of nuclei per unit test volume (Nv) using the formula 

N.. = ΝΛ 
(Floderus,,44). 

D + t-2h 

In this formula D = the mean nuclear diameter, t = the section thickness, and h = 
the height of the smallest recognizable "cap". These parameters were measured for 
each sample separately in the following way: 

The mean nuclear diameter (D) was calculated according to the relationship 
between mean profile diameter (d) and mean particle diameter (D) given by Aber-
crombie (46) and Smolen et al. ('83) as follows: 
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D = d · 

The height of lost caps was determined by h = R - V (R2 - r0
2) in which R represents 

the mean partiele radius and r0 the radius of the smallest visible profile (Weibel/TÇ). 
The formulas used show that the most reliable values for numerical densities are 

obtained with the use of infinite thin sections, since then t = 0 and h = 0 and the 
formula for Nv becomes equal to NA / (4/x . d) (Weibel and Gomez, '62; Weibel and 
Bolender, 73). In the present study we used semithin sections instead of much 
thicker paraffin sections, to make t and h as small as possible for light microscopic 
investigation. 

Neuronal volume fractions (Vv) were calculated by the multiplication of Nv with 
the mean soma volume/1.IO4. Nv multiplied with the mean area imd thickness of 
desired compartments was used to determine total number of neurons (N) of these 
parts. Mean nearest-neighbour distances between cells in a compartment were 
calculated by dividing the volume in which these cells are situated into a number of 
N equally sided quadrilateral pyramids and calculating the distance between the 
pyramidal angle points. 

Statistics 
Statistical analysis between the two strains (i.e., three albino rats and three pig
mented rats) was performed with the Kruskall-Wallis rank test. For statistical 
evaluation of laminar and regional differences within the superior colliculus of both 
albino and pigmented rats the paired t-test for six pairs was used (Bhattacharyya and 
Jones, '77). 

Results 

General histological observations 
Microscopic investigation of semithin plastic-embedded sections stained with para-
phenylene diamine (Fig. 3) reveals several histological aspects not clearly seen in 
thicker paraffin sections. These aspects are visualized in Figure 4A-C, which consists 
of photographs as well as drawings of myelinated fibers and perikarya of three 
sections at different levels. The drawings are based on photomontages of x550 
magnification, which were covered with transparent sheets. On these sheets 
myelinated axons or cell bodies were drawn, and subsequent photographic reduction 
of size rendered Figure 4B and 4C. 

With respect to the organization of myelinated fibers, a distinct laminar pattern is 
recognizable, which allows for a reliable distinction of layers with many (layers III, 
V, and VII) and layers with few myelinated fibers (layers Ι, Π, IV, and VI) (Figs. 3, 
4). In the optic layer III and the intermediate white layer V a rostrocaudal fiber 
orientation dominates, whereas in the deep white layer VII most fibers have a 
transverse orientation (Fig. 3). The myeloarchitecture of the superior colliculus has 
in addition a topographic organization, since the density of the rostro-caudally 

(1 - Щй 

t + d 
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Fig. 3. Photograph of a midtectaJ semithin coronal section of 2 μνα sectioned through the right superior 
colliculus and stained with paraphenylene diamine. Note the distinct anatomical characteristics of the 
layers, as the transversly sectioned myelinated fibers in layer III and V, and the longitudinally sectioned 
fibers in layer VII. Dorsal is up; lateral is right. Bar = 0.4 mm. 

oriented fibers in layer HI and V decreases from rostral to caudal, whereas the 
density of the transversely running fibers in layer VII increases caudally (cf Fig. 
4A,C). 

The distribution of neuronal cell bodies does not show a distinct laminar or topo
graphic organization, although the general impression in semithin sections is that 
cells in superficial layers are smaller than in deeper layers (Figs. 4B, 5A,B). Particu
larly large cells (about 30 μτη in diameter) are only observed in layer V and VI (Fig. 
5D). So, at first sight the laminar and topographical differences in fiber density and 
orientation are obvious, but somatic data have to be investigated in a more quantita
tive way in order to reveal possible laminar or topographic differences. 

Dimensions of the superior colliculus and collicular layers 
The overall results for the dimensions of the sampled parts of the superior colliculus 
of albino rats and pigmented rats are represented in Table 1. The average thickness 
of about 1,350 ¿tm of the colliculus is rather constant throughout the rostrocaudal 
extension of the colliculus (Table 1). Layer VI is by far the thickest layer, about 300 
μιη, whereas layers II-V and VII are each about 200 μτη thick. Layer I is a thin layer 
of only about 40 ¿im thick. The thickness of layer III gradually diminishes from 
rostral to caudal, and is rostrally statistically significantly thinner than caudally, just 
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Fig. 4. Histological aspects of the superior colliculus as visualised in semithin sections. A; Photographs 
of a central part of semithin transverse sections of the superior colliculus at a rostral (R), a middle (M), 
and a caudal (C) level. B: Drawings of the neuronal somata in the sections presented in part A of this 
figure to illustrate laminar and topographic variations. C: Drawings of the myelinated fibers in the 
sections presented in part A of this figure. Bar = 0.2 mm. 

as is the thickness of the intermediate layers. In contrast, the deep white layer is 
rostrally thinner than caudally. The width of the collicular layers gradually diminishes 
from about 2,900 μτη superficially to about 1,400 μΐη in the deep white layer, with an 
average value of about 2,300 μτα, which represents the width of the midtectal layer 
IV. 

The mean volume for the right collicular half, excluding the rostral and caudal 
caps and medial and lateral margins, was calculated at 6.10 ± 0.68 mm3 for albino 
rats and for pigmented rats at 6.65 ± 0.50 mm3, which is not significantly different. 
Since the caps and margins represent about 24% of the colliculus, the complete right 
colliculus occupies a mean volume of 8.03 mm3 in albino and 8.75 mm3 in pigmented 
rats. Comparison of the volume of different layers reveal that the second layer 
occupies the largest volume (21%) within the superior colliculus, the intermediate 
layers about 15% each, layer III about 16% and layer VI about 19%. The lowest 
volumes are occupied by the zonal layer (4%) and the deep white layer (10%; Table 
1). There were no statistically significant differences in laminar volumes between 
albino and pigmented rats. 

61 



Figure 4 contmued. 
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Fig. 5. Details of the morphologic characteristics of collicular layers as observed in semithin sections. A: 
Part of the superficial layers of the SC of albino rat. B: Part of the deeper collicular layers of the 
superior colliculus of albino rats. C: Large magnification of cells and transversly sectioned myelinated 
axons seen in layer V. D: Very large cells and longitudinally sectioned fibers in the superficial part of 
layer VI. A and B: calibration bar = 100 μω. С and D: calibration bar = 50 μιη. 
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Neuronal size and shape 
The present morphometric data related to soma size are summarized in Table 2 and 
Figures 6, 7a, and 8a. The mean soma diameter of collicular neurons is, for both 
groups of animals, about 12 μΐη (Table 2). The soma diameters gradually increase 
from superficial to deep collicular layers, i.e., from about 10 μΐη in the zonal layer to 
about 14 μιη the deep white layer (Table 2, Fig. 7a), which means cellular volumes 
ranging from about 520 μΐη3 to about 1,440 /xm3. The results for albino rats and 
pigmented rats were not statistically different. 

In both albino and pigmented rats the rostral part of the superior colliculus 
contains on average larger cells than the caudal part (Fig. 8a). For albino rats this is 
due to a gradual rostrocaudal decrease of the mean soma diameter in each layer, 
except for layer VII. In pigmented rats, however, a decrease in soma diameter was 
absent in layers IV, VI, and VII (Fig. 8a). 

The orientation of the longest diameter of the cell bodies (as described in 
Materials and Methods) classified as horizontally, obliquely, or vertically oriented 
and the ratio between horizontally and vertically oriented somata (the h/v ratio) are 
presented in Table 3. The results in the albino rat and the pigmented rat studied 
differ slightly but show the same tendencies. In most layers horizontally oriented cell 
bodies occur more frequently than vertically oriented somata, with intermediate 
percentages of obliquely oriented ones. In layer IV about 50% of the cells is oriented 
horizontally, with h/v ratios of 3.5 in the albino and 2.7 in the pigmented rat. The 
percentage of obliquely oriented cell bodies and ratio gradually decrease dorsally 
from this layer to layer II and ventrally to layer VII (Table 3). Only in layer II do 
vertically oriented somata predominate over horizontally oriented ones, both in the 
albino and pigmented rat, with h/v ratios of 0.5 and 0.4 respectively. In layer VII 
horizontally and vertically oriented cell bodies have the same frequency of occur
rence. 

Neuronal densities and numbers 
The overall numerical density appeares to be similar in albino and pigmented rats, 
i.e., about 70 cells per 0.001 mm3 (Table 2). The neuronal density of about 90 per 
0.001 mm3 in the optic layer was found to be higher than in all other collicular layers 
(Table 2, Fig. 7b). More dorsal as well as more ventral of this layer the neuronal 
density declines to about 80 in SZ and about 45 in SAP (Table 2 and Fig. 7b). 
Neuronal densities are rostrally on average 38% lower than caudally in all collicular 
layers except in layer VI and VII of both albino and pigmented rats (Fig. 8b). In 
albino rats the neuronal densities show a marked dip in the second rostrocaudal 
level, which is not observed in pigmented rats (Fig. 8b). Statistical differences in 
mediolateral direction were not observed in albino or in pigmented rats. Statistical 
differences were not found between the superior colliculus of albino and pigmented 
rats concerning the densities mentioned above. 

The neuronal densities multiplied by the somatic volumes yield somatic volume 
fractions, which range from 4.0% in layer I to 7.8% in layer ΠΙ (Table 2). The 
neuronal density can also be used to calculate average neuronal nearest-neighbour 
distances, which range from about 24 μΐη in layer III to about 32 μτη in layer VII 
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(Table 2). These distances are from surface to surface, which means for cells of 12 
μΐη in diameter on average a center-to-center distance of 39 μπι. The neuronal 
density multiplied by collicular volume yields the actual neuronal numbers (Table 2, 
Fig. 7c). The sampled part of the right colliculus contains about 450,000 cells, and 
about an equal number of cells are located in the superficial layers and in the deeper 
layers (both 50%; Table 2). When one compares the seven distinct layers, the largest 
percentage of neurons is found in layer II (about 25%) followed by layer III with 
20%. The percentage of cells in layers V and VI is about 14%, while layers I and VII 
have the lowest percentages of neurons (4 and 6.5%, respectively). Since the omitted 
caps have 24% of collicular volume the total number of neurons for the complete 
superior colliculus may be estimated at 1,200,000, assuming that the collicular 
boundaries as determined in the present study are realistic and that the density of 
neurons in the boundary regions does not deviate substantially from the sampled 
part. 

A summary diagram of laminar width, and thickness, as well as somatic diameters, 
densities, and numbers in the sampled part of the superior colliculus of albino rats 
is represented in Figure 9. 

Discussion 

The Discussion section deals mainly with a comparison between the present data and 
some previous quantitative data published for rat collicular neurons. The relation of 
the morphometric organization of collicular neurons to axonal and functional 
differences between collicular layers and regions is also discussed. Differences 
between albino and pigmented animals will also be discussed. However, it is first 
necessary to present a critical evaluation of the stereological formulae applied in the 
present study in view of recently published new morphometrical approaches. 

Technical remarks 
Recently published new stereological methods, including the disector method of 
Sterio ('84), the fractionator method (Gundersen, '86), and the selector method 
(Cruz-Orive '86) have the advantage of enabling particle counting without knowledge 
or assumptions about the size and shape of these particles (Gundersen '86). How
ever, they are all based on continuous or semicontinuous sectioning and recognition 
of individual particles in subsequent sections. This seems very difficult to apply to our 
material because of the large density and similarity of neurons, which makes reliable 
recognition of profiles that certainly belong to the same soma or nucleus in sub
sequent sections almost impossible. In addition, the application of the new shape-
and size-independent methods on 112 compartments per rat seems more time 
consuming than the application of profile tracings. On the other hand, the classical 
stereological methods applied in the present study essentially start from populations 
of round particles of uniform size (Weibel, '79; Elias and Hyde, '80), which do not 
occur in biological material. However, when the deviations in size and shape do not 
exceed certain limits, the resulting errors in morphometric values calculated are very 
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small (Weibel, '79; Bolender, '83). To appraoch the prerequisites for application of 
the morphometric formulae based on uniform spheres as much as possible, we have 
used nuclei for cellular countings since nuclei have a more spheroid and uniform 
shape than somata (Elias and Hyde, '80; Smolen et al., '83; Peters et al., '85). The 
average ellipticity index of 0.73 measured for collicular nuclei (Fig. 2a) will, accord
ing to Bolender ('83), introduce only very small deviations compared to true spheres. 
Further, the coefficients of variation of nuclear size (i.e., the standard deviation 
expressed as the percentage of the mean) is in different collicular compartments not 
larger than 11%, and in most compartments only about 5%. According to Weibel 
(79), coefficients of variation up to 20% will introduce negligible deviations com
pared to particles of uniform size, and Bolender ('83) has calculated that deviations 
in diameters of 30% will introduce errors in the estimation of average diameters of 
only 5% or smaller. Thus, collicular nuclei represent a suitable substrate with which 
to apply the "classical" stereological formulas for the purpose of the present study 
as well as for comparison with other morphometric brain studies essentially based on 
the same stereological approach (e.g., Bedi, '84; Collonier and Beaulieu, '85; Peters 
et al., '85). 

For the calculation of numerical densities the formula of Abercrombie ('46) and 
Floderas ('44) was used in the present study. This formula includes correction for 
section thickness and loss of small caps (see Materials and Methods). Smolen et al. 
('83) published a critical comparison of several methods for cell countings based on 
nuclei in which the Abercrombie-Floderus method appeared to yield highly accurate 
estimates of neuronal densities. It should be noted that our results are based on 
material which was fixed and plastic-embedded, procedures which both cause 
volumetrica! changes of tissue (e.g., Haug, '86). 

Dimensions of collicular layers and neurons 
To our knowledge, the only previous morphometric study on rat superior colliculus 
which presents data on thickness of layers is that of Bogerts ('77), who compared 
data obtained from light- and dark-reared rats. His estimated thickness of layer II, 
the SGS (278 /im), compares well to our present findings (219 μτπ). However, 
Bogerts' estimation of the thickness of layer IV, the SGI (434 μΐη), and layer VI, the 
SGP (875 ¿im), is in disagreement with the present results (i.e., 176 and 310 μΐη, 
respectively). Since Bogerts used Nissl-stained paraffin sections, most probably 
difficulties in defining the precise boundaries of white layers in such material 
underlie this discrepancy. 

Collicular soma diameters in rats have been mentioned by several authors 
(Bogerts, '77; Mackay-Sim et al., '83; Yamasaki et al., '84, '86). Bogerts ('77) has 
presented neuronal volumes of Nissl-stained neurons in paraffin sections which 
correspond to diameters of 14.1 ± 0.6 ^m, 15.2 ± 0.4 μτη and 16.2 ± 0.7 μνη. for 
layers II, IV, and VI, respectively. These values show an increase in diameter from 
superficial to deep similar to that in the present study (see Table 2). However, the 
absolute values found are rather different, most probably because of different 
fixation procedures. Bogerts used thick (14 μτη) paraffin sections whereas we used 
semithin sections embedded in plastic. 
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Yamasak] et al. ('84) measured soma diameters of WGA-HRP-labeled intercollicular 
neurons in rats, which are predominantly located m the rostral supenor colliculus In 
layers II and III they measured a mean soma diameter of 11.1 ± 2.2 ^m, which is in 
the range of our results for the rostral parts of these layers (Table 2). However, their 
values for layers IV-VI of 13.1 ± 3 4 μνη, 15.3 ± 3.1 μπι, and 18.9 ± 4 δμπι, respec
tively, are larger than our values (see Table 2 for comparison). Part of these dif
ferences might be due to our tracing neuronal profiles in semithm sections, whereas 
Yamasaki et al. ('84) measured areas and diameters of complete neurons in thick (+ 
50 μτη) sections However, we included only profiles with a nucleolus, which should 
reduce diameter underestimation to less than 5% (see Materials and Methods 
section) Differences in fixation procedure are also not very likely to explain these 
discrepancies, since our results for layers II and III correspond with results obtained 
by Yamasaki et al. ('84) within the same collicular layers. Therefore, most probably 
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the intercollicular neurons labeled by Yamasaki et al. ('84) only represent a sub-
population of cells in the rostral colliculus, with larger average neuronal diameters 
than the remaining neurons in these layers. In this respect it is noteworthy that the 
same authors (Yamasaki et al., '86) found different values for neurons projecting to 
interlaminar thalamic nuclei, i.e., 11.0 ± 3.5 μΐη, 14.0 ± 4.2 /¿m, 14.7 ± 3.9 ^m, and 
14.6 ± 3.9 μΐη for layers IV-VII. These values are less different from the present 
diameters in these layers than the values obtained for intercollicular neurons. 

The diameters obtained by Mackay-Sim et al. ('83) for neurons labeled after HRP 
injection in the lateral geniculate nucleus (LGN) were 8.1 ± 1.1 μτη in the SGS 
(labeled after HRP injection in the dorsal LGN) and 12.3 ± 1.5 μπι in the SO 
(labeled after HRP injection in the ventral LGN). The latter correspond closely to 
the present results, but our average value for the SGS is larger than that of 
Mackay-Sim et al. ('83), which suggest that only a subpopulation of small cells in 
layer II projects to the dorsal LGN. 

Neuronal densities 
The numerical neuronal density in the superior colliculus of rats is in general 
negatively correlated with neuronal size, since collicular regions with large cells, e.g., 
deep layers and rostral compartments of layers, have relatively low neuronal densities 
(cf. Figs. 7b, 8b). Remarkably, cellular density is not negatively correlated with 
myelin density, since white collicular layers have on average similar densities of 
neurons as gray collicular layers. Thus, the term white layer only indicates relatively 
high numbers of myelin, but does not at all imply low numbers of neurons. The 
highest numerical density of neurons was even observed in the optic layer, which is 
surprising in the light of the many retinal fibers which occur in this layer. However, 
we have calculated that the total volume fraction of neuronal cell bodies even in the 
optic layer does not exceed 8%, leaving 92% of space for other neuronal and 
non-neuronal components, including myelinated and unmyelinated axons, dendrites, 
and glial tissue. The mean volume fraction of somata in the superior colliculus was 
estimated at 6.4 ± 0.9% in the present study. This is in agreement with previous 
estimates of Bogerts ('77; 6.02-6.45%) and with values calcalated by Haug ('86) for 
cortical tissue. Possibly, such a value represents an optimum for laminated brain 
structures, which all might make similar demands for the ratio of cell bodies, 
dendrites, axons, and noimeuronal tissue. 

The neuronal densities estimated in the present study for the gray collicular layers 
(as presented in Table 2) are much higher than those measured by Bogerts ('77; 417 
± 26; 353 ± 9, and 287 ± 16 per 0.01 mm3 in layers II, IV, and VI, respectively), 
although they show a similar decrease from superficial to deep. This is probably due 
to different shrinkage factors caused by the fixation procedures, which caused smaller 
neuronal sizes and higher neuron densities in our study compared to Bogerts ('77). 

Albinism 
The present study has shown that there are no major morphometric differences 
between the superior colliculus of albino and pigmented rats. Both types of rats have 
a similar collicular layer composition, and similar rostrocaudal gradients in neuronal 
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size and density. So, the frequent use of albino strains for research on several 
collicular aspects, including morphological ones, does not seem to introduce a major 
difference compared to pigmented animals. The small differences in retinocollicular 
projections described for albino and pigmented animals (Lund, '65; Giolli and 
Guthrie, '69; Giolli and Creel, '73) probably introduce only very subtle changes in the 
overall morphology of the colliculus, not detectable at the light-microscopic level. 

laminar collicular organization 
The present study has quantified several aspects of the laminar organization of the 
superior colliculus, which suggest that somatic (and dendritic) aspects deviate 
substantially from axonal ones. Collicular axons clearly show a laminar organization 
pattern. The myelinated axons establish distinct white layers, which have rather sharp 
boundaries with the intercalated gray layers (cf. Fig. 3). In addition, distinct types of 
collicular afférents terminate in characteristic layers or sets of layers, thus also 
showing a laminar organization of their termination patterns. Although the termina
tion patterns of interneuronal axons are not yet unraveled, the general axonal 
organization allows for a distinction of a superficial, visual zone and a deeper, 
multimodal and premotor zone (Casagrande et al., '72; Edwards, '80). Within several 
layers, axons may in addition establish a termination pattern in clusters (Beckstead 
et al., '79; Huerta and Harting, '84). 

The quantified aspects of collicular neurons as analysed in the present study do 
not show a strict laminar organization pattern. Neuronal density, size, and shape 
undergo only gradual transitions from one layer to another as well as in a rostro-
caudal direction, without sharp boundaries not even between layers III and IV, the 
transition between the superficial and the deeper part of the colliculus. Thus, in 
contrast to collicular axons, collicular neurons are not arranged in separate layers or 
clusters, but basically establish a random network. Golgi studies on rat colliculus also 
have shown that in deeper layers as well as layer III most cells are more or less 
multipolar, without a strict distinction of specialized cell types or a clear laminar 
organization pattern of dendrites (Tokunaga and Otani, '76). 

Morphometric information concerning numbers, densities, sizes, and shapes of 
neurons in distinct collicular layers constitutes a first step toward unraveling struc
tural aspects of the laminar organization of the superior colliculus. To study this 
problem further, we are presently trying to quantify both the dendritic organization 
of the collicular neurons as well as the laminar organization of collicular synapses. 
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Table 1. Mean Thickness, Width, and Volume Per Layer for the Sampled Part of the Superior Colliculus of Albino and Pigmented Rats 

Albino Pigmented 
Thickness levels (pm) Width Volume 

А В С D A-D Oim) (mm3) Thickness Width Volume 
Layer 

SZ 
SGS 
SO 
SGI 
SAI 
SGP 
SAP 

On Average 

(rostral) 

40 ± 4 
210 ± 31 
214 ± 32 
204 ± 32 
253 ± 28 
287 ± 25 
185 ± 13 

1,392 ± 96 

(midrostral) 

40 ± 2 
232 ± 20 
205 ± 10 
169 ± 7 
202 ± 34 
308 ± 6 
235 ± 31 

1,392 ± 45 

(midcaudal) 

38 ± 7 
217 ± 35 
170 ± 13 
174 ± 8 
198 ± 25 
336 ± 32 
261 ± 21 

1,394 ± 116 

(caudal) 

3 6 + 9 
218 ± 49 
146 ± 27 
155 ± 59 
171 ± 50 
310 ± 50 
256 ± 14 

1,293 ± 253 

(average) 

39 ± 3 
219 ± 10 
1 8 4 + 6 
176 ± 13 
2 0 6 + 6 
310 ± 18 
2 3 4 + 1 8 

1,369 ± 65 

A-D 

2,951 + 167 
2,897 + 170 
2,629 + 178 
2,377 + 186 
2,142 ± 161 
1,862 + 152 
1,428 + 123 

2,327 ± 161 

A-D 

0.24 + 0.03 
1.28 ± 0.12 
0.98 ± 0.07 
0.85 ± 0.13 
0.90 + 0.09 
1.17 ± 0.16 
0.68 ± 0.11 

6.10 ± 0.68 

A-D 

40 ± 3 
214 ± 3 
181 ± 9 
180 ± 12 
205 ± 11 
299 ± 11 
216 ± 15 

1,335 ± 46 

A-D 

2,901 ± 156 
2,841 + 152 
2,635 ± 273 
2,316 + 146 
2,065 ± 125 
1,767 ± 105 
1,314 ± 93 

2,263 ± 148 

A-D 

0.27 ± 0.03 
1.42 ± 0.09 
1.11 ± 0.16 
0.97 ± 0.03 
0.99 ± 0.08 
1.23 ± 0.05 
0.66 ± 0.09 

6.65 ± 0.50 

Table 2. Mean Soma Diameters (D), Numerical Neuron Densities (N v), Numbers of Cells (N), Nearest Neighbour Distances (NND), and Volume Fractions 
(Vv) for the Sampled Part of Each Collicular Layer and the Total Superior colliculus of Albino Rats and Pigmented Rats 

Albino Pigmented 

Layer 

SZ 
SGS 
SO 
SGI 
SAI 
SGP 
SAP 
Totals and 
averages 

D 
(μπή 

9.7 ± 0.6 
10.2 ± 0.4 
11.6 + 0.5 
11.8 ± 0.4 
13.0 ± 0.4 
13.4 ± 0.5 
14.0 ± 0.4 

11.8 ± 0.4 

Ny 
(per 0.001 mm 

84 ± 19 
88 ± 3 
95 ± 18 
82 ± 6 
69 ± 13 
56 ± 8 
46 ± 8 

73 ± 19 

N 
3 ) ( b %) 

4.3 ± 0.3 
25.3 + 2.6 
20.4 ± 1.5 
15.4 ± 0.9 
13.5 ± 0.6 
14.3 ± 0.6 

6.8 ± 0.7 

456,000 ± 90,000 

NND 

0*т) 

27.0 
25.9 
23.6 
25.2 
26.3 
28.9 
31.3 

ι 26.7 

Vv 
( in%) 

4.0 ± 1.0 
4.9 ± 0.7 
7.8 ± 1.3 
7.0 ± 0.9 
7.8 ± 1.4 
6.9 ± 0.6 
6.5 ± 1.5 

6.4 + 0.9 

D 

10.2 ± 0.1 
10.7 ± 0.2 
11.9 ± 0.1 
12.1 ± 0.3 
13.0 ± 0.2 
13.9 ± 0.1 
14.3 ± 0.4 

12.1 + 0.2 

Ny 

72 ± 27 
81 ± 11 
85 ± 11 
76 ± 8 
60 ± 11 
50 ± 6 
41 ± 11 

65 + 18 

N 

4.2 ± 0.8 
25.5 ± 0.6 
20.8 ± 1.2 
16.7 ± 0.6 
13.1 ± 0.3 
13.7 ± 0.3 
6.0 + 0.6 

447,000 ± 38,000 

NND 

28.5 
26.5 
24.6 
25.9 
28.0 
30.1 
32.9 

27.8 

V v 

4.0 ± 1.5 
5.2 ± 0.5 
7.4 + 1.0 
7.0 ± 0.1 
6.9 ± 0.9 
6.9 + 0.7 
6.2 + 1.3 

6.2 ± 0.9 



Table 3. Orientation of Somata Within the Superior CoUicuIus 

Orientation (%) 

Layer 

SZ 
SGS 
SO 
SGI 
SAI 
SGP 
SAP 

Average 

1 h=horizontal 

h 

34 
23 
49 
56 
43 
38 
31 

39 

(œ-300 + 150° 

Albino 

0 

38 
35 
28 
28 
34 
39 
39 

33 

-180°); 

V 

28 
42 
23 
16 
23 
23 
30 

28 

Ratio 
h/v h 

1.2 32 
0.5 19 
2.1 42 
3.5 49 
1.9 39 
1.7 34 
1.0 26 

1.4 34 

o = obUque (ЗО^бО" + ігС-ІіО"); v= 

Piemented 

0 

39 
35 
33 
33 
36 
37 
34 

35 

= vertical 

V 

29 
46 
25 
18 
25 
29 
40 

31 

(бОГ-ІЖ). 

Ratio 
h/v 

1.1 
0.4 
1.7 
2.7 
1.6 
1.2 
0.7 

1.1 
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Chapter III 
Synaptic Morphometry and Synapse-to-Neuron Ratios in 

the Superior Colliculus of Albino Rats 

FJ. Albera, J. Meek, AND T.G.M. Hafinans 

ABSTRACT 

The superior colliculus of mammals is generally divided into seven layers on the 
basis of the distribution of myelinated fibers, which are densely packed in layers III, 
V, and VII but sparse in the other layers. The laminar distribution of afférents and 
efferents allows, in addition, for the distinction of a superficial visual zone (layers I-
III) and a deeper multimodal and premotor zone (layers IV-VII). Collicular neurons, 
however, do not show a lamination pattern, but are rather homogeneously distributed 
with only gradual transitions (Albers et al.: J. Comp. Neurol. 274:357-370, '88). 

The present study analyses whether the distribution of collicular synapses is 
correlated with the laminar organization of collicular axons or rather with the more 
homogeneous distribution of collicular neurons. For this purpose, the size and density 
of synaptic terminals and contacts as well as synapse-to-neuron ratios were deter
mined in all collicular layers of albino rats by means of quantitative analysis of 
electron microscopic pictures. 

The size of presynaptic terminals and contacts does not differ significantly between 
individual collicular layers. On average, presynaptic terminal diameter is 1,079 nm, 
and synaptic contact size 338 nm, while 23% of all contacts are of the symmetrical 
type with pleiomorphic vesicles. The average numerical synaptic density is 422 
million per mm3. This value is significantly higher in layers I and II (on average 670 
million per mm3) than in layers III-VII (on average 370 million per mm3). The 
synapse-to-neuron (S/N) ratios calculated show that collicular neurons have on 
average 6,120 synaptic contacts on their receptive surface. The S/N ratio is lowest in 
layer ΠΙ (4,330), while this ratio is highest in layers I and VII (i.e., 8,970 and 8,560 
respectively). Layer II has a significantly higher S/N ratio than layer ΠΙ (i.e., 8,060 
and 4,330, respectively). 

Our results show that the size of synaptic terminals and contacts is not correlated 
with the different connectivity patterns of the distinct collicular layers. However, the 
density of synapses as well as synapse-to-neuron ratios show a certain degree of 
laminar differentiation. In particular the superficial visual zone appears to be 
inhomogeneous in this respect, since layers I and II have a significantly higher density 
of synapses and higher S/N ratios than layer III. The deeper collicular zone is more 
homogeneously organized with synaptic densities similar to that of layer III and 
gradually increasing synapse-to-neuron ratios from layer IV to layer VII. 
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Introduction 

The superior colliculus (SC) is the laminated rostral part of the midbrain roof in 
mammals and consists of seven layers. Collicular layers are not only distinguished by 
their myelin contents, which is high in layers III, V, and VII (Albers et al. '88), but 
also by distinct afferent and efferent connectivity patterns (Edwards '80; Huerta and 
Harting '84). Thus, the superficial layers (I-III) have connections with visual struc
tures such as the retina, visual cortex, lateral geniculate nucleus, pretectal nuclei, 
parabigeminal nucleus, and lateral posterior nucleus (Lund, '66; Watanabe and 
Kawana, '79; Brauer and Schober, '82; Hofbauer and Drager, '85; Lieberman et al., 
'85; Taylor and Lieberman, '87), whereas the deeper collicular layers (IV-VII) are 
connected with, e.g., the inferior colliculus, auditory and somatosensory cortex, and 
the spinal cord (Antonetty and Webster, '75; Wise and Jones, '77; Druga and Syka, 
'84; Cadusseau and Roger, '85). 

In contrast to the laminar arrangement of collicular axons and extrinsic connec
tions, the distribution of collicular neurons does not show a strict lamination pattern 
but rather a more or less homogeneous distribution with only gradual transitions 
between the laminae (Albers et al., '88). The present study is devoted to the intrinsic 
synaptic organization of the superior colliculus, i.e., to the question of whether the 
different quantitative synaptic parameters in the colliculus are correlated with the 
lamination pattern of collicular axons or with the more homogeneous distribution of 
collicular neurons. 

Previous studies dealing with synaptic morphometry in the superior colliculus have 
been restricted to superficial layers, where several authors investigated qualitatively 
and quantitatively the normal development of synapses (Mathers et al., '78; 
Matthews, '85), the influence of different environmental factors on this development 
(Vrensen and DeGroot, '77; Mackay and Bedi, '87), synaptic changes after enuclea
tion (Lund and Lund, '71; Mathers, '77; Mackay and Bedi, '87), or different para
meters of adult collicular synapses (Behan, '81; Schönitzer and Holländer, '84; 
Hofbauer and Holländer, '86). For this purpose, these studies made a random sample 
throughout the whole extent of the superficial collicular zone, without consideration 
of more refined laminar differences. The present study deals with superficial as well 
as deeper collicular layers, and moreover differentiates between the distinct super
ficial layers I, II, and III. A preliminary report has been presented at the 11th ENA 
meeting (Albers and Meek, '88). 

Materials and methods 

Histological and sampling procedures 
The present study is based on three male albino rats of about 3 months, each 
weighing approximately 270 g. They were anaesthetized with Narcovet (0.1 ml/100 
g body weight) and transcardially perfused with 100 ml saline (0.9 % sodium 
chloride; 20° C) and 450 ml of a 1% paraformaldehyde/1.25% glutaraldehyde 
mixture in 0.1 M phosphate buffer (pH 7.3). After perfusion, the brains were 
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dissected and immersed in fixation solution for 3 hours. After fixation, the colhculus 
was sectioned in slices of 80 μτη with the aid of a Vibratome. Slices containing the 
middle part of the superior colliculus were subsequently osmicated (45 min at room 
temperature with 1% Os0 4 in 0.1 M phosphate buffer), dehydrated through a graded 
series of ethanol, and embedded via propylene oxide in Epon 812. Polymerisation 
was performed between slides coated with Repelcote R in order to facilitate re
mounting of slices. In order to obtain a systematic random sample from the middle 
part of the superior colliculus, three evenly distributed slices were remounted (cf. 
Fig. la). From the central region of these three slices (Fig. lb) of each rat, ultrathin 
sections of about 80 nm were cut, picked up on 300 mesh copper grids, stained with 
uranyl acetate and lead citrate, and studied with a Philips 300 electron microscope. 

a 

b 
Fig. 1. The part of the superior coUiculus sampled for the present morphometric study, a; Average 
position of the three sections used per rat to determine synaptic parameters, b: Schematic representation 
of the position of a central strip on transverse sections, as used for systematic random sampling of 
coUicuIar synapses. I-VII = numbers of collicular layers; eg = central gray. 

One ultrathin section of each slice was selected for further morphometrical analysis. 
The ultrathin sections selected were systematically sampled randomly by taking 
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photographs of every right top corner of 
each grid square at a magnification of 
about 20,000x (Fig. 3). A replica of 2,160 
lines/mm was used to determine the pre
cise magnification. The procedure yielded 
about 140 micrographs per section, or a 
total of about 1,260 micrographs, from 
which about 9,000 synapses were analyzed. 

To determine the laminar position of 
each electron micrograph, semithin sections 
adjacent to the ultrathin sections were used 
(Fig 2). Camera lucida drawings from these 
semithin sections (magnification l,100x) 
were used to indicate the laminar borders. 
By superposition of the drawings on photo
montages of the adjacent ultrathin sections 
(magnification 2,300x), the laminar position 
of each grid square was determined. Sub
sequently, the high-magnification micro
graphs were pooled and analysed according 
to their laminar position. 

Stereological procedures 
Each electron micrograph was covered by a 
test lattice and all profiles of presynaptic 
terminals with synaptic contacts, within the 
test lattice and not touching the "forbidden 
lines" (Gundersen, '77) were counted. 
Moreover, the profile area of terminals and 
lengths of synaptic contact profiles were 
measured with the aid of a Kontron-Video-
plan measuring system. 

From the profile areas measured, profile 
diameters were calculated with the formula 
D = 2л/(агеа/іг), and their distribution was 
visualized in histograms. To obtain average 
values and histograms of actual terminal 
sizes from these profile diameters, the 
"unfolding" procedure of Weibel ('79) was 

applied, based on the assumption that terminals may be considered as spherical 
particles (Fig. 4A). By means of the same unfolding method, a histogram of synaptic 
contact diameter was obtained from our data of synaptic contact profile length for 
the whole depth of the superior colliculus (Fig. 4B). Mean synaptic contact diameters 
were calculated from mean synaptic profile length by multiplication with 4/ir 
(Mayhew, '79; Weibel, '79). 

Fig. 2. Photograph of a sampled strip as 
indicated in Figure 1, stained with parap-
henylene diamine. Note the anatomical 
characteristics such as the transversely 
sectioned myelinated fibers in layers III and 
V, and the longitudinally sectioned fibers in 
layer VII (cf. Albers et al., '88). PAG = 
periaqueductal gray. Bar = 0.2 mm. 
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Fig. 3. Electron micrographs of synaptic terminals and contacts within layer II (A), III (B), VI (C), and 
VII (D). Asymmetrical contacts are indicated by stars, symmetrical contacts by arrowheads. Bar = 1 μπι. 

Synaptic contacts were classified into three types, i.e., type I, with asymmetrical 
densities and round synaptic vesicles, type II, with symmetrical densities and pleio-
morphic synaptic vesicles, and a third type including synaptic contacts with interme
diate properties. The latter type (on average 7%) was neglected in calculations 
restricted to symmetrical or asymmetrical contacts, but included in all other calcula
tions dealing with laminar and overall collicular synaptic properties. 
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Fig. 4. Histograms of profile sizes (white part) and the unfolded particle sizes (shaded part) of synaptic 
terminals (A) and synaptic contacts (B) for the sampled part of the superior coUiculus (SC). Arrows 
indicate partition into small ( a 680 nm), medium (680-1,160 nm), and large ( ä 1,160 run) terminals, χ 
= mean unfolded value; η = number of profiles examined. 

The numerical density of synapses (N v) was calculated using the formula: 

N v = 
ΝΛ 

D + t - 2h 

(Floderus, '44; Abercrombie, '46) 

where NA is the number of synaptic contacts per unit area, D the mean caliper factor 
for synaptic contacts, t the section thickness (approximately 80 nm), and h the height 
of the smallest recognizable synaptic "cap". According to Mayhew ('79) and Kaiser-
man-Abramof and Peters ('72) the mean caliper factor (D) for dis^-shaped particles 
equals the mean trace length of synaptic contacts (L). h is equal to R - v^R 2 - r0

2) in 
which r0 is the radius of the smallest recognizable synaptic contact (Weibel, '79). In 
our material, calculations of h showed that h was about 40 nm, which equals Vit. 
Thus, the formula for calculation of numerical synaptic density then reads: 

N v = N. 

Colonnier and Beaulieu ('85) who tested several stereological formulae in an attempt 
to determine known quantities of test objects, also found this formula to be the best 
one. 

Synapse-to-neuron ratios (S/N ratios) were calculated by dividing the numerical 
density of synapses in each collicular layer by the numerical density of neurons in the 
same collicular layer as calculated previously (Albers et al., '88). 

The values of the various parameters investigated were calculated per rat and 
subsequently averaged to give the means ± SE. For statistical evaluation of laminar 
differences Wilcoxon's test was applied (Sokal and Rohlf, '81). 
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Results 

Presynaptic terminal size 
The overall profile diameter of presynaptic terminals within the superior colliculus 
of albino rats is 929 nm, which means an average terminal diameter of 1,079 nm 
(Table 1) and a mean terminal volume of 0.66 μπτ5. The largest presynaptic terminals 
are found in layer VII (i.e., 1,112 ± 10 nm), whereas terminals in layer I have the 
smallest mean diameter (i.e., 1,020 ± 17 nm). However, differences in presynaptic 
terminal diameters between neighbouring collicular layers were not statistically signif
icant (Table 1; Fig. 6a). The histogram of presynaptic terminal profile diameters as 
well as that of their unfolded actual terminal diameters suggest that three sizes of 
terminals may be present, small ( < 680nm), medium (680-1,160 nm), and large ( > 
1,160 nm; Fig. 4A). The majority of presynaptic terminals is of medium size (69%), 
whereas small terminals comprise the lowest percentage (7%), and large terminals 
are 24% (Fig. 5). The highest percentage of small terminals is found in the zonal 
layer (layer I; 12%), whereas the optic layer (layer III) contains the lowest percen
tage of small terminals (3%; Fig. 5). Large terminals occur most frequently in the 
deep white layer (layer VII; 30%), while layer III contains the lowest percentage of 
these terminals (19%; Fig. 5). 

Synaptic contact size 
The average length of collicular synaptic contact profiles is in ultrathin sections 268 
± 2 nm, which corresponds to an "unfolded" synaptic contact diameter of 338 ± 3 
nm (Fig. 4B). A laminar differentiation of synaptic contact size was not observed 
(Table 1 and Fig. 6b). Although the superficial part of the superior colliculus (layers 
I-IH) contains on average slightly smaller synaptic contacts than the deeper layers 
(329 nm and 345 nm contact diameter, respectively), this difference was not statisti
cally significant in our material. 

Terminal Diameter 

VI VII sc 

-h 

S M L S U L S M L S M 

гЬ rh 

+1 
M L S M L S M L S M L 

Fig. 5. Histograms of synaptic terminal sizes, divided for each layer into small, medium, and large sized 
terminals (cf Fig 4A). 
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The diameter of symmetrical synaptic contacts ranges from 327 nm in layer I to 
414 nm in layer VII and is on average 385 nm (Table 1). Asymmetrical synaptic con
tact diameters range from 312 nm in layer II to 338 nm in layer VI. In each col
licular layer except layer I, asymmetrical synaptic contacts are on average signifi
cantly smaller than symmetrical synaptic contacts (Table 1). Statistically significant 
laminar differences in synaptic contact size for symmetrical as well as asymmetrical 
contacts are observed between layers II and III (Table 1). 

Percentages of symmetrical synaptic contacts are statistically significantly different 
between collicular layers I and II, II and III, and III and IV (Table 1). This is caused 
by the relatively low percentages 14 or 16% observed in layers I and III compared 
to the other collicular layers, which all contain 23 - 26% of symmetrical synaptic 
contacts (Table 1). 

The percentage of synaptic contacts of intermediate properties is on average 7% 
and not statistically significantly different between collicular layers. 

Synaptic density 
The numerical density of synaptic contacts ranges from 334 million per mm3 in layer 
VII to 685 million per mm3 in layer II and amounts on average to 422 million per 
mm3 (Table 2). The synaptic density distribution shows a subdivision into two col
licular zones, i.e., layers I and II, with a relatively high synaptic density, and layers 
III-VII with statistically significantly lower synaptic densities (Fig. 6c). Remarkably, 
this subdivision does not coincide with the generally accepted subdivision into a super
ficial zone (I-III), and a deeper (IV-VII) zone but is located within the superficial part 
of the superior colliculus. When we still pool data from layers I-III for comparison 
with data of previous authors, this yields an average synaptic density of 578 million 
per mm3 for the superficial collicular zone vs. 367 million per mm3 for the deeper 
collicular zone (Table 2), values which are statistically significantly different. 

Numerical synaptic densities for symmetrical contacts range from 62 million per 
irmi3 in layer III to 163 million per mm3 in layer II, and amount on average 97 
million per mm3 (Table 2; Fig. 7A). Statistical differences in numerical synaptic 
densities of symmetrical contacts are present between layers I and II, II and III, and 
III and IV, respectively (Table 2). The numerical density distribution of asymmetrical 
synaptic contacts shows the same decrease between layers II and III as the overall 
population, and range from 490 to 221 million per mm3 for layers I and V respec
tively (Table 2; Fig. 7A). 

Synapse-to-neuron ratios 
Synapse-to-neuron (S/N) ratios were determined by combination with previously cal
culated numerical neuron densities (Albers et al., '88). The S/N ratio in the superior 
colliculus of albino rats is on average 6,120 (Table 2), which means that collicular 
neurons have on average 6,120 synaptic contacts on their receptive surface. The S/N 
ratio is lowest in layer III (4,330), while this ratio is highest in layers I and VII (i.e., 
8,970 and 8,560 respectively; Table 2; Fig. 6d). Within the superficial zone, layer II 
has a statistically higher S/N ratio than layer ΠΙ (i.e., about 8,060 and 4,330 respective
ly). Layer III also deviates significantly from layer Г in this respect (Table 2). 
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Fig. 6. Histograms of (a) synaptic terminal diameters, (b) synaptic contact sizes, (c) synaptic densities, 
and (d) synapse-to-neuron ratios for coUicuiar layers and zones as well as for the total sampled part of 
the superior coUiculus. 

The S/N ratio for symmetrical synaptic contacts ranges from 690 for the optical layer 
(III) to 1,970 for the deep white layer (VII) and is on average 1,410. Statistically 
significant differences in the S/N ratios of symmetrical synaptic contacts are observed 
between layers I and II, II and III, and III and IV (Table 2). The S/N ratio for asym
metrical synaptic contacts is on average 4,260 and ranges from 3,350 in layer V to 
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Fig. 7. Plots of the numerical synaptic densities (A) and synapse-to-neuron ratios (B) in collicular layers 
and zones, comparing symmetrical and asymmetrical contacts with the total population. N v s = numerical 
density for synaptic contacts; S/N = synapse-to-neuron ratio. 

6,720 in layer I. S/N ratios of asymmetrical synaptic contacts differ significantly 
between layers II and III, as well as between layers III and IV. Thus, like the 
synaptic densities, a decrease between layers II and III is present for the overall S/N 
values, as well as for the symmetrical and asymmetrical synaptic contacts (Fig. 7B). 
The S/N ratio in the superficial zone is on average 7,120, a ratio not statistically 
different from the deeper zone (6,600; Table 2). 

A summary diagram of somatic diameters and neuronal densities as well as 
numerical synaptic densities and synapse-to-neuron ratios in the superior colliculus 
of albino rats is presented in Figure 8. 
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Fig. 8. Summary diagram of laminar volumes and dimensions, neuronal diameters, densities, and 
numbers, as well as densities and numbers of synaptic contacts in albino rat superior colliculus. Cellular 
and synaptic density and cellular size are encoded as indicated below the figure. For a correct interpreta
tion, it should be noted that the width represents half the right colliculus (see Albers et al. '88). For 
further details, see text. 

Discussion 

The superior colliculus establishes a complex neuronal network of afférents, intrinsic 
elements, and efferents roughly organized in seven layers and involved in the proces
sing of visual, somatosensory, acoustical, and other sensory input and in the genera
tion of goal directed motor responses (Huerta and Harting, '84). To understand the 
morphological basis of the complex collicular function in signal processing and 
sensory-motor integration, detailed morphological data are necessary. For this reason, 
we have prompted a series of quantitative morphological studies, starting with a 
morphometrical study of collicular cell bodies (Albers et al., '88) and leading to 
quantitative analysis of the synaptic connections of individual collicular neurons, 
which will be identified either by Golgi-impregnation or by HRP- (horseradish 
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peroxidase) tracing. The present study on general aspects of the laminar organization 
of collicular synapses stands between these two. It is meant to investigate the 
significance of the collicular lamination for its synaptic organization, as well as to 
provide a basis for the interpretation of synaptic properties of individually investi
gated cells. The present discussion will therefore focus on a comparison with 
previous studies dealing with morphometrical parameters of collicular synapses, as 
well as on general laminar trends in the organization of collicular synapses. 

Synaptic terminal and contact size 
The average synaptic terminal size in the present study is 1,079 ± 5 run and does not 
significantly deviate between collicular layers. Schönitzer and Holländer ('84) deter
mined the diameters of labeled retino-collicular terminals in rabbits after injections 
of 3H-leucine or HRP into the vitreous body of one eye. By measuring the smallest 
profile diameter of these labeled terminals they found a mean terminal diameter of 
700 ± 290 (SD) nm, a value substantially lower than the present results. However, 
in a later study, Hofbauer and Holländer ('86) studied retino-collicular as well as 
cortico-collicular terminal areas in rabbits after 3H-leucine and HRP injections into 
the vitreous body and striate cortex, in which they calculated a mean terminal area 
of 1.3 ± 0.06 μΐη2 for retinal terminals and 1.2 ± 0.08 μ.τη2 for cortical terminals 
within the superficial layers of the superior colliculus. Transformation of these data 
into terminal diameters, by 2v/(area/7r), yields values of 1,287 ± 276 nm and 1,236 
± 3 1 9 (SE) nm respectively. These diameters are about 44% higher than the 
previous results of Schönitzer and Holländer ('84) and about 22% higher than the 
present results for the superior colliculus of albino rats. The discrepancies may be 
related to the different fixation methods (glutaraldehyde alone vs. a mixture of 
formaldehyde and glutaraldehyde), which affect shrinkage substantially, with different 
measuring methods (smallest profile diameter versus profile area measurement), and 
also with differences in the investigated population of terminals. The present study 
deals with the total population of synaptic terminals in the superior colliculus of rats, 
while Schönitzer and Holländer ('84) and Hofbauer and Holländer ('86) investigated 
specific types of terminals (labeled retino-collicular or corticocollicular terminals), 
which may well belong to the largest types of terminals in the superficial collicular 
layers (Huerta and Harting, '84). 

The mean length of synaptic contact profiles in ultrathin sections appears to be 
on average 268 run, which is correlated with a mean unfolded synaptic contact dia
meter of 338 nm, without significant differences between distinct collicular layers. 
Collicular synaptic contact sizes have also been measured by Mackay and Bedi ('87), 
who compared enucleated and nonenucleated hooded rats up to 39 days old, reared 
in light or dark conditions. These authors found a higher mean unfolded synaptic 
contact diameter of 390 ± 1 (SE) run for normal rats. Vrensen and DeGroot ('77), 
comparing quantitative aspects of synapses in the superficial part of the superior 
colliculus of light- or dark-reared rabbits, measured a mean synaptic contact profile 
length of 257 nm in ultrathin sections stained with E-РТА (ethanolic phosphotungstic 
acid). Since E-РТА stains only a part of the synaptic membrane thickenings, Burry 
and Lasher ('78) and Van der Want et al. ('85) have suggested a correction factor of 
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1.37 or 1.32 respectively for comparison with OsO^-fixed material. Application to 
these correction factors of the value of 257 nm measured by Vrensen and DeGroot 
('77) yields an average collicular synaptic profile length of 339-352 nm, which would 
correlate with an unfolded synaptic contact diameter of 432-448 nm. This is much 
higher than the value measured in the present study. In contrast, synaptic profile 
lengths or synaptic contact diameters measured in other laminated brain structures 
of the rat, such as the visual cortex (Blue and Pamavelas, '83-average profile length 
of 275 nm; Sirevaag and Greenough, '85-average profile length of 276 nm) and the 
cerebellum (Hillman and Chen, '84-average synaptic contact diameter of 357 nm- and 
'85-average contact diameter of 373 nm), are comparable to the values obtained 
presently in rat superior colliculus. 

Although the present results do not show a laminar differentiation pattern in 
synaptic contact size, which holds both for symmetrical and asymmetrical synaptic 
contacts, in all layers symmetrical synaptic contact zones are significantly larger than 
asymmetrical contact zones except for layer I. Blue and Pamavelas ('83) made a 
similar observation for symmetrical and asymmetrical synaptic contacts within the 
visual cortex of the rat (i.e., 284 nm and 266 nm respectively). 

Percentages of symmetrical and asymmetrical synaptic contacts 
Different ratios of symmetrical/asymmetrical synaptic contacts, varying from 0.2 to 
0.9, have been reported for several brain structures, such as 16/84 (0.2) in the visual 
cortex of cats (Beaulieu and Colonnier, '85), 37/63 (0.6) in the visual cortex of 
rabbits (Mathers et al, '78), and 47/53 (0.9) and 35/65 (0.5) in the dorsal lateral 
geniculate nucleus of cats and monkeys respectively (Rapisardi and Lipsenthal, '84). 
The ratios observed in the present study vary from 14/74 (0.2) in layer I to 26/66 
(0.4) in layer V. Other studies dealing with these ratios in the superior colliculus are 
restricted to the superficial layers (Lund and Lund, '71; Mathers, '77; Vrensen and 
DeGroot, '77; Matthews, '85). Lund and Lund ('71) calculated a ratio of 39/61 (0.6) 
in adult rats, which substantially deviates from the present results (i.e. 18/73 (0.2) for 
the superficial collicular zone). Larger ratios have also been reported by Vrensen 
and DeGroot ('77), who observed a ratio of 45/55 (0.8) in the superficial part of the 
superior colliculus of rabbits and by Matthews ('85), who calculated a ratio of 31/60 
(0.5) for the superficial part of the superior colliculus of 20 days old albino rats (9% 
of the collicular synapses were clasified as undefined, which does not deviate 
substantially from the present 7%). On the other hand, Mathers ('77) gives a ratio of 
15/85 (0.2) for the superficial part of the superior colliculus of rabbits, which closely 
resembles the present results. The large variation in ratios of symmetrical/asymmet
rical synaptic contacts probably reflects species differences as well as the presence 
of a substantial number of synaptic contacts with intermediate properties, which 
could not be classified as symmetrical or asymmetrical. 

Numerical synaptic densities and synapse-to-neuron ratios 
The numerical density of synaptic contacts calculated in the present study is on aver
age 420 million per mm3 collicular tissue, with a substantial difference between col
licular layers I and Π (670 million per mm3) and III through VII (372 million per 
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mm3). The boundary between the collicular zones with high and low synaptic 
densities does not coincide with the boundary between superficial (layers I-III) and 
deeper collicular zone (layers IV-VII). The average synaptic density in the super
ficial zone (I-III) is 578 million per mm3. 

Vrensen and DeGroot ('77; rabbit), Mathers et al. ('78; rabbit), as well as Mackay 
and Bedi ('87; rat) have calculated substantially lower synaptic densities for the 
superficial zone of the superior colliculus, i.e., 361, 234, and 235 million synaptic 
contacts per mm3 respectively. This discrepancy may partly be caused by the stereo-
logical formulas applied. Kaiserman-Abramof and Peters ('72), Mayhew ('79), Van 
der Want et al. ('85), and Colonnier and Beaulieu ('85) have clearly shown that the 
caliper factor for randomly oriented discs equals their mean trace length (L). 
However, Mathers et al. ('78) have used the diameter of synaptic contacts as the 
caliper factor, which underestimates the synaptic density by comparison with the 
results presented in this study. Further, Mathers et al. ('78) as well as Mackay and 
Bedi ('87) neglected the loss of caps in sections, which also would give an underesti
mation of synaptic density. When we calculated synaptic densities by application of 
the formula used by Mackay and Bedi ('87), we found a reduction in our values of 
about 24%. According to Colonnier and Beaulieu ('85) values given by studies that 
use the formula NA/(d . 4/τ + t) to calculate synaptic densities, like that of Mathers 
et al. ('78) should be increased by about 50% to obtain a realistic estimation. 
Considering this, the value obtained by Mathers et al. ('78) resembles our value for 
collicular layers III-VII, but not for layers I and Π. The values obtained by Mackay 
and Bedi ('87) still remains substantially lower compared to the present results. Dif
ferences in the age, sex and strain (hooded versus albino) of the animals investigated 
as well as methodological factors might be involved in this discrepancy (see below). 

The present results of synapse-to-neuron (S/N) ratios range from about 9,000 con
tacts per neuron in layers I and VII to about half this value (4,300) in layer III, and 
is on average 6,120. Recently, Mackay and Bedi ('87) have published a substantially 
lower S/N ratio for the superficial part of the superior colliculus of 39 days old rats, 
i.e., 1,896 ± 78 synaptic contacts per neuron, versus 7,120 ± 400, which is the 
present result for layers I-III. The lower ratio of Mackay and Bedi ('87) is not only 
due to lower values for numerical synaptic densities (235 versus 578 million per mm3) 
as discussed above, but also to a significantly higher numerical neuronal density 
(124,200 vs. 83,000) for the superficial part of the superior colliculus than calculated 
by us previously (Albers et al., '88). The latter difference can only partly be due to 
the omission of lost caps in the formula used by Mackay and Bedi ('87), or to 
different shrinkage factors caused by different fixation techniques, which would lead 
to a correlated decrease or increase in synaptic as well as neuronal densities. 

Consequently, it seems most plausible that significant biological factors are in
volved in the difference between the results of Mackay and Bedi ('87) and ours. 
Mackay and Bedi ('87) have studied synaptic parameters in the superior colliculus of 
female black and white hooded rats of about 1 month of age, whereas in the present 
study the superior colliculus of male albino rats of about 3 month old was examined 
morphometrically. Several studies have shown a decrease of neuronal density and 
increase of synaptic density in adult rats compared to younger ones (Miller et al., 
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'83; Warren and Bedi, '84; Ahmed et al., '87), which also result in higher S/N ratios 
(Bedi et al., '80; Ahmed et al., '87). Conceivably, the difference between the values 
presented by Mackay and Bedi ('87) and the present ones might be the result of 
similar age-related changes. In addition, sex and strain differences might be involved 
as well. To evaluate these possibilities further, more knowledge about neuronal 
maturation in the superior colliculus of rats during the second and third month of 
life, as well as the influence of sex and strain differences is necessary. 

Τ ятпіпяг organization of collicular synapses 
One of the main purposes of the present study was a comparison of the laminar 
differentiation of collicular synapses with that of collicular axons and cell bodies as 
analysed previously (Albers et al., '88). In this respect the following may be noticed. 

In the deeper collicular zone, we observed hardly any statistically significant 
differences between neighbouring layers, suggesting a rather homogeneous distribu
tion of synaptic contacts. This is correlated with a similar absence of sharp bound
aries in the distribution of collicular neurons, which are also homogeneously dis
persed in the deeper collicular zone with only gradual transitions (Albers et al., '88). 
Similarly, both the overall density of synaptic contacts as well as the ratio between 
symmetrical and asymmetrical contacts are comparable in all layers within the deeper 
collicular zone, except for some small differences between layers IV and V in the 
density of asymmetrical synaptic contacts. 

In the superficial collicular zone, a pronounced laminar differentiation is observed, 
since layers I and II have a statistically significantly higher synaptic density and syn
apse-to-neuron ratio than layer III. The lower synaptic density of layer III is cor
related with a high density of myelinated fibers, as well as a high density of neurons 
(Albers et al., '88). Consequently, visual signal processing in layers II and III has 
markedly different features, since in layer III many neurons are involved with 
relatively few synapses, whereas in layer II fewer neurons but much more synapses 
are involved with a relatively high percentage of symmetrical synaptic contacts, 
suggesting more complex circuity with a substantial involvement of (inhibitory) 
interneurons. Our results also indicate that samples of synaptic contacts taken from 
the superficial collicular zone should differentiate between layers II and III, instead 
of pooling all data, as has been general practice until now (Lund and Lund, '71; 
Mathers, '77; Vrensen and DeGroot, '77; Mathers et al., '78; Matthews, '85; Mackay 
and Bedi, '87). 

The boundary between layers III and IV indicates the transition between the 
superficial visual collicular zone with its laminar synaptic differentiation, and the 
deeper, more homogeneously organized, multimodal and premotor zone. Remark
ably, layers HI and IV do not show many statistically significant differences. Thus, the 
boundary between layers II and III appears to be more sharply deliniated by synaptic 
differences than the boundary between layers III and IV. Consequently, the func
tional subdivision of the superior colliculus in a superficial and a deeper zone is not 
correlated with pronounced differences in synaptic organization, which is in line with 
the absence of marked differences in the distribution of neurons in both collicular 
zones (Albers et al., '88). 
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Table 1. Synaptic Terminal and Synaptic Contact Sizes (Mean Values ± SEM) 

Layer 
Synaptic terminal 

Synaptic contact size (nm) 

diameter (""O Total Symmetrical Asymmetrical 
%of 

symmetrical contacts 

I 1,020 ± 17 

II 1,063 ± 10 

HI 1,080 ± 14 
IV 1,054 ± 14 
V 1,097 ± 10 
VI 1,063 ± 10 
VII 1,112 ± 10 
Superficial zone (I-III) 1,051 ± 7 
Deeper zone (IV-VII) 1,086 ± 6 
Average SC 1,079 ± 5 

315 ± 12 

325 ± 8 

346 ± 12 

337 ± 4 
349 ± 3 
349 + 3 
347 ± 4 
329 ± 10 
345 ± 3 
338 ± 3 

327 + 21 

361^1 3 

396* ± 5 

385 + 3 
413 + 28 
387 ± 8 
414 ± 15 
362 ± 14 
399 ± 13 
385 ± 4 

320 ± 17 
З П 1 13 
336*+ 15 
323 + 7 
326 ± 11 
338 ± 4 
328 ± 6 
323 + L5 
329 ± 2 
329 ± 7 

14 
* 

24 

16 

* 
23 
26 
25 
23 
18 
24 
23 

* Statistically significant differences 

Table 2. Synaptic and Neuronal Densities and Synapse-to-Neuron Ratios (Mean Values ± SEM) 

Layer 

I 

II 
III 

IV 

V 
VI 
VII 
Superficial 
zone (І-Ш) 
Deeper zone (IV-VII) 
Average SC 

Overall 

655 ± 92 

685 ± 29 
394 ± 1 

448 ± 37 

335 ± 55 
351 ± 42 
334 + 36 
578 ± 29 

* 
367 ± 41 
422 + 21 

Synaptic density 
(.lO'per mm3) 

Symm. 

94 ± 14 

163 ± 15 

62 ± 3 

102 ± 4 

86 ± 13 
88 + 9 
79 ± 9 

104 ± 9 

88 ± 2 
97 + 6 

Asymm. 

490 ± 5 0 

475 ± 18 

306 ± 5 

305^+ 13 
221 ± 20 
239 ± 17 
232 ± 15 
424 ± 20 

* 
250 ± 16 
294 + 7 

Neuronal 
density1 

(ЛО г mm3) 

73 + 17 
85 ± 4 

91 ± 17 

78 + 8 

66 ± 16 
50 ± 7 
39 ± 8 
83 ± 5 

Φ 

58 + 10 
69 ± 19 

Overall 

8,970 + 1,260 

8,060^ 340 

4,330t± 10 

5,750 ± 480 

5,080 ± 840 
7,010 ± 840 
8,560 ± 910 
7,120 + 400 

6,600 ± 740 
6,120 + 300 

Synapse-to-neuron ratio 

Symm. 

1,260^+ 180 

1,940>± 80 

690 ± 2 

1320 + 110 

1,320 ± 220 
1,750 ± 210 
1,970 ± 210 
1,280 ± 70 

1^80 ± 180 
1,410 ± 70 

Asymm. 

6,720 ± 760 

5,590^ 210 

3,360^ 60 

3,920 ± 160 

3,350 ± 310 
4,780 + 340 
5,960 ± 390 
5,110 ± 250 

4,310 + 270 
4,260 ± 100 

1 Albers et al. ('88) 
* Statistically significant differences 
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Chapter IV 
Dendritic and synaptic properties of collicular neurons. 
A quantitative light and electron microscopical studie 

of Golgi-impregnated cells 

FJ. ALBERS, AND J. MEEK 

ABSTRACT 

The present study deals with a light- and electron microscopic morphometric analysis 
of Golgi-impregnated neurons in the superior colliculus of rats, with the aim to 
unravel inter- and intralaminar differences in their dendritic and synaptic organiza
tion. In particular layer IV was studied and compared with its boundary layers III 
and V, because of the strategic position of layer IV between the superficial, visual 
collicular layers and the deeper, multimodal and premotor region. 

The results show that collicular cells in layer IV basically form a homogeneous 
population, since quantitave analysis of the number of primary dendrites, the total 
length of impregnated dendrites and the diameter, ellipticity and orientation of 
dendritic fields and somata of Golgi-impregnated neurons shows always monomodal 
distributions with only gradual transitions from the most common subtype of small 
multipolar, non-oriented cells to either large multipolar cells, or to small cells with 
more flattened dendritic trees, oriented horizontally, vertically or obliquely. The 
orientation and ellipticity of the soma is not correlated with the orientation and 
ellipticity of the dendritic field. 

Somata of reconstructed small cells in layer Ш, Г as well as V have all a similar 
density of about 40 synaptic contacts per 100 μπι2 surface. However, the cell bodies 
of large multipolar cells in layer V have a slightly but significantly larger synaptic 
density (about 50 per 100 μιη2). These values coincide with a receptive surface of 
about 3 and 4% respectively. Dendrites of large and small collicular cells had no 
significantly different synaptic densities (43 and 48 per 100 /xm2 respectively) or 
receptive surfaces (3,2 and 3.6% respectively). 

In conclusion, the present results show only minor dendritic and synaptic differ
ences between individual cells in the same layer, as well as in neighbouring layers, 
which implies a low degree of cellular and synaptic intra- and interlaminar differen
tiation. It is discussed that this organization differs markedly from that in other visual 
centers, including the collicular homologue, the tectum of lower vertebrates, and the 
mammalian visual cortex. In these centers refined and correlated axonal and den
dritic lamination patterns exist with pronounced inter- and intralaminar synaptic 
differentiations. Such an organization seems to provide the framework by which 
distinct ceel types may select a restricted set of input out of all information available. 
In the rat superior colliculus a comparable mechanism seems to be absent. 
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Introduction 

Studies dealing with the superior colliculus of rats have yielded much knowledge 
about its extrinsic connections with a variety of visual as well as non-visual structures 
(e.g., Lund, '66; Sefton, '68; Casagrande et al, '72; Watanabe and Kawana, '74; 
Schober, '81; Brauer and Schober, '82; Cadusseau and Roger, '85; Hofbauer and 
Drager, '85), about its constituing neurons (e.g., Langer and Lund, '74; Tokunaka and 
Otani, '76; Rhoades et al., '89), and about the visual, multimodal integrative and 
premotor functions of the superior colliculus (e.g., Casagrande et al., '72; Dean and 
Redgrave, '84; Huerta and Hailing, '84). However, little is known about the refined 
intrinsic collicular organization, i.e., the synaptic organization which underlies the 
microcircuitry that enables the colliculus to select and integrate relevant information 
out of the input available in order to generate the appropriate premotor responses. 

Most probably, the laminar organization of the superior colliculus is strongly 
involved in and important for its functional properties, since all afférents terminate 
in restricted sets of layers (e.g., the retina and visual cortex predominantly within 
layers II-III, the somatosensory cortex predominantly within layer V, and the substantia 
nigra within layes IV-V; Lund, '66; Beckstead and Frankfurter, '83; Williams and Faull, 
'88; Killackey et al., '89). Consequently each layer contains a characteristic set of 
afférents, with substantial interlaminar differences and rather sharp laminar transitions. 
In previous studies, we have analysed whether collicular neurons and synaptic contacts 
show a similar laminar differentiation, but these studies have shown that both the 
cellular (Albers et al., '88) and the synaptic collicular organization (Albers et al., '90) 
are not differentiated into specific lamination patterns, which is in remarkable contrast 
with the axonal collicular organization (see Albers et al., '88). 
This raises the question in which way synaptic specificity is achieved in intrinsic col
licular circuitry. One possibility is that instead of interlaminar differences, intra-
laminar differentiation of collicular neurons occurs, which means that neurons in the 
same layer have substantially different dendritic and synaptic properties by which 
they select each their own sample of input out of the information available. 

The present study is a first attempt to study the degree of intralaminar differentia
tion between neurons situated in the same collicular layer. For this purpose, the 
dendritic and synaptic organization of Golgi-impregnated neurons is quantitatively 
analysed at the light- and electron microscopic level. Previous Golgi-studies of rodent 
superior colliculus have been restricted to the light microscopic level and have 
presented only qualitative descriptions of the position, shape and orientation of the 
soma, the orientation of the dendritic tree and the width of the dendritic field (rat: 
Tokunaga, '70; Langer and Lund, '74; Tokunaga and Otani, '76; Labriola and 
Laemle, '77; mouse: Valverde, '73). In the superficial layers of the rat superior 
colliculus, Langer and Lund ('74) and Labriola and Laemle ('77) classified cells as 
horizontal, marginal, piriform, narrow and wide field vertical, and stellate. Tokunaga 
and Otani ('76) used another classification including cylindrical, reversed conical, and 
multipolar narrow-, medium-, and wide field types of collicular neurons. According 
to these authors the deeper layers of the rat superior colliculus contain multipolar 
medium- and wide field, vertical, and horizontal cells. 
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The present study is in particular focussed on layer IV, the stratum griseum 
intermedium, because of its strategic position at the boundary level between the 
superficial, visual zone (layers I, II, and III) and the deeper, multimodal zone 
(layers IV, V, VI, and VII; Casagrande, 72; Edwards, '80). This allows for an 
interesting comparison of the possible intralaminar differences observed within 
layer IV with the interlaminar differentiation between layer IV and both its 
superficial, visual, boundary layer III and its deeper, multimodal, layer V res
pectively. Since the neurons in layer IV differ from neurons in layer III, but not 
from neurons within the other deeper layers V-VII (Tokunaga and Otani, '76), it is 
interesting to know whether a similar tendency is found for their synaptic organiza
tion. Moreover, layer IV contains the nigro-collicular projection, which shows a 
characteristic type of intralaminar differentiation by its termination in distinct 
patches (Williams and Faull, '85, '88). 

Materials and methods 

Histological procedure 
The light microscopic observations described in the present study are based on four 
male albino rats, weighing about 150 g. These rats were decapitated under Narcovet 
anaesthesia and the superior colliculus was carefully dissected. Subsequently, the 
tissue was immersed in a modified Golgi-Сох solution (a mixture of 5% potassium 
Chromate (K 2Cr0 4)/5% potassium dichromate (K2Cr207)/5% mercuric chloride in 
distilled water; Glaser and Van der Loos, '81) for three weeks in dark conditions at 
room temperature. Every 48 hours the solution was refreshed. After impregnation the 
tissue was dehydrated through a graded series of ethanol and embedded in necloidin. 
Sections of about 100 μτη were cut and counterstained according to Glaser and Van 
der Loos ('81), and finally mounted in DepexR. From this material, a total of 209 
collicular neurons within the stratum griseum intermedium (layer IV) were drawn at 
x300 magnification (cf. Fig. 1A and 2). 

For electron microscopy, three male albino rats weighing about 200 g were used. 
The rats were anaesthetized with Narcovet (0.1 ml/lOO g body weight) and trans-
cardially perfused with three different solutions; firstly with 100 ml saline (0.9% 
sodium chloride; 20° C), secondly with 150 ml of a 1% paraformaldehyde/1.25% 
glutaraldehyde mixture in 0.08 M cacodylate buffer (pH 7.2), and thirdly with 250 ml 
of a 4% paraformaldehyde/5% glutaraldehyde mixture in 0.08 M cacodylate buffer 
(pH 7.2). After perfusion, the superior colliculus was dissected, and treated according 
to a Golgi-rapid procedure, starting with 5 days immersion under dark conditions at 
room temperature in a mixture of 3% potassiumdichromate/0.2% osmiumtetroxide 
in distilled water. Subsequently, the tissue was washed with and three days immersed 
in 0.75% silvemitrate (AgNC^). With the aid of a Vibratome, tranverse sections of 
about 100 /zm were cut in 50% ethanol saturated with silverdichromate at 4° С 
(Blackstad, '75; Fairen et al., '77). Sections of the middle part of the superior 
colliculus were stored in the same 50% ethanol solution and quickly inspected light 
microscopically. Sections containing well impregnated neurons were selected for 
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Fig. 1. A; Camera lucida drawings of some light microscopically Golgi-impregnated cells in collicular 
layer IV of the rat. L = large multipolar cell; M = medium large multipolar cell; S = small multipolar 
cell; SF = small flat cell; LF = large flat cell. B: Schematic representation of the parameters investi
gated, i.e., longest diameter (a), shortest diameter (b), eUipticity (b/a), the area (c), equivalent diameter 
(d), and orientation (ß) of the dendritic field, as well as the absolute (e) and relative (e/d) eccentricity 
of the soma within the dendritic field and the eccentricity direction (τ). 

subsequent gold toning according to Fairen et al. (77). The selected sections were 
shortly washed in cold distilled water and transfered to a freshly made 0.05% gold 
chloride solution (HAuCl4.4H20) for 25 minutes. For reduction of gold chloride, the 
slices were rinsed in distilled water and transferred to 0.05% oxalic acid for 3 
minutes. The excess of silverchromate was removed with 1% sodiumthiosulphate for 
45 minutes at room temperature. Subsequently, the sections were rinsed in distilled 
water and veronal buffer, and postfixed in 2% Os0 4 in veronal buffer for 30 minutes, 
rinsed again in distilled water, dehydrated through a graded series of ethanol and 
embedded via propylene oxide in Epon 812. Polymerisation was performed between 
slides coated with RepelcoteR in order to facilitate remounting of selected gold-toned 
and deimpregnated neurons for electron microscopy. Cells of interest were drawn 
at a magnification of x480, using a drawing tube, and photographed, while their 
position was indicated in drawings of lower magnification (120x). Subsequently, the 
cells selected were dissected from the slides under light microscopic control, and 
remounted with a drop of Epon on previously made Epon blocks. 

After renewed polymerisation, ultrathin serial sections of white interference colour 
(about 80 nm) were cut. These ultrathin sections were mounted on formfar coated 
slot grids, poststained with uranyl acetate and lead citrate, and studied in a Philips 
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Fig. 2. Photograph of impregnated collicular cells in layer IV. Bar = 100 μιη. 

EM 300 electron microscope. For quantification of synaptic densities, in every 15th 
section all gold toned neuronal profiles of the cell under investigation were photo
graphed at a magnification of 2295x (Fig. 3). From these photographs montages were 
made to be able to make drawings and reconstructions of the cells under investiga
tion. The photomomtages at 2295 time magnification were also used to measure the 
membrane length of the profiles of different compartments of the neurons. Photo
graphs at a magnification of 44,000 time were used to study and quantify synaptic 
profiles (Fig. 4). 

Morphometrical procedures 

QUANTIFICATION OF DENDRITIC AND SOMATIC PROPERTIES 

For quantification of the dendritic field size and shape, the distal tips of the den
drites of the Golgi-impregnated neurons, as presented in the drawings made, were 
connected with lines in such a way that only angles between 0° and 180° were 
allowed (Fig. IB). From the dendritic fields delineated in this way the surface area, 
the equivalent circle diameter (d=V(area/ir), the ellipticity (ratio between longest 
and shortest axis) and the orientation (the angle between the longest axis and a line 
parallel to the collicular surface, cf. ß in Fig. IB) were calculated using a Kontron-
Videoplan equipment. In addition, the drawings of Golgi-impregnated neurons were 
used to quantify the size, shape and orientation of the cell bodies of these neurons 
and to correlate these values with their dendritic properties. Finally, the position of 
the somata in their dendritic fields was quantified as the eccentricity (Fig. IB). The 
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Fig. 3. Histograms and correlation diagrams of dendritic and somatic properties of collicular neurons in 
layer IV. Histograms show A: the total length of impregnated dendrites; C: dendritic field diameter; E: 
ellipticity of dendritic field; G: the orientation of dendritic fields, separately for flattened (Ell. ¿0.5), 
spheroid (Ell. >0.S) and all dendritic fields (Ell. 0-1), and I: number of primary dendrites per soma. In 
B,D, F, and H correlation diagrams show the presence (B, D) and absence (F, H) of correlations between 
B: dendritic field diameter and total dendritic length; D: dendritic field and soma diameters; F: dendritic 
field and soma ellipticity, and H: dendritic and somatic orientation of the cells analysed. К shows the 
eccentricity (Ec) of the somata within the dendritic field area expressed as a percentage of equivalent 
dendritic field diameter. Somata in quadrant I are shifted to the right with respect to the dendritic field 
center, while somata in quadrants II, III, and IV are situated above, left, and below the center of the 
dendritic field respectively. Inset shows the percentage of the total number of cells in each quadrant. 

size of this parameter is the distance between the center of gravity of the dendritic 
field and the soma of that dendritic field, divided by the equivalent diameter of that 
dendritic field. The direction of the eccentricity is equal to the angle between a line 
through the the soma and the gravity center of the dendritic field, and the collicular 
surface (see in Fig. IB). 
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SYNAPTIC DINSITY PER NEURONAL SURFACE AREA (Ns) 

To determine synaptic densities and numbers on the surface of distinct somatic and 
dendritic compartments, firstly the membrane trace length (B) of the impregnated 
dendritic and somatic profiles was measured on the photomontages of x2295 using a 
Kontron-Videoplan equipment (Fig. 4). In addition, each synaptic contact on these 
profiles was photographed at a final magnification of about x44,000. Subsequently, 
they were counted, and the lengths of the synaptic contact zone profiles (L) were 
measured from the high power micrographs (Fig. 5A-D), also with the aid of the 
Kontron-Videoplan device. The exact magnification for each film was determined 
using a grating replica with 2,160 lines per mm. 

The number of synaptic contacts per unit surface area of a given cell (Ns(cell)) is 
basically given by the formula: 

Ns(cell) = N v( c e 1 1 ) (Mayhew, '79) 

Sviceli) 

In which Nv(cell) is the total number of synaptic contacts counted on a selected cell 
in a certain reference volume, and Sv(cell) the total surface area per reconstructed 
collicular cell in the same reference volume. To determine Nv(cell) we have basically 
applied the following formula: 

Nv(cell) = N A M O (Flodems, '44) 

D + t - 2h 

where NA(cell) is the number of synaptic contacts counted on a selected cell in a 
certain reference area, D the mean diameter for synaptic contacts, t the section 
thickness (approximately 80 nm), and h the height of the smallest recognizable 
synaptic "cap". According to Mayhew ('79) and Kaiserman-Abramof and Peters ('72) 
the mean diameter (D) for synaptic discs equals the mean trace length of synaptic 
contacts (L). h is equal to R - V(R2 - r0

2) in which r0 is the radius of the smallest 
recognizable synaptic contact (Weibel, '79; see also Albers et al., '88). In our 
material, calculations of h showed that h was about Vit. Thus the formula for 
calculation of numerical synaptic density within a certain reference volume then 
reads: 

Nv(cell) = NA( c e 1 1) 
L 

The same formula was used by eg. Colonnier and Beaulieu ('85) and Albers et al. 
('90). 

To estimate Sv(cell) (the surface of a neuron) the total measured boundary (ΣΒ) 
has to be multiplied with 4/ir (Weibel '69). As a result the ultimate formula for 
Ns(cell) reads: 
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N s(cell)= N v( c e n > = NA(cell) 
Sv(cell) L H B . ( 4 / T ) 

PERCENTAGE OF RECEPTIVE SURFACE 

The percentage of receptive surface of cell(parts) is given by 

L . NA(cell) 

ΣΒ 
100% 

NUMBERS OF SYNAPTIC CONTACTS PER NEURONAL COMPARTMENT 

The total number of synaptic contacts per collicular cell or per cellular division is 
obtained by multiplication of the synaptic density of contacts with the total surface 
of that cell or subdivision. The surface of a cell(part) is given by ΣΒ . t . 4/ir . 15 
(4/x is the reverse caliper factor (Hilliard, '67), and 15 is the reverse of the percen
tage of ultrathin sections analysed). Consequently, the number of synaptic contacts 
per cell or cellular division is calculated by the formula: 

N A N A . t 

L . ΣΒ . 4/ir 
ΣΒ . t . 4 / T . 15 = ^ т . 15 

STATISTICS 

Statistical analysis was performed with the Mann-Whitney test (Siegel, '56). 

Results 

Dendritic field properties 
The results of the quantitative light microscopical analysis of 209 randomly selected 
Golgi-impregnated neurons in layer IV are summarized in Figure 3A-K. Some 
examples are shown in Figure 1 and 2. 

For none of the parameters investigated, including the number of primary 
dendrites, the total length of impregnated dendrites, and the area, diameter, ellip-
ticity and orientation of the dendritic tree, bi- or multimodal distributions were 
observed that might indicate the presence of distinct cell types. The majority of cells 
in layer IV is multipolar, whith an average of 3.65 primary dendrites. Only 11% of 
the cells is bipolar (Fig. 3J), however without further implications for their dendritic 
field organization, since this does not deviate from the other neurons. The total 
length of impregnated dendrites, as projected on the plane of drawing, is on average 
606 ± 22 μτη (Fig. ЗА), and very strongly correlated with the dendritic field area (r 
= 0.90; Fig. 3B). This dendritic field area varies from 1,260 to 101,800 μΐη2, which 
coincides with equivalent diameters between 40 and 360 μτη, with an average of 164 
± 5 μιπ (Fig. 3C). The majority of cells (about 73%) has relatively small ( < 200 μΐη) 
dendritic field diameters (Fig. 3C). The ellipticity of the dendritic fields is on average 
not very pronounced, i.e., 0.57 ± 0.01, and varies from 0.20 to 1.00 (Fig. 3E). The 
orientation of the largest axis of the dendritic field areas, subdivided into horizontal 
(0-22.5° + 157.5-180°), oblique right (22.5-67.5°), vertical (67.5-112.5°), and oblique 
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Fig. 4. Photomontage of an ultrathin section through an impregnated collicular cell in layer IV. The 
Golgi-impregnated soma and proximal dendrites are clearly identifyable. Arrows indicate the electron 
dense gold particles resulting from the deimpregnation procedure. Bar = 10 μτη. 

left (112.5-157.5°) according to the direction of the longest axis with the surface of 
the superior colliculus, shows a slight preference for the oblique right direction 
(36%), while vertical oriented dendritic fields comprise the lowest percentage (16%; 
Fig. 3G). Differentiation between only slightly and more strongly flattened dendritic 
fields did not yield different results (Fig. 3G). 

The size of the cell bodies of the neurons analysed within collicular layer IV (on 
average 16.2 ± 0.3 (SEM) μπι) is only weakly correlated with the dendritic field 
diameter (r = 0.60; Fig. 3D). The ellipticity of these somata, ranging between 0.3 
and 1.0, with an average of 0.63 ± 0.01 (SEM), is not at all correlated with the 
ellipticity of their dendritic field (r = 0.02; Fig. 3F). Equally the orientation of the 
somata of the cells analysed, which has no preference for any direction, is not 
correlated with the dendritic field orientation (r = 0.37; Fig. 3H). 
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Fig. 5. Electron micrographs of synaptic contacts on a Golgi-impregnated soma (A) and dendrites (B-
D). Arrow heads points to synaptic densities. 

The position of the soma within the dendritic field, is on average 15% shifted away 
from the center of the dendritic field, which coincides with a mean value of 24 μΐη 
(Fig. 3K). The shift direction is mostly (about 41%) downwards in the dendritic field, 
which means that on average the largest part of the dendritic trees of coUicular layer 
IV cells is located superficial with respect to the soma of these neurons. 

Synaptic densities and numbers 
Densities and numbers of synaptic contacts calculated for the morphometrically 
analysed coUicular cells are summarized in Table 1 and schematically visualized in 
Figure 6 and 7. 
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Fig. б Histograms of densities and numbers of synaptic contacts per soma and dendritic tree analysed 
in layers III, IV, and V. 

The length of the synaptic contacts analysed was on average about 250 μΐη, and does 
not deviate significantly between cells in layers III, IV, and V, nor between different 
dendritic or somatic compartments of the same cells. The density of synaptic contacts 
on the somata of impregnated small multipolar neurons in layer IV (Fig. 6) did 
equally not show much differentiation. It ranges from 32 to 43 contacts per 100 μΐη2 

and is on average 37 + 2 per 100 ¿im2 (receptive surface 2.9 ± 0.2%; Table 1). Cell 
bodies of reconstructed unimpregnated neurons in layer IV show a similar homo
geneity, with a slightly but not significantly different density of synaptic contacts of 
4 3 + 1 per 100 μπι2 (receptive surface 3.5 ± 0.1%). Also, the proximal dendrites of 
the impregnated cells in layer IV had similar densities (on average 43 + 1 per 100 
μΐη2 and a receptive surface of 3.3 + 0.2%; Table 1). Small unimpregnated neurons 
in layer III and V show an equally large homogeneity without significantly different 
synaptic densities, i.e., 43 ± 2 and 40 ± 1 per 100 /im2 respectively (receptive surface 
3.4 ± 0.1 and 3.1 ± 0.1%; Table 1, Fig. 6 and 7). 
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Fig. 7. Schematic visualization of the impregnated cells analysed electron microscopically (a) and the 
densities and numbers of synaptic contacts calculated for these neurons, and for several additional 
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diameters and lengths of the cell compartments are drawn to scale to visualize their surface areas. The 
numbers III-VI indicate collicular layers. Bar = 100 pm. 
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In contrast to the similarity in synaptic organization observed for small neurons in 
layers III, IV, as well as V, large multipolar cells in layer V are in some respect 
significantly different. The cell bodies of three impregnated examples (Fig. 7) had 
significantly higher synaptic contact densities (53 ± 6 per 100 μία2; receptive surface 
4.0 ± 0.4%) compared with the synaptic densities on cell bodies of small multipolar 
cells in layer V as well as layers IV and III (Table 1). However, synaptic densities on 
the proximal dendrites of these large cells were, although slightly higher (48 ± 3 per 
100 μΐη2), not significantly different from those of the proximal dendrites of small 
cells (Table 1). 

The total number of synaptic contacts on somata of impregnated collicular layer 
IV neurons ranges from 194 to 314 (on average 249 ± 23) and from 95 to 370 on 
reconstructed unimpregnated cell bodies in layer IV and shows a monomodal 
distribution (Fig. 6). Similar ranges were present in layers III (i.e., 122 to 244, 
average 208 ± 46) and V (i.e., 203 to 263, average 241 ± 13). In contrast, the mean 
number of synaptic contacts on somata of large multipolar neurons in layer V is 
significantly higher (1,042 ± 177). The number of synaptic contacts on the total 
receptive surface investigated, including the cell body and about 30% of the impreg
nated dendritic surface, varied from 358 to 789 for small neurons (average 688 ± 83) 
and from 1,469 to 2,949 for large neurons (average 2,349 ± 450). 

Discussion 

Methodological remarks 
The Golgi-impregnation technique stains only a small percentage of the neuronal 
population in a given area (Braak and Braak, 85). The selectivity of Golgi-impregna
tion is therefore particularly important to deal with in quantitative studies. Within 
the mouse cortex, Pasternak and Woolsey ('75) have studied the randomness of the 
Golgi-Сох method by comparison of perikaryal cross-sectional areas of impregnated 
and Nissl-stained neurons within the same sample, while Shimono and Tsuji ('87) 
have studied the selectivity of the Golgi-impregnation of neurons by comparing 
somatic cross-sectional area and orientation of Nissl-stained neurons with Golgi-
impregnated neurons in the ventromedial hypothalamic nucleus and lateral hypo
thalamic area of the rat. The conclusion of both studies was that, within a certain 
brain region, the Golgi method impregnates all types of neurons nonselectively. In 
the present study, the soma-size distribution of Golgi-impregnated cells was similar 
to that cf the total population as measured previously in semithin sections (Albers et 
al., '88), which also points to a random impregnation of collicular cells in the present 
study. Therefore, it seems reasonable to assume that our population represents a 
random sample out of the neurons present in layer IV. 

Apart from the selectivity of Golgi-impregnation, the degree of completeness of 
impregnation is a second problem for quantitative analysis. This is particularly 
stressed by comparison of the results obtained by Golgi-impregnation with intra
cellular HRP-labeling (cf. Mooney et al., '84, '88; Moschovakis and Karabelas, '85) 
since intracellularly labeled cells show more elaborated dendritic trees than the 
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Golgi-impregnation. The incompleteness of Golgi-impregnation is also indicated by 
a comparison of the results for synapse-to-neuron ratios in layer IV. In the present 
study for the soma and about 30% of the impregnated dendrites a total number of 
688 ± 83 synaptic contacts was calculated, whereas our previous study reveals an 
overall synapse-to-neuron ratio of 5,750 ± 480 in layer IV (Albers et al., '88). 
Consequently, Golgi-impregnation should be considered with care, and is apparently 
not the most suitable method for a full characterization of collicular neurons. 
However, it still is a method appropriate for the goals of the present study, i.e., 
firstly, to evaluate quantitatively whether different cell types as described previously 
on the basis of Golgi-impregnation indeed represent distinct types with discrete 
dendritic and somatic properties, and secondly, to analyse and compare the synaptic 
properties of somata and proximal dendrites of previously located, characterized and 
identified cells. With respect to these two items the following can be noticed. 

Dendritic and synaptic properties of collicular neurons 
Tokunaga and Otani ('76) distinguished several cell types within layer IV and the 
other deeper layers of the superior colliculus of rats, including medium- and wide 
field multipolar, horizontal, and vertical cells. In the deeper collicular layers of the 
cat, a comparable classification into distinct cell types has been proposed on the 
basis of Golgi-impregnation (Norita, '80). The present quantitative analysis of 
impregnated collicular neurons in layer Г , strongly suggest that all these "types" 
belong to a single population of cells. Within this population, a large variability 
occurs, including a rather pronounced horizontal or vertical orientation of the 
dendritic tree, but this does not point to distinct cell types, since these orientations 
are not correlated with specific somatic properties and equally do not establish 
specific peaks in the distributions observed. Consequently, they only reveal the 
biological variability of a single population with monomodaJ distributions for all 
possible variabilities without mutual correlations. A similar conclusion was drawn on 
basis of quantitative considerations by Schierwagen and Grantyn ('86) for deep 
collicular neurons in the cat, which all belong to a single class of isodendritic cells. 

The present results for densities and numbers of synaptic contacts on collicular 
neurons, summarized in Figure 7, show that the only intralaminar difference ob
served occurs between large and small multipolar cells in layer V. In layer IV no 
obvious intralaminar differentiation is observed, since all cells have a similar synaptic 
density distribution along their surface. Equally, significant interlaminar differences 
in the synaptic properties of small cells between layers III, IV, and V appear to be 
absent. Behan et al. ('88) have described HRP-labeled cells in layers IV-V of the 
superior colliculus of the cat. In line with the present results, these authors have 
found a percentage of synaptic terminal coverage on the somata of these cells which 
is not significantly different from proximal dendrites. Norita ('80) calculated bouton 
covering ratios for electron microscopically investigated Golgi-impregnated neurons 
in the deeper layers of the superior colliculus of cats. He found that large neurons 
have a larger percentage of surface opposed to boutons (bouton covering ratio larger 
than 70%), than smaller neurons (bouton covering ratio of 10-30%), which is in line 
with the present differences between small and large collicular cells in rats. 
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The absence of an obvious inter- as well as intralaminar differentiation of dendritic 
and synaptic properties is remarkably different from the pronounced laminar axonal 
distribution within the superior colliculus. Consequently, collicular neurons do not 
seem to select their input on the basis of refined dendritic and synaptic lamination 
patterns matching the axonal one, as is observed in other visual centers, including the 
collicular homologue in lower vertebrates, the optic tectum (Székely, '73; Meek, '83; 
Dacey and Ulinski, '86), and the visual cortex of mammals (Davis and Sterling, '79; 
Müller et al., '84; Lund, '87; Lund et al., '88). In these structures well correlated 
axonal and dendritic lamination patterns with pronounced inter- as well as intralaminar 
synaptic differentiations have been described. For instance, in the tectum of fish 
(Meek, '83), frogs (Székely, '73), and reptiles (Dacey and Ulinski, '86), not only axons, 
but also cell bodies and dendrites show a pronounced laminar organization, while 
Meek ('81) has calculated that different compartments of cells in different layers of 
the goldfish tectum have characteristic synaptic densities as well, varying from 4 to 
103 contacts per 100 μΐη2 neuronal surface. In the visual cortex of mammals very 
pronounced and well differentiated axonal and dendritic lamination patterns occur 
as well (Lund, '87; Lund et al., '88), while intra- and interlaminar synaptic differentia
tions have been described by Davis and Sterling ('79) and Müller et al. ('84). Non-
pyramidal neurons investigated by Davis and Sterling ('79) in the cat comprise a 
heterogeneous population of cells regarding the synaptic organization of their cell 
bodies (7 to 48 contacts per 100 μΐη2) as well as proximal dendrites (9 to 65 per 100 
μπι2). Müller et al. ('84) found in rabbits significant differences in synaptic densities 
between pyramidal and non-pyramidal cells (i.e., 14 and 58 contacts per 100 ^m2), as 
well as between cell bodies and proximal dendrites of these cells (i.e., 13 and 19, and 
27 and 83 per ΙΟΟμτη2 respectively). Although the order of magnitude of the synaptic 
densities observed in the tectum as well as in the visual cortex is in the same range 
as presently calculated for the rat superior colliculus, the degree of synaptic variability 
and differentiation in the latter structure is much lower. 

The absence of matched axonal, dendritic, and synaptic interlaminar differentiation 
in the rat superior colliculus raises the question by means of which mechanisms the 
superior colliculus is able to develop and maintain specific connections that may sub
serve the different functions performed by this structure. The present results do not 
support the hypothesis that absence of interlaminar differentiation is compensated by 
a strong intralaminar differentiation and specificity of synaptic connections. This might 
suggest, that collicular neurons each receive a less specific, rather random sample out 
of the information available in the deeper layers, compared with cells in the tectum 
of lower vertebrates or the mammalian visual cortex. However, synaptic specificity 
achieved by chemical differentiation not leading to pronounced structural differences 
between cell types, may be involved in the selection of collicular input as well. 
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Table 1. Synaptic Properties of Reconstructed CoUicular Neurons 

layer 

IV small 
impregnated 

unimpregnated 

III small 
unimpregnated 

V small 
unimpregnated 

large 
impregnated 

AVERAGES 
III small 

unimpregnated 
IV impregnated 

unimpregnated 
V unimpregnated 
V large 

impregnated 

population 
nr 

a 
b 
с 
d 
e 

f 
g 
h 
i 

j 

к 
1 

m 

a 
b 
с 

a 
b 
с 
d 

e 
f 

g 

Densities 
Soma 

32 
43 
35 
37 
37 

37 
41 
43 
40 
45 
43 
45 
48 

43 
45 
40 

43 
40 
38 
41 

64 
46 
49 

43 ± 2 
37 ± 2 
43 ± 1 
40 ± 1 

53 ± 6 

Dendrites 

46 
38 
44 
44 
43 

53 
43 
46 

43 ± 1 

48 ± 3 

Numbers 
Soma 

194 
292 
240 
314 
207 

95 
224 
165 
100 
263 
156 
224 
370 

224 
140 
122 

246 
250 
203 
263 

1,274 
694 

1,159 

169 ± 38 
249 ± 23 
200 ± 32 
241 ± 13 

1,042 ± 177 

Dendrites 

541 
497 
533 
472 
152 

1,675 
775 

1,471 

439 ± 73 

1,307 ± 273 
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Chapter V 
General discussion 

The present study contributes to the functional anatomy of the superior colliculus, 
which is homologous to the optic tectum of lower vertebrates. Phylogenetically the 
superior colliculus and the optic tectum participate in comparable functions (Stein, 
'84), which is the control of head, eye, body, and pinnae movements. For instance 
in fishes and amphibians the optic tectum appears to be the center which has the 
greatest influence on body activity. Direct stimulation of the tectum in teleosts (fish 
dominant in the world today) elicits conjugated eye movements, body flexion, and 
turning (Springer et al., '77; Vanegas et al., '84b), while stimulation experiments in 
the optic tectum of amphibians show that in these animals this structure is involved 
in prey-catching and escape behaviors (Ewert, '84). In addition, the reptilian optic 
tectum contains cells responding to visual, somatic, and auditory stimuli (Stein and 
Gaither, '81; Hartline, '84). The mammalian superior colliculus is involved in the 
spatial localization of a stimulus (Schneider, '69), visual orienting responses (Goodale 
et al., '78), and the generation of saccadic eye movements (Moschovakis et al., '88). 

Grossly the functional orgamzation of the superior colliculus resembles that of 
the tectum. However, there are some striking differences between the functional 
orgamzation of these structures. Similarities between the superior colliculus of 
mammals and the tectum of lower vertebrates are the topography of many projec
tions, particularly the visual projection (see chapter I and Stein, '84), and the 
functional partition into a superficial, visual, zone and a deeper, multimodal and 
premotor, zone. The upper layers of the tectum of lower vertebrates as well as of 
the superior colliculus of mammals contain predominantly visual responding cells, 
whereas the deeper layers of both structures contain primarily cells responding after 
somatic or auditory stimuli (Ingle, '73; Stein and Gaither, '81; Stein, '84). The 
broadest category of tectal functions in all vertebrates, therefore, appears to be 
"visually elicited orienting movements" (Ingle, '73). In addition, the topographic 
distribution of visual and somatic receptive fields are in register with each other, 
within the superior colliculus as well as within the tectum (Stein, '84). 

The mammalian superior colliculus has been divided into a superficial (layers I-
III) and a deeper (layers IV-VII) zone on the basis of differences in their afferent 
and efferent connections (Edwards, '80), differences in their physiological properties 
(Stein, '84), and different behavioral consequences resulting from lesions restricted 
to superficial layers and those involving deeper layers as well (Casagrande and 
Diamond, '74). Edwards ('80) suggested that the deeper zone of the superior colliculus 
should be considdered more as part of the reticular fomation than of the superior 
colliculus. However, some afférents as well as efferente of the superior colliculus are 
not restricted to the superficial, visual, or deeper, multimodal zone (see Figs. 6A,B 
of chapter I). In addition, the results of the present morphometric analysis of cell 
bodies (chapter II) and synaptic contacts (chapter III) encompassing the entire, i.e., 
the superficial as well as the deeper zone, of the rat superior colliculus do not support 
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such a distinction into two independant entities. This conclusion is endorsed by a 
recent study of Rhoades et al. ('89) in which the presence of direct axonal connections 
between the superficial, visual, zone and the deeper, multimodal, zone of the hamster 
superior colliculus has been demonstrated (see also paragraph 4.0 of chapter I). 

As described above, the superior colliculus of mammals and the tectum of lower 
vertebrates are remarkably similar in function and functional organization. However, 
there also are some striking differences between these two homologous structures, 
particularly regarding their laminar organization and development. In this respect 
the following may be noticed. 

The laminar organization of the tectum of lower vertebrates 

The optic tectum of fish, amphibians, reptiles, and birds is easy to delineate since it 
is separated from the tegmental area by lateral extensions of the third ventricle. In 
teleosts the tectum consists of a shell-like structure situated dorsal from the ventricle 
(Fig. 1A) and is usually subdivided into six layers (Fig. 1B-D; Vanegas et al., '$4a.). 
On the basis of positions of dendritic trees within the tectum of goldfish, Meek and 
Schellart ('78) distinguished several cell types, including cells with dendrites ex
tending in one, two, or more layers (uni-, bi-, and polylaminar; see also Fig. 1C-D). 
The optic tectum of amphibians is situated comparably, i.e., directly above the 
ventricle (Fig. 2A), and consists of alternating cellular and fibrous layers, numbered 
1-9 from the ventricular to the pial surface (Fig. 2A,B). Studies performed at the 
tectum of amphibians reveal a number of specific cell types within different layers 
(Fig. 2B), while the density of cell bodies is highest in tectal layers 2, 4, and 6 (Fig. 
2A-C; Székely, '73; Lázár, '84; Roth et al., '90). In addition to this laminar organiza
tion of the amphibian tectum, the chemoarchitecture of this structure shows a 
prominent laminar organization as well (Fig. 2C; Kuljis and Karten, '82, '83). The 
reptilian optic tectum displays an even more refined lamination pattern (Fig. 3; 
Northcutt, '84; Morales et al., '89). Neuronal cell bodies and fibers within this latter 
structure are arranged in layers numbered 1 through 14 from ventricle to pia surface 
and grouped into periventricular, central, and superficial zones (Fig. 3; Northcutt, 
'84). With respect to the typology of cells within the reptilian tectum, a number of 
different types have been described, located primarily in different layers (Repérant 
et al., '81; Davydora et al., '82; Dacey and Ulinski, '86a,b; Morales et al., '89). The 
avian optic tectum has been divided into about the same number of layers as the 
reptilian optic tectum (Fig. 4; Cowan et al., '61; Reiner and Karten, '82; Ehrlich and 
Mark, '84a,b; Hayes and webster, '85), and different cell types has been described 
within this structure (Ehrlich and Mark, ,84a,b). 

The laminar organization of the superior colliculus of mammals 

The present study has shown that laminar organization of the superior colliculus is 
much less distinct than that in the tectum of these groups of lower vertebrates 
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Fig. 1. A: Nissle-stained transverse section of the teleost brain (left half) with brain regions indicated 
(right hall). G: corpus glomerulosum; H: hypothalamus; ОТ: optic tectum; TL: torus longitudinalis; VC: 
válvula cerebelli. Calibration line = 1 mm. B: Tranverse wet unstained section of the tectum in 
Holocentrus. C: Camera lucida drawing of Golgi-impregnated tectal structures in Holocentrus. a: small 
pyrifoem neuron; as: SM-ascending axon; b-d: pyramidal neurons; mf: marginal fibers. Cahbration line 
= 50 μπι. D: Summary of cell types found in the Golgi-impregnated tectum oiEugerres. a-η: cell types. 
Arrows indicate axons. Calibration line: 100 μπι. (A and С from Schroeder et al., '80; В and D from 
Vanegas et al., '84). 

surveyed above. The only elements in the superior colliculus that show a fairly 
distinct lamination pattern, are the axons (see Figs. 3-4 chapter II), but cell bodies 
(Figs. 4 and 9 chapter II), dendrites (Fig. 5; Fig. 3 chapter I) and synaptic contacts 
(Fig. 8 chapter III) are not laminarly organized in this structure. Remarkably, this 
difference in laminar organization is correlated with differences in development of 
the tectum of lower vertebrates and the superior colliculus of mammals. In the 
developing tectum of the chick, cells form a complex pattern in which the first 
generated elements come to lie deepest, the second within the most superficial layers 
whereas the cells in the intermediate layers are generated last (Lund, 78). In 
addition to this laminar gradient of generation, there is also a gradient from rostro-
lateral to caudomedial, which has also been found in the optic tectum of frogs (see 
Lund, 78). Like the optic tectum of lower vertebrates the cerebral cortex in mam
mals has a prominent laminar organization of axons, cell bodies, and dendrites (Fig. 
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Fig. 2. A: Histological section (Klüver-Barrera stain) through a part of the optic tectum of the frog (from 
Ewart, '84). B: Drawmg of types of neurons in frog optic tectum, in combination with cytoarchitecture 
obtained from hematoxylin-eosin and reduced silver staining. Numbers at extreme left indicate the 
different layers. Numbers within drawing indicate axon (5), terminals (4,11), and different cell types 
(from Székely et al., '73). С: Schematic diagram of immunoreactivity in Rana pipiens correlated with 
Nissl and chloral-Η silver stained sections. Numbers designate tectal layers according to Cajal ('09), 
letters of tectal layers are according to Potter ('69). APP: avian pancreatic polypeptide; BOM: bombesin; 
CCK8: cholecystokinin octapeptide; d: deep portion of layer 7; LENK: leucme-enkephalin; s: superficial 
portion of layer 7; SP: substance Ρ (from Kuljis and Karten, '82). 
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Fig. 3. Photomicrograph of a Bodian stained 
transverse section through the optic tectum of 
the green iguana (reptile). Numbers indicate 
tectal layers. C: central zone; P: periventricular 
zone; S: superficial zone. Bar = 100 μτη (from 
Northcutt, '84). 

Fig. 4. A Nissl-stained section through the pi
geon optic tectum illustrating its laminar ap
pearance. SAC: stratum album centrale; SC: 
stratum griseum centrale; SGFS: stratum gri-
seum et fibrosum superficiale; SO: stratum 
opticum (from Hunt and Brecha, '84). 

6). The laminar organization of this 
structure also is correlated with the gen
eration time of neurons within the ger
minative layer (Lund, '78; Parnavelas 
and Lieberman, '79). The rodent super
ior colliculus shows none of the complex 
patterning of development seen in the 
chick tectum or cortex of mammals. In 
rats cells destined for each collicular 
layer are generated between prenatal 
days 13 and 18, and, as in the chick, the 
largest cells of the superior colliculus are 
among the earliest to be generated and 
an overall rostral-to-caudal gradient in 
generation time is present (Lund, '78). 
However, collicular cells do not wait in 
the germinative layer and then migrate 
in goups, but instead can migrate up to 
the surface and back down (Mustari et 
al, '79; Lund, '78). Despite these differ
ent developments of the tectum and the 
superior colliculus, it remains uncertain 
in what way this would affect lamination 
and complex patterning of collicular 
cells. 

Functional considerations 

In the previous sections it was discussed 
that comparison of the tectum of lower 
vertebrates with the homologous super
ior colliculus of mammals suggests that 
in these structures similar functions are 
performed by a rather differently organ
ized neuronal network. In particular the 
laminar organization of this structure in 
mammals differs greatly from that in 
lower verbrates, since it is much less 
strict than the precise laminar organiza
tion of axons, dendrites, cell bodies, syn
aptic contacts as well as neurotransmit
ters in the tectum of lower vertebrates. 
one possibility is that this marked differ
ence in laminar organization may be cor-
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related with the strong development of 
the visual pathway via the lateral geni
culate nucleus to the visual cortex in 
mammals and with a shift from body 
movements in lower vertebrates to eye 
movements in mammals. As described 
above the optic tectum is the primary 
visual structure in nonmammalian verte
brates. In addition to this retinotectal 
system, a second visual system, the re-
tinogeniculate system is present in a va
riety of vertebrates. In comparison with 
this latter system the relative number of 
retinal ganglion cells that project to the 
superior colliculus decreases significantly 
when passing from more simple to more 
complex mammals; in rats about 90% of 
the retinal ganglion cells project to the 
superior colliculus (Linden and Perry, 
'83), while in human only about 20% of 
the retinal ganglion cells project to the 
superior colliculus (Martinez Martinez, 
'80). These remarkable differences are 
reflected in functional differences of 

these two systems. The retinocollicular system is primarily related with orienting 
movements, i.e., turning of head and body in response to visual and auditory input, 
while the retino-geniculo-cortical system is related with the analysis of visual informa
tion (Schneider, '75; Schiller, '84). 

The most intriguing question arising from a comparison of the present results of 
the superior colliculus of mammals with the organization of the tectum of lower 
vertebrates is "how the neurons of mammalian superior colliculus can achieve 
specificity in their input-output relations in the absence of a marked inter- as well 
intralaminar organization of synaptic connections". In lower vertebrates, it has been 
argued that in particular the strict laminar organization of axons and dendrites, i.e., 
of both pre- and postsynaptic elements, enables tectal neurons to select relevant 
information out of the multitude of input available on the basis of the laminar 
specificity of their synaptic connections (see for example Meek, '81, '83), a principle 
probably present in other laminar structures as well (Huerta and Harting, '84a,b; 
Müller et al, '84; Sefton and Dreher, '85). 

Fig. 5. Drawing of cells within the rat superior 
colliculus. Small numbers 1-12 indicate cell 
types according to Tokunaga and Otani ("76). 1: 
superficial layer; 2: second layer; 3: third layer; 
SGC: central gray matter (from Tokunaga and 
Otani, '76). 

The present morphometric analysis of neuronal somata, synaptic contacts, and 
distributions of synaptic contacts on reconstructed neurons in the rat superior 
colliculus yields a picture of this structure in which an organization into individual 
layers, as described for the tectum of lower vertebrates or the cerebral cortex of 
mammals, can not be recognized, although axons as well as afférents and efferents 
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Fig. 6. Structure of the neocortex in human. On 
the left Golgi-impregnated cell types are shown, 
in the middle cell bodies (Nissl stain), and on 
the right fibers (Weigert stain). Numbers 
indicate cortical layers (from Brodmann, '09). 

of the superior colliculus do exhibit a 
laminar organization. It is therefore in
triguing to know "how the superior col
liculus is able to maintain its specific 
functional character with so little specific 
cellular differentiations". The answer 
may be found in the chemical organiza
tion of cell groups into clusters or in the 
distribution of chemically different syn
aptic contacts on individual collicular 
neurons. In spite of some knowledge of 
the chemoarchitecture of the superior 
colliculus (see chapter I), more im
munological studies will be necessary to 
test the validity of this hypothesis. 
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Summaiy 

In order to survive, animals must be able to respond quickly to moving objects as 
soon as they enter their environment. The animal must rapidly determine the identity 
of the stimulus on the basis of its visual, acoustic and/or other properties, and has to 
know the speed and direction of its movements. Then, the animal must move its 
head, eyes, ears and other parts of the body to hold the source of the stimulus in 
view, or to avoid dangerous objects, i.e., the animal has to be able to make appropri
ate orienting movements. One region of the mammalian brain involved in such a 
control of head, eye, body, and pinnae movements is the superior colliculus. 

The superior colliculus is a paired eminence, which forms the rostral part of the 
roof of midbrain (see chapter I Fig. 1A and IB). A transverse section through the 
superior colliculus stained after Klüver-Barrera clearly shows the laminar character 
of this structure (see chapter I Fig. 2, chapter II Fig. 3, and chapter III Fig. 2). 
Usually a distinction is made into seven (alternately myelin rich and myelin poor) 
layers numbered I-VII from dorsal to ventral. Layers I-III are together indicated as 
the superficial layers, and layers IV-VII as the deeper layers. 

The superficial layers receive primarily information from visual structures (chapter 
I section 3.1.a and Fig. 5A). In turn, cells located in these layers project predomi
nantly to visual structures (chapter I section 3.2.a and Fig. 5C). Projections to the 
deeper layers arise from acoustic, visual, somatosensory, and other non visual centers 
(chapter I section З.І.Ь and Fig. 5B). Neurons within the deeper layers project to a 
variety of targets, including centers involved in the control of orienting movements, 
such as the pretectal complex and the mesencephalic reticular formation (chapter I 
section 3.2.b and Fig. 5D). 

The incoming (afferent) as well as outgoing (efferent) information is topo
graphically organized over one or more layers as shown in chapter I Figures 6A and 
6B. Besides the afférents and efferente, the chemoarchitecture of the superior 
colliculus also shows a laminar organization (chapter I Fig. 9). 
However, little is known about the structural organization and synaptology of this 
structure. Therefore, the present study aims to contribute to the understanding of 
relations between collicular layers or sets of layers, i.e., the interlaminar organization, 
and the organization and communication within individual layers, i.e., the intra-
laminar organization. For that purpose morphometric analysis has been performed 
on cell bodies, dendrites and synaptic contacts of (reconstructed) neurons at the light 
as well as the electron micoscopical level. Particular attention is given to (a) the 
degree of homogeneity between and within collicular layers, (b) differences between 
specific sets of layers, in particular between the visual layers I-III and the multimodal 
and premotor layers IV-VII, and (c) the influence of albinism on these morphometric 
parameters. 

The first part of this study (chapter II) concerns a morphometric analysis of the 
neuronal components of each collicular layer and possible topographic aspects of the 
morphometric parameters analysed. Morphometric differences between the superior 
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colliculus of albino and pigmented rats are also investigated in this part of the study. 
Morphometric parameters were soma diameters, numbers and densities of neurons 
and volumes. The results show that these parameters are not significantly different 
between albino and pigmented rats. The mean soma diameter of collicular neurons 
gradually increases from superficial (layer I) to deep (layer VII). In each layer the 
rostral part contains cells with larger somata compared with its caudal part. It 
appears that the quantified aspects of collicular neurons are not organized in 
distinguishable layers. Neuronal densities show only gradual transitions between 
layers or in the rostro-caudal direction, without revealing clear distinctions between 
layers III and IV, i.e., the transition between the superficial layers and deeper layers. 
Therefore, in contrast with the clear laminar organization of collicular axons, 
collicular neurons seem to form a randomly organized network. 

The second part of this study (chapter III) analyses the organization of synaptic 
contacts within each layer of the superior colliculus of rats. In particular sizes, 
densities, and numbers of synaptic contacts and synapse-to-neuron ratios were 
determined for each collicular layer. The average size of presynaptic terminals and 
contacts was not significantly different between individual layers. The density of 
synaptic contacts as well as synapse-to-neuron ratios show to some degree laminar 
arrangements. It appears that these synaptic parameters are inhomogeneous in the 
superficial layers of the superior colliculus, with significant differences between layers 
II and III. The morphometrically investigated synaptic parameters do not show 
laminar differentiation within deeper layers. A distinction between layers ΠΙ and IV, 
the transition between superficial and deeper layers is not correlated with the results 
of this part of the study, since significant differences between these layers were 
absent for the synaptic parameters analysed. 

The degree of intralaminar differentiation between neurons situated in one layer 
is discussed in chapter IV. In this part of the study the dendritic and synaptic 
organization of (reconstructed) Golgi-impregnated neurons has been analysed 
primarily within layer IV, located at the transition between superficial (visual) and 
deeper (multimodal) layers. The impregnated collicular neurons in layer IV belong 
to a homogeneous population of cells with only gradual transitions from the most 
common subtype of small multipolar, non-oriented cells to either large multipolar, 
non-oriented cells, or to small cells with more flattened dendritic trees, oriented 
horizontally, vertically or obliquely. The small cells analysed showed only minor 
dendritic or synaptic intralaminar differences. In addition, the dendritic and synaptic 
properties of impregnated small cells in layer IV did not differ significantly from 
small cells in the adjacent layers III and V. An interlaminar difference was found 
between synaptic densities on impregnated somata of small cells in layer IV and 
impregnated large cells in layer V. 

The absence of a clear laminar organization of somatic, dendritic, and synaptic 
properties of collicular neurons is remarkably different from the laminar axonal 
distribution of the superior colliculus, as well as from the refined somatic, dendritic, 
and synaptic laminar patterns present in the collicular homologue of lower verte
brates, the optic tectum, as described in more detail in the general discussion, 
chapter V. Despite these quite different organization patterns of somata, dendrites, 
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and synaptic contacts between the optic tectum and the superior colliculus, both 
structures achieve comparable functions. In lower vertebrates the functional specif
icity of the optic tectum might be related to its explicit laminar orgamzation of 
neuronal properties. The superior colliculus with its laminar arrangement of afférents 
and efferents has no such neuronal differentiation pattern. Therefore, it would be 
interesting to know how the superior colliculus is able to maintain its specific 
functions without correlations between specific layers or cell types and specific 
afférents or efferents of this structure. The answer might be related with the chemi
cal organization of cell groups or the distribution of chemically different synaptic 
contacts on individual collicular neurons. 
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Samenvatting 

Om te kunnen overleven moet een dier in staat zijn snel te reageren op bewegende 
objecten, zodra deze in zijn omgeving komen. Het dier moet snel de identiteit, de 
snelheid en de richting van het bewegende object kunnen bepalen. Vervolgens moet 
het dier zijn kop, ogen, oren en andere delen van zijn lichaam bewegen om de 
oorzaak van de stimulus in het gezichtsveld te houden, of om gevaarlijke objecten te 
ontwijken. Het dier moet dus in staat zijn passende oriënterende bewegingen te 
maken. Een gebied in de hersenen van zoogdieren betrokken bij deze controle van 
kop-, oog-, lichaam- en oorbewegingen is de colliculus superior. De colliculus 
superior is een gepaarde elving van het rostrale deel van het dak van de midden
hersenen (zie figuur IA en IB van hoodstrak I). Een dwarsdoorsnede door het 
colliculaire gebied laat na Klüver-Ваггега kleuring duidelijk de gelaagdheid van deze 
structuur zien (fig. 2 hoofdstuk I, fig. 3 hoofdstuk II en fig. 2 hoofdstuk III). Gewoon
lijk worden er zeven (alternerend vezelrijke en vezelarme) lagen onderscheiden, I-
VII genummerd van dorsaal naar ventraal. De bovenste drie lagen worden tesamen 
vaak aangeduid als de oppervlakkige lagen en de eronder gelegen lagen IV-VII als 
de diepere lagen. 

De oppervlakkige lagen ontvangen voornamelijk visuele informatie (zie paragraaf 
3.2.a en fig. 5A van hoofdstuk I). Neuronen in deze lagen projecteren op hun beurt 
naar visuele centra (paragraaf 3.2.a en fig. 5C hoofdstuk I). De projecties naar de 
diepere lagen zijn afkomstig van visuele, akoestische, somatosensorische en andere 
niet visuele centra (paragraaf З.І.Ь en fig. 5B). Cellen in de diepere lagen projec
teren naar gebieden betrokken bij de controle van oriëntatie bewegingen en naar een 
veelheid van andere gebieden (paragraaf 3.2.b en fig. 5D). 

De binnenkomende (afferente) en uitgaande (efferente) informatie is veelal op 
een specifieke topografische wijze geordend over één of meerdere lagen van de 
colliculus superior, zoals in de figuren 6A en 6B van hoodstuk I is te zien. Niet 
alleen afferente en efferente informatie van de colliculus superior is op topografisch 
geordende wijze over de diverse lagen verdeeld, maar ook de chemoarchitectuur van 
deze structuur laat duidelijke gelaagdheid (laminatie) zien (zie fig. 9 hoofdstuk I). 

Zoals hierboven is aangetoond is er veel bekend over de extrinsieke verbindingen 
van de colliculus superior (zie voor uitgebreide informatie hoofdstuk I). Er is echter 
maar weinig bekend over de verbindingspatronen en synaptologie binnen deze 
structuur. Het onderzoek beschreven in dit proefschrift tracht een bijdrage te leveren 
aan het begrijpen van relaties tussen de diverse lagen onderling (interlaminaire 
relatie) en de organisatie en communicatie binnen een bepaalde colliculaire laag 
(intralaminaire organisatie). Voor dit doel is morfometrisch onderzoek verricht aan 
cellichamen, dendrieten en synaptische contacten van (gereconstrueerde) neuronen 
in de colliculus superior van ratten, zowel op licht- als op electronen- microscopisch 
niveau, waarbij speciale aandacht is beteed aan (a) de mate van homogeniteit tussen 
en binnen colliculaire lagen, (b) verschillen tussen veronderstelde groepen lagen met 
de nadruk op de grens tussen oppervlakkige (visuele) en diepere (multimodale) lagen 
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en (с) de invloed van albinisme op deze morfometrische parameters. Dit laatste is 
gedaan omdat bekend is dat albino dieren een andere projectie vanuit de retina naar 
de ipsilaterale (dezelfde kant) colliculus superior bezitten in vergelijking met 
gepigmenteerde dieren (zie paragraaf 7.0 van hoofdstuk I). 

Als eerste onderdeel van deze studie is een morfometrisch onderzoek uitgevoerd 
naar de neuronale samenstelling van de diverse colliculaire lagen en eventuele 
topografische aspecten daarvan, waarbij tevens is gekeken naar verschillen tussen de 
colliculus van albino en gepigmenteerde ratten. De onderzochte morfometrische 
parameters waren somadiameters, aantallen en dichtheden van neuronen en volu-
mina. Deze parameters blijken tussen beide diergroepen, i.e., albino's en gepigmen
teerde dieren, niet statistisch significant te verschillen, hetgeen impliceert dat 
albinisme geen invloed heeft op de onderzochte morfometrische parameters. 
Eveneens bleek uit dit onderzoek dat de gekwantificeerde aspecten van colliculaire 
neuronen geen strikte organisatie in lagen vertonen. Neuronale dichtheid, grootte en 
vorm ondergaan alleen geleidelijke overgangen van de ene naar de andere laag 
alsook in voor- achterwaardse (rostro-caudale) richting, zonder een duidelijke grens 
tussen de lagen Hl en IV (de grens tussen het visuele en het multimodale deel van 
de colliculus). Dus, in tegenstelling tot een axonale gelaagdheid vormen neuronen 
binnen de colliculus superior blijkbaar een willekeurig netwerk. 

Als tweede onderdeel (hoofstuk III) van het onderzoek naar de inter- en intra-
laminaire organisatie van de colliculus superior van de rat, is de organisatie van 
synaptische eindigingen en contacten binnen de colliculus superior onderzocht. Voor 
dit doel zijn, met behulp van kwantitative analyse van electronen microscopische 
foto's, de grootte en de dichtheid van synaptische eindigingen en contacten alsmede 
synaps-neuron ratio's binnen elke colliculaire laag bepaald. De grootte van presynap-
tische eindigingen en contacten blijkt niet significant te verschillen tussen de diverse 
lagen. De dichtheid van synaptische contacten alsmede synaps-neuron ratio's ver
tonen in beperkte mate interlaminaire verschillen. Zo blijken de oppervlakkige lagen 
I en II significant te verschillen van laag III voor wat betreft de onderzochte para
meters (zie hoofdstuk III). De diepere lagen daarentegen vertonen geen laminaire 
differentiatie voor deze parameters. Een duidelijke grens tussen de lagen III en IV 
is in dit onderzoek niet gevonden. 

Als derde onderdeel (hoofdstuk IV) van deze studie is morfometrisch onderzoek 
verricht aan Golgi-geimpregneerde neuronen in laag IV (intralaminair onderzoek). 
De resultaten zijn vergeleken met op soortgelijke wijze verkregen gegevens betref
fende de aangrenzende lagen III en V (interlaminair onderzoek). Met behulp van 
reconstructie methodes en morfometrische formules zijn groottes, dichtheden en 
aantallen van synaptische contacten op individuele colliculaire neuronen bepaald. 
Tevens is gekeken naar de verdeling van deze synaptische contacten op de gerecon
strueerde neuronen. De geïmpregneerde colliculaire neuronen in laag IV zijn 
afkomstig van een populatie cellen waarbinnen geen afzonderlijke celtypen en geen 
intralaminaire verschillen in synaptische dichtheden te onderscheiden zijn. Het enige 
intralaminaire verschil is gevonden tussen de synaptische dichtheden (en aantallen) 
op kleine multipolaire cellen en grote multipolaire cellen binnen laag V. Inter-
laminaire verschillen bleken eveneens niet aanwezig te zijn tussen de onderzochte 
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populatie kleine multipolaire neuronen in de lagen III, IV and V. Het meest 
voorkomende celtype is klein, multipolair en zonder oriëntatierichting, maar aan de 
ene kant komen ook grote multipolaire cellen voor zonder oriëntatierichting en aan 
de andere kant kleine cellen met een meer platte dendrietboom, horizontaal, 
vertikaal of schuin georiënteerd. De geanalyseerde cellen vertoonden slechts kleine 
intralaminaire verschillen voor wat betreft hun dendrietbomen en synaptische 
verdelingen. De dendritische en synaptische kenmerken van geïmpregneerde kleine 
cellen in laag IV verschilde niet significant met kleine cellen in de aangrenzende 
lagen III en V. Er werd slechts een interlaminair verschil is er gevonden tussen 
synaptische dichtheden op somata van geïmpregneerde kleine cellen in laag IV en 
geïmpregneerde grote cellen in laag V. 

De afwezigheid van een duidelijke gelaagde organisatie van somata, dendrieten en 
synaptische contacten van colliculaire neuronen is opmerkelijk verschillend van de 
gelaagde verdeling van axonen binnen de colliculus superior. Eveneens verschilt deze 
organisatie van de verfijnde gelaagdheid van somata, dendrieten en synaptische 
contacten van cellen in de homologe structuur van de colliculus superior in lagere 
vertebraten, het tectum opticum (gedetailleerder beschreven in de general discussion 
van hoofdstuk V). Ondanks deze zeer verschillende organisatiepatronen tussen de 
colliculus superior en het tectum opticum, verrichten deze structuren vergelijkbare 
functies. In lagere vertebraten is de functionele specificiteit van het tectum opticum 
wellicht gerelateerd aan de duidelijke gelaagdheid van neuronale componenten 
binnen deze structuur. De colliculus superior met zijn gelaagde verdeling van 
afferenten en efferenten heeft daarentegen geen vergelijkbaar differentiatiepatroon 
van neuronale componenten. Het zou daarom interessant zijn te weten hoe de 
colliculus superior in staat is zijn specifieke functies te behouden zonder correlaties 
tussen bepaalde celtypes in individuele lagen en specifieke afferenten of efferenten 
van deze structuur. Het antwoord kan betrekking hebben op de chemische organi
satie van celgroepen, of van de verdeling van chemisch verschillende synaptische 
contacten op individuele colliculaire neuronen. 
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Curriculum vitae 

De schrijver van dit proefschrift werd geboren op 21 januari 1952 te Haarlem. Na de 
LTS voor de horeca, St. Hubertus te Amsterdam, te hebben doorlopen werd een 
avonstudie (1970-1973 MAVO en 1973-1977 Atheneum ß) aan het Erasmuscollege 
te Haarlem gevolgd, waar hij in 1977 het atheneum ß diploma behaalde. Na 1 jaar 
Psychologie gecombineerd met Egyptologie gestudeerd te hebben, begon hij in 
september 1978 met zijn studie Medische Biologie aan de Universiteit van Amster
dam. In juni 1979 behaalde hij het propädeutische examen en het kandidaatsexamen 
ΒΓ (Medische Biologie) werd afgelegd in oktober 1981. In november 1984 studeerde 
hij af met als hoofdvak Oogheelkunde (morfologie) en bijvakken Toegepaste 
Entomologie en Experimentele Oncologie. Het onderzoek voor de twee bijvakken 
werd verricht aan de Universiteit van Cairo te Egypte. Van november 1984 tot 
november 1988 was hij aangesteld als wetenschappelijk assistent bij de vakgroep 
Anatomie en Embryologie van de Faculteit Geneeskunde en Tandheelkunde, 
Katholieke Universiteit Nijmegen. Tijdens deze periode werd het onderzoek uitge
voerd dat tot dit proefschrift heeft geleid. 
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Imhotep as the deity of medicine, taken from the temple of Ptah at Kamak (Egypt). 
Imhotep lived during the reign of king Zoser (about 2600 B.C.). 






