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ABSTRACT

A NEUR0ANAT0M1CAL STUDY OF THE CONNECTIVITY OF THE PRETECTAL 

LHNTIFORM NUCLEUS OF THE MESENCEPHALON (LM) IN CHICKEN

by

Stefan R. Bodnarenko 

Advisers: Dr. Olivia McKenna and Dr. H. P. Ziegler

The lentiform nucleus of the mesencephalon (LM) is a retinorecipient pretectal 

nucleus in 1he avian brain thought to receive retinal slip signals and in turn relay 

these signals to oculomotor pathways through which horizontal optokinetic 

nystagmus (OKN) is generated. Because of their common derivation from the 

teclal plate and similar positioning within the pretectum, it has been suggested 

that the LM in birds is homologous to the nucleus of the optic tract (NOT) in 

mammals.

The objective of this dissertation was to identify the boundaries of the LM 

nucleus within the chicken prelectum, and then, to describe the organization of 

the afferent and efferent connectivity of the LM in an effort to better understand 

the organization of this region and the neuroanatomical substrate which may 

mediate the generation of horizontal optokinetic pursuit in birds.

The position of the LM in the chicken pretectum was identified on the basis of 

ihe position of cells in KlYiver-Barrera stained sections, the position of retinal 

lerminals after intraocular injections of horseradish peroxidase (HRP) and the 

regional accumulation of 2-deoxy-D-gIucose (2-DG) label in response to horizontal 

large-field motion. The sources of afferent projections to the LM and the 

distribution of the projection neurons and the spatial organization of these 

projections were described w ith  the HRP retrograde tract tracing technique. The 

efferent projection targets of the LM were identified w ith the tritiated amino acid



and H RP anterograde tract tra c in g  tech n iq u es. The s ize  an d  position  o f  projection  

n eu ro n s in th e  LM  w e r e  id entified  a lte r  HRP in jection s in to  th e  e fferen t target 

n u c le i.

The LM in chickens was found in the preteclum medial to the optic tectum  

(OT) and lateral to the pretectal superficial synencephalic nucleus (SS). The LM 

consists of tw o subdivisions, the magnocellular portion (LMmc) and the 

parvicellular portion (LMpc), bolh of which receive retinal afferents.

The sources of afferent input to the LM were identified to be the contralateral 

retina, the ipsilateral accessory hyperstriatum (HA) of the visual Wulst, the 

ipsilateral nucleus of the basal optic root (nBOR), and ipsilateral OT. Retinal 

ganglion cells that project to the LM were distributed in all four retinal 

quadrants in a wide horizontal belt lying along both sides of the retinal equator 

stretching from the lemporal to the nasal retina. The HRP-labeled ganglion cells, 

which appeared eilher round or oval, ranged from 25-840 /cm2 in cross-sectional 

area w ith most in the smaller size range. Results of HRP injections into portions 

of Ihe LM and inelabolic mapping patterns in the LM produced by stimulation of 

half the retina w ilh horizontal visual motion and injections of 2-DG were in 

agreement in that there was an orderly mapping of the retina onlo the LM. The 

inferior temporal quadrant projected to the rostrodorsal LM; the inferior nasal 

quadrant projected to the caudodorsal LM. The superior temporal quadrant 

projected to the middle and ventral LM, extending from the rostral to the caudal 

pole, whereas the superior nasal quadrant projected to a small zone in the caudal 

LM.

A  spatially organized projection of nonretinal afferents originating from the 

ipsilateral HA was identified after HRP injections into the LM Retrogradely 

labeled round or stellate-shaped neurons, with somata measuring 678.9 lira1 on 

average, were confined to the lateralmost portion of the HA layer, throughout its



caudal to rostral extent, except for the roslralmosl portion of the HA. Injections 

into porlions of the LM revealed a spatial organization of this projection. The 

ventral LM received projections from rostrally and dorsally positioned neurons 

within the HA whereas the dorsal l.M received projections from caudally and 

ventrally placed neurons. The projection from the HA to the LM is of particular 

interest since it has been suggested that its postnatal development may account for 

postnatal changes in horizontal OKN. The terminal innervation pattern of the HA 

projection w ithin the LM was found to be similar in both hatchlings and older 

chickens after anterograde tract tracing experiments. In addition to the non- 

retinal afferent projection from the 11A, Ihe LM was found to receive a projection 

from medium (10-19/im ) and large (20-29/zm), round or stellate shaped neurons 

distributed throughout all three subdivsions of the ipsilateral nBOR, and small 

(0-0/um) and medium (10-19/xm) sized neurons, round or elongated in shape in 

layers 2, 4, 8, 10, 13, and 14 of the ipsilateral OT.

The results of the anterograde tract tracing experiments suggested that the LM 

projects to various lhalamic, pretectal, mesencephalic, and brainstem nuclei. 

Ascending efferent projections of the LM were found to terminate in ipsilateral 

dorsal and ventral thalamic areas including the ventrolateral geniculate nucleus 

(GLv), the magnocellular portion of the dorsolateral nucleus of the anterior 

thalamus (DLAmc), the lateral portion of the dorsolateral nucleus of the anterior 

thalamus (DLL), and the intercalated nucleus of the thalamus (ICT). The 

prelectal efferent targets of the LM were all ipsilateral and included the pretectal 

area (AP), the pretectal nucleus (Pt), and the principal precommissural nucleus 

(PPC), The mesencephalic targets included the ipsilateral layers 4, 7, 9, 11, 12, 13 

of the OT, the ipsilateral nucleus Darkschewitsch (nD), the nBOR bilaterally, the 

contralateral lateral reticular formation (FRL), the ipsilateral ventral nucleus of 

the deep mesencephalon (MPv) and the ipsilateral papillioform nucleus (nPap).



Ihe efi'erenl targets of the LM in the brainslem were the ipsilateral lateral 

pontine (LP), medial pontine (Ml5), and inferior olive (10). A direct projection 

from the LM to the cerebellum (Cb) was found to terminate bilaterally in folia 

VI, VIII a and b, and IX a and c.

The results of the HRP retrograde tracing experiments from several of the 

descending efi'erenl targets of the LM suggested a differential projection from 

different sized neurons. Small (10-19 /cm), medium (20-29 /cm), and large (30-39  

/an) neurons w ithin both the LMmc and LMpc project to the nBOR and pontine 

nuclei whereas medium and large cells in the LMmc were found to project to the 

10 and Ob. The LM projection to nD was found to originate primarily from 

medium neurons in 1he LMmc.

The results of the presenl study have demonstrated the elaborate organization 

of 1he retinal representation within the LM both directly and indirectly via the 

visual Wulst and other afferent pathways that may bring retinal slip information 

into the LM. Furthermore, the description of the organization of the efferent 

projections of the LM provides connectivity information regarding the pathways 

that may be involved in the generation of horizontal optokinetic pursuit in 

chickens. Finally, the results of this study provides further evidence in support 

of the notion that the LM in birds is homologous to the NOT in mammals.
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Chapter I: INI RODIJCTION

Whenever an animal moves w ithin its environment, its eyes must move in a 

compensatory fashion 1.o avoid blurring In luvping Ihe visual world slalionary on 

the relina. This stabilization is accomplished by iw o inlerrelated neural reflexes 

that art similar in most, vertebrales. lor the vvstibulo-ocular reflex, movement of 

the head delected by the stimulation of the semicircular canals results in the 

movement of the eyes in the opposite direction, bul at almost the same velocity as 

the head, thus compensating for the apparent movement o f the world. For the 

oplokinelic rellex, the visual system detects retinal slip, the movement of a large 

portion of the visual field on the retina, providing a signal for the generation of 

optokinetic pursuit in the same direction and at approximately the same velocity 

as the moving object thus stabilizing Ihe retinal image. These tw o reflexes are 

usually invoked logether in ihe natural environment, their interaction resulting 

in Ihe generation of the appropriate compensatory eye movements.

The aim ol this dissertation was to investigate, in the avian brain, Ihe 

analoinical connectivity ol a nucleus in the optokinetic syslcm that receives 

retinal slip signals and is responsible for mediating optokinetic eye movements. 

Evidence strongly suggests that the visual input for horizontal optokinetic 

nystagmus, the movement of the eye in a temporal to nasal, or nasal to temporal 

direction in response to slow large field horizontal visual stimulation, is 

transmitted along a pathway from the retina to a prelectal nucleus. In mammals, 

this nucleus is the nucleus of the optic iracl (NOT). The NOT is a difi'use 

superficial cell aggregation in the prefectum with most of its cells embedded in 

the fibers of the brachiuin of the superior colliculus. Neurophysiological 

recordings in the cat and rabbit NOT show that these cells have very large 

receptive fields, respond best to large moving random dot patterns, are velocity 

tuned 1o a range of .01-30 cleg/sec and are directionally selective preferring



movement in the temporal to nasal direction. This stimulus direction is best in 

eliciting OKN in the horizontal plane (Collcwijn, 1975; Hoffmann and 

Schoppmann, 1981). Furthermore, it has been reported in rabbits that stimulation 

of the NOT triggers horizontal OKN and lesioning this nucleus eliminates this 

type of nystagmus (Collewijn, 1975).

It has been suggested that the lentiform nucleus of the mesencephalon (LM) of 

birds is homologous to Ihe NOT of mammals on the basis of its embryological 

derivation and position in the pretectum, its neurophysiological properties, and 

behavioral changes in OKN resulting from lesions (Kuhlenbeck and Miller, 1942; 

Winlerson and Brauth, 1985; Gioanni et al., 1983). In birds, the LM is located in 

the prctcctum, medial to the rostral optic tectum (OT), lateral to the superficial 

synencephalic nucleus (SS) and rostral to the nucleus of the basal oplic root 

(nBOR). 11 consists of tw o subdivisions, the LM magnocellular portion (LMmc) 

and the parvicellular portion (LMpc). All portions receive direct retinal 

projections although the density of terminals in the LMmc is much greater 

(Cowan, 1901; Gottlieb and McKenna, 1986). Evidence that the LM mediates 

horizontal retinal slip signals comes both from a 2-deoxy-D-glucose (2DG) 

metabolic mapping study and from a neurophysiological study demonstrating that 

Ihe LM responds best to slow large-field horizontal motion (McKenna and 

Wall man, 1985a; Winterson and Brauth, 1985). In their study of the response 

properties of single units within the pigeon LM, Winterson and Brauth (1985) 

found that the response properties of the LM units are indeed similar to those in 

the NOT of rabbits and cats in that units respond best to large visual field stimuli 

and are directionally selective, that is, their firing rate increased above spontaneous 

levels when the stimulus moved in preferred directions and decreased below the 

spontaneous levels when the stimulus moved in Ihe non-preferred directions. 

Furthermore, Gioanni, et al. (1983) showed thal lesions of the LM area produce



severe deficits in the optokinetic pursuit produced by motion in a temporal to 

nasal direction and a lesser deficit in optokinetic pursuit produced by motion in 

the op|)osjie, nasal to temporal, direction.

The pathways underlying the processing of horizontal retinal slip signals and 

the generation of horizontal optokinetic pursuit have been elucidated only to some 

degree , and mostly in mammals. However, in mammals, analomical studies of the 

connectivity of the NOT are confounded by the ill-defined borders of the NOT and 

neighboring pretectal nuclei, its location in the brachium of the superior colliculus 

and the technical problem of false positive labeling associated w ith the uptake of 

tracers by broken axons in passage. In contrast, the accessibility of the LM 

nucleus in chicks 1o injection w ith  tract 1 racing agents and its position away from 

major fiber tracts allows for the thorough elucidation of the connectivity of this 

nucleus.

The l.M in birds is known to receive afferent input from both the 

contralateral retina (Hhrlich and Mark, 1983; Cowan, 1961; Gainlin and Cohen, 

1988a) and the visual telencephalon (Karten, et al. 1973; Miceli et at, 1979). 

However, all of these studies used various anterograde tracing techniques, rather 

than retrograde techniques, to describe the projection into the LM rather than 

identifying the projection neurons, their location and their morphology. With 

respect to the efferent targets of the LM, a study in pigeons (Gamlin and Cohen, 

1988b) suggest that the LM may project to the vcstibulocerebellum, the lateral 

ponline nucleus (LP), the inferior olivary nucleus (10), the ventral nucleus of Ihe 

deep mesencephalon (MPv), and the nucleus papillioformis (nPap). Furthermore, 

retrograde tracing experiments suggest that different neurons within the LM may 

project to these different target areas (Gainlin and Cohen, 1988b). No such 

connectivity evidence is presently available for chickens.

The goals of this investigation were first, to define the location of the



relinorecipicnt LM ancl its subdivisions in relation 1.0 neighboring nuclei and 

second, to identify the sources of afferent projections 1.o the LM, the morphology 

and distribution of the projection neurons and the spatial organization of the 

projection neurons and their terminals. 'Ihe afferent telencephalic projection to 

the LM is of particular interest since it has been suggested that its postnatal 

development may account for postnatal changes reported in horizontal OKN. In 

mammals, it has also been suggested that this projection develops postnatally, and 

its development may account for changes in horizontal optokinetic pursuit. Thus, 

the third goal is to determine whether this projection develops postnatally. 

Finally, the fourth goal is to describe the efferent targets of LM projections and 

then identify and characterize the different sized neurons and their position 

w ithin the subdivisions of the LM thal give rise to these projections. A 

description of the efferent connectivity of the LM related to oculomotor functions 

is important in lhal it w ill provide neuroanatomical data upon which available 

physiological and behavioral data can be interpreted.

The overall result of this study was the definition of the specific brain regions 

which contribute to the chickens’ horizontal optokinetic responsiveness and the 

elucidation of pathways into and out of the LM by which relinal slip signals may 

effect a motor response of the eye. Furthermore, evidence of the topography and 

connectivity of the LM together with the available embryological and 

neurophysiological evidence, lend support for the notion that the greater the 

concordance among avian and mammalian characteristics, the stronger the 

justification for the inference that the LM in avians and the NOT in mammals are 

indeed homologous and fit a general vertebrale pattern.



Chapter 2: BACKGROUND 

Behavior

Oplokinclic nystagmus (OKN) is one of the simplest lorins of visuomotor 

behavior. It is elicited by the movement of a large portion of the visual field on 

Ihe retina providing a stimulus for the generation of compensatory eye 

movements in the same direction and at approximately Ihe same velocity as the 

stimulus movement. As a result, the visual world is stabilized on the retina with 

respect, both, to movements of the animal and the visual environment.

Optokinetic nystagmus, which is typically studied by measuring the eye 

movements of animals placed inside a rotating drum, consists of tw o phases, a 

slow following movement and a fast movement of the eyes in the opposite 

direction. The gain of OKN, a measure of retinal image stabilization, is calculated 

as the quolient of the eye velocity and stimulus velocity and usually remains less 

than 1.0, the value that would represent perfect retinal image stability.

Although the OKN appears to be essential for all vertebrates, there are 

differences in its features among various species, perhaps as a function of the 

position of the eyes within the cranium. These differences become most evident 

when large-held motion is presented in the temporal to nasal and nasal to 

temporal direction 1o only one eye. In adult humans, monkeys and cats, whose 

eyes are positioned frontally, the optomotor response to monocular optokinetic 

stimulation is almost completely symmetrical, lhat is, the eye follows stimulus 

movement al approximately the same velocily in both the temporal to nasal and 

nasal 1o temporal directions (Atkinson, 1979; Naegelo and Held 1982). In contrast, 

in rabbits and rats, whose eyes are placed laterally, the adult OKN is 

asymmetrical, lhat is, the eye follows when the stimulus moves in Ihe temporal 

to nasal direction but does not follow as well in response to nasal to temporal 

large held motion (Cazin, 1981; Collewijn, 1969). Most frontal-eyed species possess



both contralateral and ipsilateral central visual pathways, a w ide binocular field, 

and a w ell developed visual corlical influence on inidbrain visual slruclures. The 

lateral-eyed species, on the other hand, possess almost a complete decussation of 

the optic nerve, little cortical influence on miclbrain visual structures, and 

essentially tw o independent visual fields w ith little binocular overlap. The 

appearance of an increased cortical aflerence to midbrain visual structures is 

correlated with the migration of the eyes from a lateral to a frontal position in 

the head and w ith the development of binocular vision (Braun and Gault, 1969). 

Alternatively, i1 has been suggested that a bidirectional optomolor response is not 

dependenl on the presence of the uncrossed retinal fibers, but ralher on the 

existence of a fovea or area cenlralis. 11 has been demonstrated that most fovcatc 

animals show a symmetric optomolor response to monocular optokinetic 

stimulation whereas afoveate animals show an asymmetric response (Tauter and 

Atkins, 1968). Arguments against this notion are that tw o reptiles examined 

possess a fovea but nevertheless possess an asymmetrical nystagmus, and that 

these authors classify the pigeon as afoveate even though it does have a fovea 

(Galifret, 1968), and asymmetrical OKNL Therefore, it seems more plausible that 

the asymmetry of nystagmus is associated w ith the lateral position of the eyes 

and symmetrical nystagmus to the frontal position of the eyes.

The position of the eyes w ithin the cranium greatly affects the perception of 

movemenl of the visual field during locomotion. In a lateral-eyed animal, 

forward motion w ill generate movement of the visual field in a predominantly 

backward and nasal to temporal direction whereas in Ihe frontal eyed animal, 

forward motion w ill generate movement of the visual field in a predominantly 

vertical direction. The reduced ability of the eye to generate optokinetic pursuit in 

the nasal to temporal direction has evolved presumably to reduce the tendency for 

OKN 1o be initiated by forward locomotion, because it would be counterproductive
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to have the eyes tracking the passing scenery rather than being directed to the 

front. Furthermore, the asymmetries present in horizontal OKN are most 

prominent when large portions of the visual field move at faster velocities, 

velocities likely to be generated during forward locomotion (Wallman and Velez., 

1985; Grasse and Cynader, 1986). Thus, the directional asymmetries in horizontal 

OKN which are characteristic of the lateral eyed species such as the rabbit or 

chicken seem to specifically reflect the differences in evolutionary pressure.

Horizontal Optokinetic Nystagmus in Mammals

In general, Ihe characteristics of horizontal OKN are similar among the 

mammalian species studied. In rabbits (lateral-eyed mammal), when one eye is 

stimulated with an optokinetic stimulus, OKN is observed in only the temporal to 

nasal direction. For slow stimulus velocities of up to about 2 deg/sec the gain for 

the rabbit is aboul 0.8. Gain decreases for stimulus velocities higher than 10 

deg/sec and becomes negligible at stimulus velocities above 60 deg/sec (Collewijn, 

1969).

in contrasl, for cats (frontal-eyed mammal), when one eye is stimulated by a 

large field stimulus, OKN is observed in both temporal to nasal and nasal to 

temporal directions. For cats, the eye velocity is almost equal to the stimulus 

velocities irom 0.1-40 deg/sec, but decreases precipitously for higher velocities 

(Cynader and Harris 1980, Hoffmann, 1981).

The nucleus of the optic tract (NOT) has been considered to play a major role 

in the generation of horizontal optokinetic nystagmus in mammals. The main 

support for this idea comes from lesion and elect rial stimulation experiments. In 

lateral-eyed mammals such as the rabbit and rat, stimulation of the NOT elicits 

slow horizontal eye movements only in the contralateral eye in a temporal to 

nasal dircclion while lesions of this area abolish temporal to nasal optokinetic



pursuit (Collewijn, 1975a; Cazin, 1980).

In frontal-eyed mammals such as monkeys, unilateral lesions of the NOT 

result in Ihe failure to respond w ith Ihe contralateral eye to large field visual 

mol ion in the temporal to nasal dine lion bul do not afl'ecl OKN in response to 

nasal lo temporal stimulation. In cats, unilateral lesions of the NOT also abolish 

OKN in response to temporal to nasal stimulation but the nasal to temporal 

following is nol affected (Precht and Strata, 1980; Precht, 1981).

The nasal to temporal following of the eyes appears to be mediated by the 

visual cortex. In cats, after bilateral lesions of the visual cortex, the OKN elicited 

monocularly is asymmetrical w ith a severe reduction or eradication of following 

in the nasal to temporal direction. Furthermore, there is a reduction in the OKN 

in the lemporal to nasal direction at higher stimulus velocities (Strong el al. 1984; 

Wood el al., 1973; Hoffmann, 1981). Fffecls after unilateral cortical ablation are 

less severe. Thus, the nature of changes in OKN caused by cortical lesions 

supports the notion thal the visual cortex has two important roles in the OKN 

system of the cat. First, il mediates OKN in response to nasal to lemporal motion 

of the visual environment during monocular viewing. Second, it expands the 

range of the OKN system to allow responses to higher stimulus velocities in the 

lemporal to nasal direction. These results are similar to those reported for 

monkeys (Pasik et al.,1959; Pasik and Pasik, 1964).

In laicral-cyed mammals such as the rabbit, ablation of the visual cortex has 

been reported to have liltle effect on the horizontal OKN (Ter Braak, 1936; 

Ilobbclcin and Collewijn, 1971). However, the identification of a nystagmogenic 

region (low frequency stimulation w ill elicit optokinetic pursuil in the nasal to 

temporal direction) in the region at the border of A  17, 21, and 22 of the cerebral 

cortex, suggests some role for the visual cortex in OKN. Single shock stimulation 

of this area evoked single or multiple responses in half of the NOT units analyzed
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and suggests some 1ype of direct cortical modulation of the NOT in rabbits 

(Pettorossi and Troiani, 1983).

Development of Horizontal OKN in Mammals

The asymmetric horizontal OKN found in frontal-eyed adult mammals after 

bilateral cortical ablation is similar to the characteristics of OKN elicited in 

mammalian neonates. Developmental studies of OKN in neonatal monkeys and 

humans indicate that under monocular conditions, elicitation of OKN is strongly 

biased for lemporal to nasal motion (Atkinson 1979; Naegele and Held 1982). 

With increasing age OKN becomes increasingly symmetrical unlil the adult form 

is achieved. As a consequence of the similarity in horizontal OKN between 

bilaterally ablated cortical mammals and neonatal frontal-eyed mammals and the 

reports of postnatal development of the visual cortex, it has been suggested that 

the postnatal development of the corticopretectal pathway may be responsible for 

the postnatal changes seen in the development of horizontal OKN.

Horizontal Optokinetic Nystagmus in Birds

1-arly descrip tions o f  h orizon ta l O K N in pigeons com es from  M ow  re r (1 9 3 6 )  

w h o  described an a sy m m e tr y  in fo l lo w in g  o f  a s t im u lu s  presented  m o n o cu la r ly ;  

o p to k in etic  pursuit w a s  ob served  in th e  tem poral to  nasal d irection  but l i t t le  

o p to k in etic  pursu it w a s  ob served  in  th e  nasal to tem poral d irection .

Gioanni et al. (1981) studied both the monocular and binocular elicitation of 

OKN in pigeons. They found, that during the presentation of the slimulus to one 

eye, OKN was asymmetrical w ith better following (higher gain) in the temporal 

to nasal direction. In a binocular stimulation situation, the OKN remained 

asymmetrical w ith better following for the temporal to the nasal direction for the 

stimulated eye.

Parallel evidence comes from a 2-DG metabolic mapping study demonstrating
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that the pretectal LM in chicken accumulates label when a slow horizontal 

temporal to nasal moving stimulus is presenled lo Ihe contralateral eye, bul less 

label is found in the LM after nasal lo temporal stimulation (McKenna and 

Wall man, 1981).

A lesion study in pigeons implicates the LM in the neural circuitry that 

generates horizontal OKN (Gioanni et al., 1983). Lesions of the LM eliminate OKN 

in ihe conlralateral eye in the temporal to nasal direction and reduced the OKN in 

the nasal to temporal direction suggesting that the LM is essential for OKN in the 

temporal to nasal direction but also participates in OKN in the nasal to lemporal 

direction. Unilateral lesions also produce an increase in OKN when the ipsilateral 

eye is stimulated in a temporal to nasal direction and a smaller increase in the 

nasal to temporal direction. These increases suggest some kind of inhibitory or 

disfacilitatory interaction between the LM on opposite sides of the brain.

Development of Horizontal OKN in Birds

Wallman and Velez (1985) investigated the development of the directional 

asyminelry in horizontal OKN in hatchlings and older chickens. They found 

substantial asymmetries between opposite directions of stimulus motion when the 

stimulus is presented lo one eye. In hatchlings, the ability of the eye to follow in 

the temporal to nasal direction is better than in the nasal to temporal direction 

whereas in older birds this asymmetry increases due to the reduction in the 

ability of the eye to follow in the nasal to temporal direction. The authors suggest 

that the changes in OKN over the first weeks of life are related to corresponding 

changes in the anatomy of the horizontal OKN system, and in particular the 

development of the telencephalic input to the LM Coupled w ith early 

descriptions of the OKN in decerebrate birds which suggest that the OKN response 

becomes somewhat more symmetrical than in normal birds (Visser and 

Rademaker, 1934), and the analomical finding of a projection from the visual
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telencephalon lo the preteclum, it is plausible that the development of the 

lelencephalic features of the OKN circuit may mediate these developmental 

changes. However, in contrasl to the symmetrical OKN of frontal-eyed species, an 

asymmetrical adult form of horizontal OKN is exhibited by a great many lateral- 

eyed species. Wall man and Velez (1985) speculate that the influence from the 

visual forebrain lo the pretectum may be similar to that found in frontal-eyed 

mammals, bul inhibitory in nature resulting in an increase in the degree of 

asymmetry of OKN. Furthermore, this inpul may be responsible for the enhanced 

high velocity OKN responses of the older birds.

Neurophysiology

Neurophysiological investigations of the pretectal region in mammals have 

implicated the NOT as a relay nucleus receiving retinal slip signals and then 

transmiting these signals to the neural circuitry mediating horizontal OKN. The 

characteristics of single unit recordings in the NOT of cats, rats and rabbits suggest 

that units within the NOT have a rather high spontaneous discharge rate and 

respond in a non-habituating manner to the movemenl of large random dot 

pattern or striped pattern stimuli in a directionally selective manner over a large 

range of velocities.

Response Properties of the NOT in Mammals

Neurophysiological recordings of units w ithin the rabbit NOT suggest that the 

units typically maintain a discharge rate of 25-50 impulses per second and have 

large receptive fields (up to 40 by 150 degrees) in the visual streak of the 

contralateral eye. They are excited by motion in the temporal to nasal direction 

and inhibited by motion in the opposite (180 deg) direction. Most units are excited 

by temporal to nasal motion over a wide range of slimulus velocities (0.01-20 

deg/sec), and are maximally stimulated at velocities below 1 deg/sec. A stimulus
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area of 2 by 2 degrees is minimally effective in exciting NOT units w ith an 

increase in responsivily as the area of Ihe sliinulus increases. The conduction 

velocities measured in direction selective fibers in the NOT suggesl that w-fibers 

make up the bulk of retinal inputs to the rabbit NOT (Collewijn, 1975). Similar 

evidence has been reported for the rat NOT. Rat NOT units are exciled most 

frequently by slow moving (1 deg/sec) large field stimuli presented to the 

contralateral eye moving in a temporal to nasal direction (Cazin, 1980).

Neurophysiological studies of the cat NOT report similar characteristics for the 

units w ithin this area. Units in the cat NOT, found lying within the scattered 

retinal terminal fields and not w ithin dense retinal terminal clusters, were 

identified by their strong direction specific responses to slow horizontall^eslrifting 

large field slimuli (Balias and Hoffmann, 1985; Hoffmann and Schoppmann, 

1981). With a spontaneous discharge rate of 30 impulses/sec, units in the NOT are 

maximally stimulated by large random dot patterns moving in a temporal to nasal 

direction and inhibited by nasal to temporal movement over a broad velocity 

range (0.1- 100 deg/sec), although stimulus velocities between 1-10 deg/sec are 

most effective. All cells are driven by the contralateral eye and unlike in the 

rabbit and rat, 50% are also driven by the ipsilateral eye. Receptive fields of these 

units were isolated w ithin the visual streak of the retina, similar to rabbits. 

Taken together, units in the mammalian NOT have a high spontaneous discharge 

rale, respond in a non-habituating manner to the movement of a large random dot 

pattern or striped pattern stimuli, and are directionally selective. However, in the 

lateral-eyed mammals such as rals and rabbits, all units in the NOT are driven 

only by the contralateral eye. In contrast, in the frontal-eyed cat, 50% of the 

units in the NOT are also driven by the ipsilateral eye. The conduction velocities 

measured suggest that like those in rabbits, the direction selective cells in the cat 

NOT receive a direct input from retinal w-cells. In addition to the direction
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selective unils in the NOT, direction unselcclive neurons, sensitive to high 

stimulus velocities (jerk neurons), were also identified (Balias and Hoffmann, 

1985).

Response Properties of Retinal Ganglion Cells that Project to the NOT

The retinal input to the NOT has been studied in some detail in both rabbits 

and cats. Approximately one-quarter of the rabbit’s retinal ganglion cells have 

bam doscrilxxl as direction selective; that is the neurons respond maximally to 

movement in a preferred direction but do not respond to movement of the same 

stimulus in the opposite (null) direction. These direction selective cells can be 

dividal into on-off and on-type subgroups (Barlow et al., 1964) thal differ in the 

velocities to which they preferentially respond. Oyster and Barlow (1967) 

suggest that the output of the on-off units could be used as error signals in the 

optokinetic system. However, Oyster et al., (1972) measured the velocity 

preferences of both on-off and on-type units and found that the on-off cells 

scarcely responded to stimuli in Ihe velocity range of less than 1 deg/sec which is 

most effective for eliciting nystagmus in rabbits. The on-iype direction selective 

cell however, w ith  receptive fields of about 3 deg in diameter, had a markedly 

differenl velocity response curve. These units were extremely sensitive to 

stimulus velocities of less than 1 deg/sec and did not respond in the optimum 

velocity range for the on-off units. Furthermore, there was little inhibition 

evidenced in null directions al the retinal level. This data suggests that retinal 

on-type di reel ion selective cells represent the input stage of the optokinetic loop in 

the rabbit

The fact that the NOT receptive fields are very large and the relinal direction 

selective units receptive fields are small, suggests thal there is a heavy 

convergence of retinal inputs onto units in Ihe NOT. The units w ithin the NOT 

are excited by temporal to nasal motion and inhibited by nasal to temporal
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mol ion. Moreover, many NOT units respond to a large range of stimulus velocities 

(0.01 -20 deg/sec) in rabbils, and il has been suggested that both on and on-off 

retinal types converge on NOT uniis in the rabbit (Oyster et al., 1972).

lloirrnann and Slone (1985) studied the physiological properties of ganglion 

cells in the retina of the cat. All of Ihe direction selective cells they recorded 

from were w -cell types w ith  slow conducting axons. The majority of cells are 

on-center cells, as in the rabbit.. However, there is some question as to whether 

the direction selectivity of NOT cells in the cat is fu lly  determined in the retina. 

First, the direction selective ganglion cells recorded from are only a fraction o f the 

total population of w-cells antidromically activated from the NOT. Second, not 

all o f the preferred directions are strictly horizontal. Even so, these results do not 

entirely preclude Ihe notion that direction selective on-center w-cells form a 

major retinal input to the NOT. Ganglion cells which prefer stimulus movement 

in Ihe temporal to nasal direction might form the excilatory input and ganglion 

cells preferring nasal to temporal or non-horizontal movements could form the 

inhibitory input.

Response Properties of the Corticopretectal Projection

The elimination of horizontal OKN in the nasal to temporal direction after 

bilateral cortical ablation in cats suggests a role for the visual cortex in the 

optokinetic reflex. Schoppmann (1981) investigated the response properties of 

corlical cells activated antidromically from the NOT and found they were located 

in layer V of A  17 and 18. These units responded w ell to stimulation w ith  large 

area random dot patterns moving across the visual field at velocities between 1 

and 10 deg/sec. As compared w ith the NOT units, the cortical units were more 

sharply tuned for stimulus velocities, preferring faster movement. These findings 

suggest a strong convergent projection to the NOT from cortical units in A 17 and 

18.
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Subsequently, Schoppmann (1985) investigated the functional developrnenl of 

the corticopretoctal pathway to the NOT. The electrical stimulation of units in A  

17 and 18 evoked postsynaptic orthodromic activity in up to 18% of the cells in 

the NOT at four weeks of age increasing to (>()% in adult cats. In the adults, 

successful stimulation depended on the retinotopic matching of stimulation and 

recording siles. In adult cats, a high incidence of direction and velocity tuning 

was seen in NOT cells driven by the cortex as opposed to cells not driven by the 

cortex. Cortex-driven NOT cells in cats and kittens received convergent retinal 

input mainly from w-fibers and have a higher incidence of directional bias and a 

preference for a restricted slim ulus velocity range.

Response Properties of the LM in Birds

Lesion studies have suggested that the specific oculomotor function of the LM 

may be lo relay neural signals of horizontal visual field motion to oculomotor 

circuils in which optokinetic pursuit movements are generated (Gioanni et al., 

1983). In order to elucidate the role for the LM in mediating horizontal retinal 

slip signals, the response properties of single units w ithin the pigeon LM have 

been examined (Wintcrson and Brauth, 1985). Single units in the pigeon LM have 

high rates of spontaneous activity and respond exclusively to visual stimulation of 

the contralateral eye. These units are direction and velocity selective responding 

preferentially to large stimuli w ith many visual contrasts. The preferred 

directions of LM units are largely oriented along the horizontal meridian although 

a large proportion of units preferred non-horizontal directions as w ell. Preferred 

velocities for LM units ranged from 0.2 deg/sec to 80 deg/sec. More than half of 

the pigeon LM units preferred high velocities (> 10  deg/sec). Those LM units 

preferring low velocities almost exclusively preferred lemporal to nasal 

movement and were found almost exclusively in the LMmc. The large receptive 

fields appeared retinotopically organized with units in the dorsal LM having
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receptive fields in the temporal porlion of the visual field and units in the ventral 

LM having receptive fields in Ihe nasal visual field

Using the 2-DG melabolic mapping technique, McKenna and Wallman (1985) 

sludicd the postnatal changes in the responsivity of the LM lo horizontal retinal 

slip in chickens. Monocular stimulation with horizontal large field motion results 

in the labeling of the contralateral LM In hatchlings visual molion in both 

temporal lo nasal and nasal to temporal directions results in labeling of both the 

LMmc and the LMpc. In older birds temporal to nasal motion results in labeling 

of only the LMmc whereas nasal to temporal motion produces labeling in both the 

LMmc and LMpc. These results suggest that the LM continues to develop its 

response properties postnatally perhaps as a result of the postnatal development of 

a telencephalic projection.

Neuroanatomy

Ncuroanalomical sludies of the connectivity of the NOT in mammals, are 

constrained by tw o factors. First, because the NOT is a diffuse aggregation of cells, 

it is difficult to define its precise boundaries and second, because these neurons are 

embedded in the fibers o f the brachium of the superior col lieu lus, connectivity 

studies may be confounded by false-positive labeling problems as a result of the 

uptake of tracers by broken fibers in passage Consequently, there are few studies 

which describe the ncuroanalomical features and connectivity of this area in 

mammals and these need to be interpreted carefully.

Topography of the NOT

Despite the difficulty in defining the precise boundaries of the NOT w ithin the 

pretectum, certain topographical features of the NOT appear to be similar in the 

mammalian species studied. The NOT, in non-primate mammals such as rabbits 

(Kuhlenbeck and Miller, 1942), rats, mice, tree shrews, cats (Scalia, 1972;



Kaneseki ancl Sprague, 1974; Berman, 1977) and primates such as squirrel 

monkeys and rhesus monkeys (Hutchins and Weber, 1985), occupies a similar 

position in the pretectum. The NOT lies at the dorsolateral border of the pretectal 

complex and extends along its full length. The rostral pole of the NOT is anterior 

to the superior colliculus but the bulk of the nucleus also extends along its lateral 

surface for some distance. The NOT is composed of darkly staining cells collected 

in small groups or interspersed individually between the fascicles of the superior 

collicular brachium. Its cells are large compared w ith those of other pretectal 

nuclei. In addition to the magnocellular aspecl of Ihe NOT there is a parvicellular 

portion which lies medial to the large-celled subdivision, extending not quite as 

rostrally as the latter, but further caudally. 11 consists of rather densely packed 

small and medium size cells (Kuhlenbeck and Miller, 1942).

Purl her cytological information about the NOT is limited to a single Golgi 

study of the NOT in rats (Gregory, 1985) which suggests that there are three 

types of neurons within the NOT. The first, the horizontal cell, is usually found 

w ithin the superficial part of the brachium of the superior colliculus and has a 

fusiform cell body with one or tw o primary dendrites arising from each end of 

the soma. These dendrites radiate in a transverse direction parallel to the surface 

of the brachium. The primary dendrites usually branch close to the cell body 

before extending for some 300-400 /cm. Additional branching may occur more 

distally. The second type of neuron within the NOT is the large multipolar NOT 

cell which has a large to medium size soma. These cells probably account for the 

large cell bodies seen in Nissl stained sections of the NOT and are usually found in 

the more ventral part of the NOT within ils central region. In the transverse 

plane these large multipolar NOT cells have a more dispersed dendritic 

arborization pattern with more dendritic appendages and spines than the 

horizontal cells. Their dendrites extend out in a transverse plane predominantly
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parallel to the long axis of the NOT. The third kind of cell in the NOT is the 

medium and small multipolar cell. These cells have considerable variation in 

their dendritic architecture and were not classified along this criterion.

Connectivity of the NOT

There are several anatomical studies describing the afferent connectivity of the 

NOT in mammals. However, most of these studies are of the anterograde tract 

tracing variety, which describe the pat 1 cm of terminations of the afferent inputs 

within the NO!', but do not characterize the source of that input. These studies 

have identified three major inputs into the LM, the retina, the visual cortex and 

the medial terminal nucleus (MTN) of ihe accessory optic system (AOS). 

Similarly, there are few  studies describing the efferent connectivity of the NOT in 

mammals. These studies describe the effcrenl projection largels in several 

mammalian species but lack a description of the projection neurons within the 

NOT that project to these targets.

Synaptic Organization

There is little information available regarding the synaptic organization of the 

NOT in mammals. However, in cats, tw o preliminary studies have suggested that 

there are several types of terminals in the NOT, including retinal and cortical 

terminals. In one study, the NOT was examined after inlravitreal injections of 

HRP and tritiated amino acids. Most of the terminal labeling was found in large 

axon lerminals containing round synaptic vesicles and a pale mitochondrian 

matrix which terminated on presynaptic dendrites. Similar large axon terminals 

w ilh  round synaptic vesicles and pale mitochondria were previously reported in 

the dorsal lateral geniculate nucleus and the superficial gray of the superior 

colliculus and considered to be axon terminals of optic fibers (Nakamura, 1981).

In a preliminary study of the cat NOT, the ultrastructure of retinal or visual
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cortical terminals in the NOT, sludied eilher by anterograde degeneration or by 

anterograde HRP histochemistry, was classified. In all cases retinal terminals in 

the NOT were classified as RLP profiles (round and large synaptic vesicles, pale 

mitochondria) in con tad w ilh single medium to large dendrites. Visual cortical 

terminals are of two types, RSD (round, small, densely packed vesicles) and RLD 

(round, large and densely packed vesicles) profiles. Labeled RSD and RLD profiles 

lypically are found in contact w ilh  dendrites of small to medium diameter w hile 

RLD profiles are found presynaptic along various regions of dendrites. Both 

retinal and visual cortical inputs appear to terminate in clusters. In combined 

Wallerian degeneration and anterograde HRP preparations, it appear that axons 

from both retinal and cortical neurons do indeed synapse on single NOT cells 

(Hutchins and Weber, 1986).

A study of the ultrastructure of the NOT in rats describes four types of 

presynaptic terminals on neurons in the NOT. The R-terminals have round 

vesicles, electron lucent mitochondria and asymmetric contact zones; Ihe F- 

terminals have flattened vesicles, opaque mitochondria and symmetric contact 

zones. The RLD-terrninals have spherical vesicles and electron-dense mitochondria 

and asymmetric contacl zones whereas the P-lerminals have pleiomorphic vesicles 

and electron-lucent or opaque mitochondria and asymmetric synaptic thickenings. 

These different types of terminals are found in the neuropil or in clusters of 

synapses (Cardozo and Van Der Vant, 1987).

Afferent Projections to the NOT 

Retinal Projection

Early degeneration studies in which the eye was enucleated (cat: Laties and 

Sprague, 1966) or the retina lesioned (rat, mouse, rabbit, tree shrew: Scalia, 1972) 

suggest an exclusively contralateral retinal projection to the NOT. The results of 

these degeneration studies have been verified by studies using anterograde
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autoradiographic tract tracing techniques. In cats, after intraocular injections of 

labeled amino acids, labeled fibers enter the conlralateral NOT via the brachium of 

the superior colliculus. In the contralateral NOT, label is confined to two or three 

finger like strips, elongated in the dorsolateral and ventromedial dimensions. 

These strips are 150-2(30 /im  w ide and are separated by unlabeled regions 400-600 

//in wide. These strips form tw o oblique slabs oriented from posterolateral to 

anteroinedial. The labeling tends to be confined to the vicinity of the large, 

densely stained cells of the NOT. Furthermore, in contrast to the degeneration 

studies, label is also found in the ipsilateral NOT in the form of oblique strips 

though they are less dense than those on the contralateral side (Berman, 1977). 

The retinal projection 1o both the ipsilateral and conlralateral NOT has been 

verified by a degeneration study (Kaneseki and Sprague, 1974) and by an 

autoradiography study (Koontz et al., 1985) in cats.

'The retinal projection to the NOT has also been reported in primates. Hutchins 

and Weber (1985) reporl that after injcclions of labeled amino acids a dense 

aggregation of silver grains is observed over the dorsal regions of the contralateral 

NOT w ith the label becoming less dense over the ventral and lateral regions. The 

amount of ipsilaterally transported label, although present, is significantly less 

when compared w ith the contralateral side. The label in the ipsilateral NOT is 

confined to the more dorsal aspect of the nucleus in primates.

The presence of the ipsilateral pathway is apparently related to the degree of 

telencephalization of vision and to the position of 1he eyes in the skull. On the 

one hand, in lissencephalic mammals w ith laterally placed eyes, where there is 

little binocular overlap, (mice, rats, rabbits, and hamsters) the retinal input to the 

NOT is almost exclusively contralateral (Scalia and Arango, 1972; 1979). On the 

other hand, in animals where large amounts of the neocortex are devoted to 

vision, the eyes are frontally placed and there is a large degree of binocularily
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(cats and primates), an ipsilateral relinal pathway to the NOT is present in 

varying degrees d u ties and Sprague, 1%(>; Garcy and Powell, 1968; Kaneseki and 

Sprague, 1974; Berman, 1977; Hulchins and Weber, 1985),

Scalia and Arango (1972; 1979) suggest that the retinal projection to the 

pretectal nuclei in rats is retinotopically organized, Each of Ihe three 

retinorccipient pretectal nuclei receives a different map. The inferior peripheral 

retina is represented in the rostral pole of the NOT (anteromediall.y); the superior 

peripheral retina is mapped in the caudal end of the NOT (posterolaterally). The 

nasal retina is represented in ventral NOT and the temporal retina is represented 

in dorsal NOT. A similar topographical retinal projection has been reported in the 

cal. In a study of the retinal representation within the prelectum, it was found 

thal, in the ca1 as in Ihe rat, the inferior to superior retinal axis maps along the 

long axis of Ihe pretectal complex from rostromedial to caudolateral. The manner 

in which Ihe temporal to nasal retinal axis maps onto the pretectal complex was 

not described (Koontz, 1985).

Attempts to describe the retinotopic organization in the primate pretectum 

have yielded limited information. Upper and lower retinal quadrant lesions in 

the tree shrew resull in terminal degeneration within the rostral and caudal 

pretectum respectively. These findings agree with the rat data (Scalia and Arango,

1979) only so far as the superior and inferior retinal projection is concerned. 

Lesions placed in the temporal and nasal quadrants produced only minimal 

separation of terminal fields of label w ithin the complex (Hutchins and Weber, 

1985).

Few studies are available regarding the morphology of the retinal ganglion 

cells that project to the NOT, or their distribution in the retina. In a study by 

Balias et al. (1981), HRP was iontophoretically injected into the NOT and the 

retina wholemounted after NOT units were identified on the basis of their
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characteristic responses to visual stimulation and iheir antidromic activation by 

electrical stimulation from the inferior olive. The results suggest that, w ith the 

exception of a few labeled alpha cells (large cell bodies with a diameter of about 

30 /uin, very thick axons and 5-0 large dendrites), most retinal ganglion cells 

projecting to Ihe NOT were identified as gamma cells due to their small cell bodies 

and thin long dendrites. These labeled cells are found primarily along a 

horizontal band approximating the visual streak on the retina. The input to the 

NOT from the contralateral retina is 10 times more numerous than the ipsilateral 

one with the highesl concentration of labeled cells found near the area centralis in 

both retinas.

Non-retinal Afferent Projections 1o the NOT

In addition to the retinal projection, the NOT in mammals receives a projection 

from the visual cortex. In rals, after focal lesions of the visual cortex, 

degenerating terminal fibers have been reported in the pretectal area including the 

lateral and medial divisions of the NOT. Similarly, in the cat, various 

investigations have documented a projection from the visual cortex to the NOT. 

After small lesions of the visual cortical areas A 17, 18, 19, in adult cats, 

degenerating fibers have been found in the brachium of the superior colliculus 

entering the prelectum w ith degenerating terminals in the NOT (Kawamura et 

al., 1974). Another study of the corticofugal projections to the pretectum with  

discrete injections of tritiated amino acids into A 17, 18, 19 in the cat visual 

cortex suggests that there is a sparse projection from all three cortical areas to the 

NOT (Updyke, 1977). This projection is reported to originate from layer V 

complex cells in primary and secondary visual areas (Hollander et al., 1974).

To explore the possibility of postnatal developmental changes, the 

corticopreteclal projection was studied in cats from 1-13 weeks old (Schoppmann, 

1985b). l^arge injeclions of HRP into areas 17 and 18 resull in terminal labeling
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erroneous to conclude that the time of.Ihe initial appearance of terminal label 

reilects the actual birth of corticopretoctal contents. The labeling of this cortical 

input apjxars more diffusely distributed throughout the NOT than the retinal 

input. Mosl pretectal neurons receive converging retinal and cortical input, and 

the termination patterns of the retinal and cortical afferents probably reflects 

differential spalial distribution of synaptic contacts at the dendritic trees and or 

somata of recipient cells. Although the Schoppmann study replicates the earlier 

findings of Kawamura et at,(1974) and of Updyke (1977), there is some 

controversy as to whether the corticopretectal projection is fu lly  developed at 

birth. Two studies in cats suggest that the corticopretectal projection is present at 

birth in kittens (Tsumolo, et al., 1983; Stein and Edwards, 1979). The disparity 

in the results of these Iwo studies may be a result of the techniques employed 

A direct projection from the visual cortex to the NOT of rabbits has also been 

reported. After lesions of primary visual cortex, degenerating terminals were seen 

in the albino rabbit NOT (Giolli and Guthrie, 1971). A subsequent 

autoradiographic study of the projections of the visual cortex in the albino rabbit 

by ihe same authors however, did not demonstrate a projection to the NOT (Giolli 

el al., 1978). However, another autoradiographic study of subcortical projections 

of the visual cortex in pigmented rabbits suggests that the NOT does indeed 

receive a projection from the visual cortex (HoJlacnder e1 al., 1979). This disparity 

in the results is not easily reconciled Although there are no discrete boundaries 

among pretectal nuclei, it seems unlikely that a different criterion was applied in 

the identification of these nuclei by the same authors in different studies of the 

albino rabbit It seems more likely, however, in light o f the evidence that there 

indeed does exist a projection from the striate cortex in rabbits to the NOT. The 

lack of a projection from the albino rabbit visual cortex to the NOT after amino
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acid injections may be due to the incomplete sampling by injection of the entire 

VI area.

The studies mentioned above provide evidence for a projection from the 

primary visual corlex to the NOT in rats, rabbits and cats. Although the study by 

Giolli et al., (1978) failed to demonstrate terminals in the NOT, the demonstration 

of degenerating terminals in the NOT after corlical lesions in albino rabbits and an 

autoradiographic confirmation of this projection in pigmented rabbits provide 

strong support for the existence of this projection in most rabbits. Thus, the bulk 

of the evidence indicates that there indeed is a projection from primary visual 

cortex to the NOT of the pretectum in mammals.

There is little evidence available regarding other sources of afferent projections 

to the NOT. In mammals, a nucleus of the AOS have been reported to project to 

the NOT. In rabbits and rats, this projection is dense, originating from the medial 

terminal nucleus (MTN) (Yamamoto, 1979).)

Efferent Projections of the NOT

'The studies of the efferent connections of the NOT in mammals must be 

interpreted cautiously in light of the nebulous boundaries of pretectal nuclear 

masses and the fiber tracts passing through the area. Degeneration Clloh, 1977) 

and autoradiography (Graybiel, J974) studies of the NOT efferents in cats usually 

include no1 only the NOT but also other neighboring pretectal nuclei. In these 

studies the pretectal area including the NOT is shown to project to the ipsilateral 

dorsal laleral geniculate nucleus, ventral lateral geniculate nucleus, pulvinar, zona 

incerta, thalamic reticular nucleus, Field H of Forel, MTN, superior colliculus, 

mesencephalic relicular formation, interstitial nucleus of Cajal, nucleus of 

Darkschewitsch, and the dorsal cap of the inferior olive. The autoradiography 

study differs from the degeneration study in a number of ways. It suggests an 

ipsilateral projection lo the nucleus of the reticular tegmentum of the pons w hile
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Ihe degeneral ion sludy sixggesls a terminal ion in Ihe pontine nuclei. In addition, 

the autoradiography study suggests a contralateral projection to the anterior 

pretectal nucleus and the interstitial nucleus of (ajal as w ell as fibers in the 

poslerior commissure. In a study in which small injections were more or less 

confined to single nuclei of the preleclum, Berman (1977) reported that the NOT 

in cals projects to the ipsilateral pulvinar, dorsal medial geniculate (MGd), labels 

fibers in the posterior commissure and projects to the contralateral NOT and 

nucleus of the posterior commissure.

A study of the efferent project ions of the rat NOT implicates many targets 

which are similar to those in the ca1 (Terasawa et al., 1975). After lesions of the 

rat NOT, labeling was found in the ventral lateral geniculate nucleus, pulvinar, 

zona incerta, superior colliculus, pontine nuclei, nucleus of the reticular 

tegmenlum of the pons, the inferior olive, fibers in the posterior commissure, 

cont ralateral NOT, and dorsal terminal nucleus (DTN) of the AOS. The results 

differ from those in cats in that no direct ipsilateral projection to the MTN of the 

AOS was reported, and in that the investigation of ral NOT did not demonstrate 

terminal labeling in several nuclei that are reported lo be efferent targets of the 

pretectum in cats. The differences between these sludies may be related to the 

larger lesions or injections in the cat studies that included other neighboring 

pretectal structures along with the NOT. On the other hand, these differences 

may be species-specific. A study of the efferent projections of the NOT in the tree 

shrew suggests lhat the NOT projects to targets similar to those in rats and cats 

including, the ventral lateral geniculate, zona incerla, reticular nucleus of the 

thalamus, nucleus of the posterior commissure (also contralaterally), MTN of the 

AOS, superior colliculus, mesencephalic reticular formation, nucleus of 

Darkschewitsch, pontine nuclei, inferior olive and, unique to the tree shrew, 

contralaterally to Nucleus VI (Weber and Harting, 1980).



A study of the* efferent projections of Ihe rabbit NOT suggests similarities and 

differences in Ihe efferent targets of the NOT in rabbits, cats, rats, and tree shrews. 

Similar to the cat and rat, the rabbil NOT projects to the lateral dorsal nucleus, 

Ihe dorsal lateral geniculate nucleus, the ventral lateral geniculate nucleus, 

pulvinar, reticular nucleus of the thalamus, anterior pretectal nucleus, 

contralateral NOT, MTN, superior colliculus, mesencephalic reticular formation, 

pontine nuclei, and the inferior olive. Other targets of rabbit NOT efferent 

projections include Nucleus Z, MGd/posterior complex, the pretectal olivary 

nucleus, posterior pretectal nucleus, contralateral DTN (found only in ral), 

parabigeininal nucleus, medullary reticular formation, Nucleus VI, Nucleus VII 

(also contralateral), prepositus hypoglossi nucleus, and the lateral reticular 

nucleus (Holstegc and Col lew ijn, 1982). These latter efferent, targets have not 

been confirmed by retrograde labeling and indeed may be artifactual or may 

represent species-specific differences between rabbits and other mammals.

Anatomy of the LM in Birds

The results of anatomical studies of the pretectal nuclei in birds are 

confounded by a few or all o f the following problems; the lack of definition of 

nuclear groups within the pretectal area, the lack of drawings identifying the 

course of projections afferent and efferent to this area and no consistent 

nomenclature for the ill-defined nuclear groups within the pretectum. 

Particularly confusing is the use of similar names for different nuclear masses.

Topography of the LM

The suggestion has been made that the LM is homologous to the NOT of 

mammals on the basis of its similar embryological derivation and its position in 

the prefectum (Kuhlenbeck, 1942). The common embryological derivation of the 

LM in birds and the NOT in mammals from the mesencephalic tectal plate
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provides the most basic structural evidence for the homology of the avian LM to 

the mammalian NOT. Furthermore, the posilion of the LM within Ihe prelectuin 

as described by Kuhlenbeck (1939) is similar to that described for the. NOT by 

Kuhlenbeck and Miller (1942). According to this study (Kuhlenbeck, 1939), the 

magnocellular portion of the LM (LMmc) forms the mosl rostral and dorsal part 

of the mesencephalic lentiform group located in the angle between the dorsal and 

venlral rami of Ihe optic tract. Its’ cells are larger and stain darker than other 

cells in the pretectum. It receives fibers from the optic tract and has fiber 

connections with the tectum and olher pretectal nuclei. Inlernuclear fibers 

connect it with the laterally positioned parvicellular portion of the LM, the LMpc. 

The LMpc is an extensive part of the lentiform nucleus consisting of irregularly 

scattered small and medium size cells. This cell mass has connections w ith  the 

ventral teclo-thalamic tract and direct short connections with the tectum and 

other prelect al nuclei.

The topographical and cytological features of the LMmc in chickens have been 

described by Gottlieb and McKenna (1986). In coronal sections, the LMmc in its 

most rostral aspect appears as a crescent shaped struclure embedded in the optic 

tract; it is concaved medially and contains darkly slained large neurons. In its 

rostral aspect, the LMmc is located medial to the most rostral tip of the optic 

tectum and lateral lo the superficial synencephalic nucleus (SS). In more caudal 

sections, the LMmc lengthens dorsoventrally extending between the optic tract on 

both dorsal and ventral surfaces of the midbrain, narrowing in its mediolateral 

aspect At the ventral aspect of this nucleus, large cells are seen extending into 

the optic tract; this clump of cells is seen extending caudally to the level of the 

lateral nucleus of the basal optic root (nBORl).

The LMmc is reported to contain both large and small neurons. These neurons 

are separated from one another by myelinated fibers running 1 jet ween and around
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the cells. The cytological features of large neurons include a sinoolh contoured 

cytoplasmic membrane and an eccentrically located nucleus. The cytoplasm 

contains large clumps of rough endoplasmic reticulum (RER). The shape of the 

large neurons varies from round to elongated. The small neurons, similar to the 

large, have an eccentrically located ovoid nucleus but unlike the large neurons, do 

noi contain clumps of RER (Gottlieb and McKenna, 1986). No such description is 

presently available for the LMpc.

H is the unique topography of the LM that distinguishes it from its pretectal 

neighbors. The commonly used atlas of the avian brain by Karten and Hodos 

(1967) employs to some degree the nomenclature proposed by Kuhlenbeck (1939) 

in defining the pretectal region of birds. However, much like the other available 

atlases of the avian brain (which utilize a dilferent nomenclature) (Huber and 

Crosby, 1929; van Tienhoven and Juhasz, I960) they lack a precise definition of 

the various nuclear groups within this region. Although more recent 

investigations of primary visual centers in the pretectum of birds (Reperant, 1973; 

Ehrlich and Mark 1984a; Garnlin and Cohen, 1988a) provide relatively precise 

schematic illustrations, they in turn lack a consistent nomenclature applied to 

nuclei in this area. Most frequently, the LM is defined as consisting of tw o  

subdivisions, by Kuhlenbeck (1939) and Gottlieb and McKenna (1986), but is 

designated as tw o different nuclei by other authors. Both Huber and Crosby 

(1929) and Ehrlich and Mark (1984a) designate the LMmc as the nucleus extern us 

(M i) and the LMpc as the tectal grey (GT). An alternative nomenclature utilized 

by Reperant (1973) is the superficial synencephalic nucleus (SS) for the LMmc 

and the nucleus griseum teclalis (GT) for Ihe LMpc. This area should not be 

confused with the area of medium size cells medial to the LM and lateral to the 

nucleus rotundus designated as the SS by Ehrlich and Mark, (1984), Huber and 

Crosby, (1927) and Gottlieb and McKenna (1986) (for a complete review of
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alternative nomenclatures for the preleclal nuclei see Ehrlich and Mark, 1084a).

Gamlin and Cohen (1088a) choose lo name the LMmc of Kuhlenbeck (1930) 

and Gottlieb and McKenna (1986), the LM lateralis, the SS of these authors the 

LM rnedialis, and the LMpc, the griseum lectalis. This latter terminology for the 

LMpc is that of Reperant, (1973) and Ehrlich and Mark (1984a). The 2-DG 

metabolic mapping study of McKenna and Wall man (1981) confirms the definition 

of tw o subdivisions w ilhin a single LM nucleus and follows the nomenclature 

used by Kuhlenbeck (1939). The accumulation of 2-DG metabolic marker in 

response to horizontal large field motion in both subdivisions of the LM lends 

further support lor this definition. Moreover, the labeling of the LMmc and not 

the LMpc in response to temporal to nasal large-field motion suggests that the LM 

region is indeed one nucleus w ilh tw o functional subdivisions*

Connectivity of the LM

There are a few anatomical studies that describe sources of afl'erents to the LM 

of birds. These studies have identified three major inputs to the avian LM from 

the retina, visual telencephalon, and the nBOR of the AOS. However, these 

studies use anterograde labeling to describe the pattern of terminations rather than 

characterizing the source of that input. Furthermore, as a consequence of the poor 

definition of the pretectal nuclei in birds, there is only one study of the efferent 

projections of the LM in pigeons which itself is confounded by an altogether new 

nomenclature and different definition of the LM region.

Synaptic Organization

Ultrastructural evidence suggests that tw o types of axosomatic profiles and 

three types of axodendritic profiles are present in the LM  Both large and small 

neurons in the LMmc have axosomatic synapses with the larger neurons having a 

somewhat greater number. Presynaptic profiles were classified into tw o categories
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based on the presence of round (lype R) or Hal (type F) vesicles. Type R 

presynaptic profiles contain round vesicles, 55-60 nm in diameter, relatively large 

mitochondria, and form asymmetrical synapses. The Type F presynaptic profiles 

contain mostly llal synaptic vesicles 25-.30 by 60 nm and account for 80% of all 

presynaptic profiles forming axosomatic synapses. The Type F profile usually- 

contains relatively few , small mitochondria and form symmetrical synaptic 

contacts w ith the cell soma (Gottlieb and McKenna, 1986).

In addition, tw o types of axodendritic profiles and a third dendrodendritic 

profile were classified. The Type R axodendritic profile is largest and most 

numerous (about 67%). It contains large, round synaptic vesicles and often 

synapses on several dendritic profiles. The Type F axodendritic profile contains 

flat vesicles and accounls for about 32% of all axodendritic synapses examined. 

The third type of presynaptic profile encountered only occasionally is reporled to 

Ix* dendrodendritic w ilh  a small number of pleiomorphic vesicles. The five 

different types of axonal lerminals, tw o types of axosomatic profiles, two  

axodendritic and one dendrodendritic profiles may represent different sources of 

afferent input into the LM of chickens (Gottlieb and McKenna, 1986).

Retinal Projection to the LM

The termination of retinal axons w ithin the LM in birds has been reported by 

various investigators. Although the nomenclatures differ as mentioned above 

Cowan et al. (1961), Reperant (1973), Hhrlich and Mark (1984a), Gamlin and 

Cohen (1988a), and Gottlieb and McKenna (1986) all reported thal there is a 

predominantly contralateral projection from the retina to the LM as well as other 

pretectal structures. Both Cowan el al. (1961) (pigeons) and Ehrlich and Mark 

(1984a) (chickens) reported thal degeneration and autoradiography studies 

revealed a strong retinal terminal field within the NE and GT. Similarly, 

Reperant (1973), reports a similar strong contralateral retinal projection to the SS



(corresponding to the LM region). Golliieb and McKenna (1986) reports that the 

LMrnc receives a relatively dense retinal input as compared w ith  the LMpc. Both 

LMrnc and LMpc receive their retinal aik rents primarily from the contralateral 

eye although 1here is an additional sparse ipsilaloral projection from the retina to 

this nucleus. However, all of these above-mentioned studies are of the 

anterograde variety and provide no information concerning the source of the 

retinal input, a description of 1he projection neurons nor their distribution.

Both Ehrlich and Mark (1984b) (chickens) and Gamlin and Cohen (1988a) 

(pigeons) report a topographical organization of the retinal projection to the LM 

region. Comparisons of the results from these studies are extremely difficult due 

to the differences in the identification of the nucleus, in the nomenclatures used 

and in the interpretation of the results. Both of these studies, one using small 

laser lesions (Ehrlich and Mark, 1984b) and the other using small injections of 

tritiated amino acids (Gamlin and Cohen, 1984a) demonstrate that the superior 

retina projects to the ventral LM and the inferior retina to the dorsal LM. The 

projections from the temporal and nasal portions of the retina have not been 

mapped convincingly in either of these studies as they do not sample large 

portions of the retina including the superior nasal quadrant.

Nonretinal Afferent Projections to the LM

Studies describing the telencephalic input to the LM region have utilized 

various avian species including pigeons, chickens, ravens, African lovebirds, owls, 

and herring gulls. Adamo (1967) in a degeneration study of the visual 

telencephalon or W ulst in chicken, lovebirds and ravens, describes an efferent 

projection from the Wulst to the pretectal area. However, no clear schematic 

drawings are provided nor is there any definition of nuclear groups within the 

pretectal area on the drawings provided. Karlen et al., (1973), in a degeneration 

study of the ow l and pigeon visual telencephalon also described an efferent
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projection to the pretectal nuclei bul do not define nor schematically represent the 

sjjecific nuclei w ithin the pretecluin which receive this projection. Miceli et al. 

(1978; 1985), in an autoradiography sludy of the pigeon, chicken, herring gull 

visual telencephalon, described in lar greater detail the efferent projections of the 

Wulsl lo the pretectum. However, the authors adopted a specific nomenclature 

wilhout providing detailed schematic drawings for this poorly defined area and as 

a result definitive comparisons of the telencephalic projection to the LM among 

these species cannot be made. Furthermore, all of the above studies simply 

reported the existence of terminals from the visual telencephalon within the LM 

without defining the morphology of the projection neurons, their distribution 

within the visual 'Wulst or the topography of this projection to the LM

The LM in birds is also reported to receive and afferent input from the nBOR 

of Ihe AOS. Brecha et al. (1980) in an autoradiography study of the nBOR, report 

that after injections of the nBOR ipsilateral terminal labeling is found within the 

LM in pigeons. A unilateral injection of HRP that included the LM retrogradely 

labels medium and large cells in all three subdivisions of the nBOR (Brecha et al.,

1980).

Efferent Projections of the LM

The only available study of the efferent projections of the pretectal nuclei in 

birds is that of Gamlin and Cohen (1988b). However, the interpretation of this 

study in pigeons is confounded by an altogether different nomenclature proposed 

for pretectal nuclei and by a different definition of the LM region. Furthermore, 

only one injection into the LM region is illustrated. However, if  the LM of 

Gamlin and C'ohen (1988b) at leasl in part coincides with the LMrnc as defined by 

Kuhlenbeck (19.39) and Gottlieb and McKenna (1986), the LM region has 

predominantly descending projections to the inferior olive, the cerebellum, parts 

of the laleral ponline nucleus, the nucleus papillioformis, the nucleus of the basal



33

optic root, pars dorsalis, the nucleus incsencephalicus profundus, pars ventralis, 

the nucleus principalis precommissural is, and the stratum cellulare externum. 

The LM may project lo the optic tectum and the medial pontine nucleus. 

Att empts to verify these apparent ell cron I projections of the LM using retrograde 

techniques were conducted only for the cerebellum, ventromedial pons, and the 

inferior olive. These resulls suggest that a separate population of cells in the LM 

region were labeled after these injections. Thus, large cells in the LM project to 

the cerebellum, small cells projecl to the inferior olive, and medium cells within  

the LM project to the medial pontine nucleus. These results, however, must be 

interpreted carefully in light of the identification of the LM offered by these 

authors (Gamlin and Cohen, 1988b).

Additional evidence for some of the efferent targets of the LM region comes 

from 11RP studies of the inferior olive, lateral pontine and tectum. The retrograde 

filling of cells w ilhin the LM region after injections into these targets suggests 

that the LM projects lo the ipsilateral optic tectum (Brecha, 1978), the lateral 

pontine nucleus and the cerebellum (Clarke, 1977), and the inferior olive (Brauth 

and Karlen, 1977).
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Chapter 3: MI-THODS

Subjects

White Leghorn chickens Uiallu.s iiullus Jtmcsticus) of both sexes were used in 

Ihis study. All of the subjects were hatched, raised and housed in our laboratory 

under standard conditions, hive lo six week old chickens were used in the 

histological study of the pretectal nuclei and the tract tracing portions of the 

study, whereas both hatchlings and six week old chickens were used in the 

developmental portion of the study. For the metabolic mapping study, tw o to 

three week old chickens were used in the metabolic mapping study.

Subjects used in the tract tracing experiments were administered 0.5 cc of 

0.685% Atropine and anesthetized with 20mg/100g of Ketaset (Bristol 

Laboratories) and 12mg/100g of chloral hydrate solution (Fort Dodge Laboratories) 

and placed in a modified pigeon holder on a Kopf stereotaxic frame. The beakbar 

was adjusted so that a line between it and the ear bars formed an angle of 25° 

with the horizontal axis of the stereotaxic frame, approximating the position of 

the head in a free-standing chicken (personal observation). The adopted 

coordinates of the areas studied were determined in preliminary lesion 

experiments. After the individual injections were completed the injection 

micropipette or syringe was removed, the hole through the skull was cleaned, 

packed w ith Gelfoam, and the skin sutured.

Histological Study

To study the LM and its neighboring nuclei at the light microscopic level, 

animals were anesthetized with sodium pentabarbitai (60mg/kg IM) and perfused 

intracardially with a 0.75% saline solution followed by 10% buffered formalin 

followed by a 10% sucrose in 10% buffered formalin wash. After fixation, the 

animals were decapitated and the brains excised and postfixed in a 20% sucrose
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formalin solulion for seven days. Following postfixation, the brains were either 

embedded in paraffin, sectioned al 10 /cm thick in the coronal, sagittal or 

horizontal planes and stained following a standard Klftver-Barrera staining 

protocol, or tissue was frozen and sectioned in a coronal plane at 25 /cm and 

stained for Nissl substance using a standard cresyl violet staining protocol.

Horseradish Peroxidase (HRP) Experiments

To sludy the retinal aiferents to the LM, intraocular injections of 1-10 /cl of 

1% HRP-WGA (Sigma) or 0.1-0.5 /cl of 1% BHRP (Lisl Biological) were made in 

either eye with a Hamilton syringe. For intracranial injections, either pressure 

injections of 0.1 -0.5 /cl of 20-30% HRP (Boehringer Mannheim Grad 1) with a 

Hamilton syringe or iontophoretic injections w ith a glass micropipette, 10-40 /cm 

in diameter at the tip, filled with 20-40% HRP (Boehringer Mannheim Grad 1) in 

.05M Tris-HCl buffer, pH 8.0, were made through a hole in the skull 3 mm wide, 

drilled over the desired region of the brain. For iontophoretic injections, a positive 

DC' current of 1.5 /cA was applied on an alternating cycle (7 seconds on, 7 seconds 

off) for 45 to 75 minutes. In ail cases, a continuous negative current of 0.15 /cA 

was passed during the removal of the micropipette to prevent passive leakage of 

HRP.

Following survival times of 22-66 hours, the subjects were anesthetized, with  

65 mg/kg of Nembutal, then perfused intracardially w ith 0.75% saline solution 

followed by a mixture of 1% paraformaldehyde and 1.25% glutaraldehyde in 

0.1M phosphate buffer, pH 7.4 rinsed w ilh a 10% sucrose in 0.1M phosphate 

buffer, pH 7.4 solution at. 4° G. Brain tissue was then sectioned at 40 /cm in the 

coronal plane and the sections collected in 0.1 M phosphate buffer and processed for 

HRP histochemistry.

To visualize the injecled HRP, tw o different chromogens were used. Use of 

the benzidine dihydrochloride (BDH) chromogen resulted in clear visualization of
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the center of the injection sile. For this procedure, serial sections that included 

Ihe LM were preincubated in a BDH, acctale buffer and sodium nitroprusside 

solution for 25 minutes (Mesulam, 1970). After stabilization, the sections were 

rinsed in water, mounted, air dried, and counterstained with 1% neutral red for 

Nissl substance. Injection sites were marked on drawings of coronal sections 

through the pretectum and subsequently photographed.

Because of its high sensitivity, the tetramethyl benzidine (TMB) chromogen 

w as used to visualize the retrogradely labeled ganglion cell bodies and 

anterogradely projecting fibers and terminals (Mesulam, 1978). Brain tissue 

sectioned al 40 /tm was preincubated in a TMB and sodium nitroprusside solution 

for 20 minutes and then incubated in a similar fresh solution w ith hydrogen 

peroxide for 20 minutes. Afterwards, the reaction product was stabilized by 

rinsing in an acetate buffer solution. Tissue was then mounted on gelatinized 

slides, dried and alternating sections counterstained with 1% neutral red.

To identify HRP-labeled retinal ganglion cells, retinas in eyecups were 

preincubated in a TMB and sodium nitroprusside solution for 40 minutes and then 

incubated in a similar fresh solution with hydrogen peroxide for 40 minutes; the 

reaction product was stabilized by rinsing the lissue in an acetate buffer solution. 

After stabilization, the eyecups with the retinas were embedded in albumin- 

gelatin blocks and fixed in formalin vapors for 2-3 days.

The proper orientation of the chick retina was crucial to the assignment of 

ganglion cells in the retinal quadrants. The oriental ion of the major landmark in 

the chick retina, the pecten, was determined in tw o birds in the following  

manner. The head of the perfused subject was placed into the stereotaxic 

apparatus with the beakbar adjusted as previously described and the outer portion 

of the eye removed thus exposing the retina. At this head orientation, the pecten 

w as found in the temporal inferior retina at a 78° angle from a horizontal line
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drawn al its base. Every efl'orl was made to position the retinas in the albumin- 

gelatin blocks at this angle. The eyecups were then sectioned in a iransverse 

plane from inferior to superior at 40 /an; every fourth section was mounted on 

gelatinized slides air dried and subsequent ly counlerstained with 1% neutral red.

To reconstruct the retinas all sections were projected and drawn at a 

magnification of ]7.5x. HRP labeled cells, which were identified in the light 

microscope, were marked in their appropriate positions on the drawing of the 

individual sections. Next, the length of each section, the positions of each 

conspicuous group of labeled cells and of the pecten relative to the midpoint of 

each section were measured using a digitalizing tablet coupled w ith a computer 

programmed with the appropriate software algorithm. With these measurements 

the retinas were reconstructed according to the equidistant, polar projection of 

Galifret (1% 8). This method, which assumes that the retina is a hemispherical 

shell, involves projecting the retina onto a plane tangent to the polar end of the 

hemisphere; Ihe height of the center of the projection is chosen such that the 

projections of iw o  equal arcs on the retina are equal on the tangent plane. Those 

reconstructed retinas in which the alignment of the pecten deviated from the 78° 

angle established previously, were rotated along a central axis until they were 

properly oriented. To determine whether the regional distribution of the total 

ganglion cell population in the reconstructed retinas resembled that of a whole 

mount of a chick retina reported by Ehrlich (1981), a retina from an uninjected 

animal was reconstructed as described above, and the total population of ganglion 

cells estimated by counting retinal ganglion cells a1 100 /cm intervals and 

marking them on the drawings. A close agreemenl w as found between the 

distribution of the retinal ganglion cells in the reconstructed and in the 

wholemount retinas.

A total of 304 ganglion cell sornata were drawn at a magnification of I890x
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w ith  a Zeiss microscope equipped with a drawing lube. Only those neurons whose 

somata appeared completely filled w ilh  HRP reaction product were drawn. The 

areas of the cells were measured with the aid of a computer interfaced with a 

digili/.ing pad. A chi-square test was performed in order to determine whether 

more than one population of retinal ganglion cells could be identified based on cell 

size. Next, the long and short axes of each cell body were measured from the 

drawings and the ratios were calculated. To determine whether there was a 

correlation between these ratios and the size of the cell bodies, a scatter diagram 

was constructed and the correlation coefficient was calculated.

To analyze the results of the other retrograde and anterograde tracing 

experiments, brain sections were magnified on an Aus Jena projeclor at 17.5x and 

drawn. For the retrograde experiments, HRP-labeled neurons, were identified and 

drawn at a magnification of 1890x on a Zeiss microscope equipped with a drawing 

tube and marked in their appropriate positions on the individual drawings. Only 

those neurons whose somata appeared filled w ith HRP reaction product were 

drawn. The long and short axes of these neurons were measured with an eyepiece 

reticule; these neurons were then classified according to the size of their longest 

axis. Some of these neurons were photographed.

For the anterograde experiments, HRP-labeled fibers and terminals were 

identified in both stained and unstained sections, wilh both light and dark-field 

microscopy, and drawn in their appropriate position on the brain section drawings. 

The criteria for determining terminal labeling within structures included both the 

finding of fibers entering these areas and the appearance of terminal labeling. 

Hxamples of HRP-labeled terminals in the various efferent target areas of the LM 

were photographed.

Met abolic Mapping Study

For the metabolic mapping study of the retinal projection to the LM, selected
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portions of the retina were visually stimulated by first covering the eyes with  

hem Excluders that allowed vision in only half of the retina, and then placing 

the animals in an optokinetic drum that rotated on a vertical axis. Since the eyes 

move in response to this visual stimulus, resulting in the exposure of larger areas 

ol the retina than the occluded portion, the eyes were immobilized w ith  an 

adhesive. For this procedure, animals were anesthetized with halothane and a 

small incision was made in the skin and conjunctiva above the eye, close to the 

upper border of the orbit, exposing the posterior part of the eyeball. The eye was 

displaced slightly and a drop of Histoacryl surgical adhesive (Braun Meslungen) 

placed at the back of the eye to adhere the eye to the orbit Repeated observations 

of the eyes during stimulation in an optokinetic drum indicated that, the 

procedure resulted in minimal eye movements. After .recovery from the 

anesthesia, both eyes were covered w ith translucent hemi-occluders that exposed 

only the superior inferior, temporal or nasal retina.

All subjects were injected intravenously into the brachial vein w ith  14C-2- 

deoxy-D-gJucose (0.16 /iC/gm; specific activity 300-350 rnCi/mM) (Amersham) 

placed immediately into an acrylic container w ith a beak bar used to immobilized 

the head and then into the center of a vertically striped drum. The drum rotated 

on a vertical axis by means of a variable speed motor at 4-5 deg/sec or at a 

variable speed (40 deg/sec the first 10 min and then 4-5 deg/sec). Because both 

eyes were open one eye viewed temporal to nasal motion and the other viewed 

nasal to temporal motion. After 45 minutes animals were removed injected with  

an overdose of urethane and decapitated. The brains were subsequently processed 

according to a protocol described previously (McKenna and Wallman, 1985a).

The same sections used for autoradiography were later stained with thionine, 

drawn at a magnification of 17.5x, and superimposed on the corresponding 

autoradiograms to identify the 14C labeled portions of the LM. These drawings
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were then charted on drawings of coronal sections of the preteclum similar to 

those used in the HRP study.

Amino Acid Autoradiography Study

For the anterograde tracing of the telencephalic projection to the LM and the 

efTerenl projections of the LM, iontophoretic injections of 3H proline and 3H 

leucine cocktails (1:1 ratio, 10-30 /uCi/yttl; New England Nuclear) in .01M acetic 

acid were made using a single barrelled micropipette, 10-40 fim  in diameter at the 

tip. For injeclion, a positive DC current of 1.5 fiA  was applied on an alternating 

cycle (7 seconds on 7 seconds off) for 45-75 minutes. Following survival periods 

from 3 to 5 days, chicks were anesthetized, perfused w ith 10% formalin and brain 

tissue postfixed for seven days in 30% sucrose-formalin. Brains were then 

sectioned at 40 /tun; sections were mounted, dehydrated and coated with Kodak 

emulsion for an exposure time of 4-b weeks. Following exposure to emulsion, the 

sections were developed in Kodak D-19 developer and alternating sections 

counterstainecl w ilh  cresyl violet stain. Sections were then magnified at 17.5x on 

an Aus Jena projector and drawn. After viewing sections under both light and 

dark field illumination, terminal labeling was marked on the drawn sections. 

Examples of terminal labeling were subsequently photographed.
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Chapter 4: IUI: TOPOGRAPHY OF THH LM IN THE CHICKEN PRETECTUM

Ini roduct ion

In vertebrates, a nucleus in the prelect a 1 region has been implicated in the 

processing of horizontal retinal slip signals, ie., slow large field horizontal visual 

mol ion across the retina, and in mediating the generation of horizontal optokinetic 

pursuit, II has been previously suggested that this area in birds, the LM, is 

homologous to the NOT in mammals (Kuhlenbeck and Miller, 1942). To further 

validate this notion of homology between the avian LMand the mammalian NOT, 

a study of the anatomical connectivity of the LM was essential. As noted 

previously, anatomical investigations of the pretectal region in birds have been 

hindered both by the difficulty in defining the small and diffuse nuclei within  

this region and by the various nomenclatures adopted by authors. The commonly 

used atlases of the avian brain (Huber and Crosby, 1929; Kuhlenbeck, 1937; van 

Tienhoven and Juhasz, I960; Karten and Hodos, 1967) provide only a scant 

representative illustration of the pretectum and lack a precise definition of nuclear 

groups within this region. Although more recent investigations of primary visual 

centers in ihe pretectum of birds (Reperant, 1973; Ehrlich and Mark, 1984; Gamlin 

and Cohen, 1988a) provide relatively precise schemalic illustrations, they, in turn, 

lack a consistent nomenclature for the nuclei in this area.

Prior to initiating a study of the connectivity of the chicken LM, a precise 

topographical definition of the LM within the chicken pretectum was needed. In 

the present study, a combination of staining and tract tracing techniques were 

used to define the Ihe location of the retinorecipient LMand its subdivisions in the 

pretectal region.
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Results

The LM in chicken was initially identified on the basis of its position in the 

prctectum and its cellular composition. The LM was found in the pretectum, 

medial lo Ihe rostral optic tectum and extended between the dorsal and ventral 

oplic tracts, lateral to another retinorecipient pretectal area, the superficial 

synencephalic nucleus (SS) (see hhrlich and Mark, 1984 for alternative 

nomenclature). Although the nucleus measured 1.5 mm in its rostrocaudal extent, 

most of the LM lies in the rostral 650 yum; at this point it tapered to a small 

ventral group of cells (Fig. 1) that could be traced caudally to the level of the 

nucleus of the basal optic root (nBOR) of the accessory optic system (AOS).

As it was traced caudally in coronal sections through the prctectum, the LM, 

which is composed of tw o portions, a magnocellular portion (LMrnc) and a 

parvicellular portion (LMpc), appeared as a thin sheet-like nucleus (Fig. 1), 

measuring approximately 350 pm in its mediolateral extent. In coronal sections 

treated w ith Klftver-Barrera stain, a1 its rostral pole the LM first appeared as the 

LMrnc with its large neurons measuring between 20-39 yum in diameter embedded 

in the optic tract. These neurons, as w ell as smaller ones, were dispersed among 

the stained myelinated fibers of the optic tract running between and around the 

cells (Fig. la and 2a). Further caudally, the LM lengthened dorsoventrally 

extending between the dorsal and ventral optic tracts (Fig. lb-d). Approximately 

200 /iin from the rostral pole, the smaller cells of the LMpc (9-19 pm in 

diameter) appeared medial to the optic tectum, and lateral to the large neurons of 

the LMrnc (Fig. le  and 2b). Beginning at approximately 300 pm  from the rostral 

pole (Fig. Ig), the LMrnc narrowed into a thin line of large neurons extending 

dorsoventral ly and lying on the extreme medial border of the LM, subsequently 

becoming separated into a dorsal and ventral limb by the intrusion of the LMpc 

(Fig. li,j). In more caudal regions, at approximately 500 pm  from the rostral pole
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(Fig. Ik and 2c), the LMpc began lo separate into a dorsal and ventral limb by the 

narrowing of its rnediolateral aspect so thal by approximately 600 /cm from the 

roslral pole (Fig. 11, m) the LMpc was completely separated into a dorsal and 

venlral componenl and began merging with Ihe layers of the OT (Fig. In, o, p and 

2d). Further caudally, the dorsal component of the LMrnc disappeared and the 

ventral limb consisted o f only a few large neurons which were embedded in the 

venlral optic tract. These LMrnc neurons could be traced caudally for another 900 

/cm until they merged with the lateral subdivision of the nBOR (nBORl). When 

viewed in the parasagittal plane, the LM is ovoid in shape w ith an indentation at 

the caudal surface.

The LM was easily distinguished from the SS in the Klfiver-Barrera stained 

sections on the basis of their position within the pretectum an,d their different cell 

sizes. The SS, although also a crescenl shaped nucleus, w as already found to be 

elaborated rostral to the rostral pole of the LM Further caudally, where the LM 

and SS lie adjacent to one another the strikingly large cells of the LMmc, 

extending from dorsal to ventral at the medial border, formed a rather distinct 

boundary between the LM and the small cells of the SS (Fig. 3). Furthermore, the 

fiber matrix within which the cells of the LMmc are situated was not. apparenl in 

the SS, clearly defining it from the LM Further caudally, approximately 200 /cm 

from the rostral pole of the LM the SS was found medial only lo the ventral 

portion of the LM and was clearly separated from it by a distinct thin fiber tract.

An alternale method of demarcating the extent and boundaries of the LM was 

provided by the visualization of the retinal afl'erents w ith in  the LM after 

intraocular injections of HRP-WGA or B11RP. There w as no difference in the 

results after HRP-WGA or BHRP injections. As illustrated in Fig. 4, labeled 

terminals were found throughout the contralateral LM and were confined to the 

same areas of the pretectum that had been designated as LMmc and LMpc
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respectively in the KHiver-Barrera stained sections (compare 2a-d w ith 4a-d). In 

addition, the intraiKular injections of HRP allowed for the visualization of the 

retinal terminals on the neurons of the LMmc in the ventral limb in the 

caudalmost. portions of the LM until they merge w ith the nBORl. The density of 

label w ithin the LMmc suggested that its neurons receive a relatively strong 

retinal input as compared with the LMpc. Like other primary visual structures in 

the chick, the LM receives its retinal afferents primarily from the contralateral 

eye, though careful examination of the LM ipsilateral to the injected eye revealed 

the presence of a sparse retinal input into this nucleus.

Discussion

Much of the confusion regarding the definition of the LM is the result of a 

lack of serial schematic drawings defining the position of the LM relative to the 

SS nucleus in the pretectum of birds combined w ith  several different 

nomenclatures adopted by different authors (see Ehrlich and Mark, 1984a). The 

representative schematic drawings of Huber and Crosby (1929) and Reperant 

(197.4) refer lo the LM as the nucleus superficialis synencephalis (SS) whereas 

Ehrlich and Mark (1984a) have divided this area into the nucleus externus (NE) 

and the griseus tectalis (GT). This same area is designated as the LM in the atlas 

of Karten and Hodos (1967) and agrees w ith the definition of the LM by 

Kuhlenbeck (1936). This latter nomenclature, adopted for the present study 

(Table 1), is chosen for several reasons. Firsl, one can distinguish this area from 

the adjacent crescent shaped SS region withoul changing familiar terms (we 

certainly do not'need more new names for the LM!). Second, the nomenclature for 

the LM is derived from embryological investigations of the pretectal cell masses 

which suggest that both the LMmc and the LMpc are derived from the 

mesencephalic tectal plate (Kuhlenbeck, 1936). Defining tw o separate areas (NE 

and GT) within the LM region is based on cytoarchitectural criteria and is of little
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use in comparing this avian preteclal region with that of other mammalian 

species. Third, metabolic mapping studies in chickens have described both the 

LMmc and the LMpc as being responsive to horizontal large field visual motion 

implicating both subdivisions in the horizontal optokinetic reflex (McKenna and 

Wallman, 1981; 1985a). This has been verified in the present study (see next 

chapter).

The coronal sections stained w ith  Klfaver-Barrera stain, clearly labeled the 

fiber tracts and nuclei of the chick pretectum allowing for a precise description of 

the topographically complex LM nucleus along its entire rostrocaudal extent. The 

Klfiver-Barrera stained sections showing the strikingly large cells of the LMmc, 

form a distinct medial boundary between the LM and the SS. Furthermore, these 

large cells are embedded in a matrix of optic nerve fibers.- These features are 

unique to the LM and not the SS and allows one to clearly distinguish between 

the LM region and the more medial SS. This distinction is important as several 

authors have included the SS into their definition of the LM area (LM-PTO 

complex: Brecha, 1978; LMm/LMl: Gamlin and Cohen, 1988a).

The terminal labeling seen after intraocular injections of HRP indicates that 

retinal aflTerents that are almost exclusively contralateral are distributed to all 

parts of the LMmc and LMpc though the innervation to the magnocellular 

division is more dense. These results are similar to those reported by Ehrlich and 

Mark (1984a) for the NE and GT after retinal laser lesions and injections of 

tritiated amino acids.

This investigation defines clearly the topography of the LM within the 

pretcctum and distinguishes it from the adjacent SS. Thus, in conjunction with  

the neurophysiological and 2DG metabolic mapping studies which functionally 

implicate both the LMmc and the LMpc in the horizontal optokinetic reflex, the 

results presented here clearly support the claim that the LM is a single nucleus.
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The designation of the LM as a pretectal nucleus also bears some consideration. 

11 has been suggested that ihere is a unifying 1heme among retinorecipient nuclei 

designated as pretectal in nonmammalian vertebrales. Characteristics such as the 

embryological derivation from the leclal plate and any other features that reflect 

a paltern which parallels that of the ted urn are representative of this unifying  

theme (Fite, 1985). According to this notion, the LM should be considered a 

preleclal nucleus whereas the SS, which is also a retinorecipient area but is 

presumably derived from the thalamic plate (Kuhlenbeck, 1939), should not be 

considered as such. Thus, il is questionable whelher the prelectum, generally 

defined as an area on the basis of location adjacent, to or nearby the tectum, can be 

considered a single entity.

Comparison w ith  Mammals

The topographical features o f the avian LM mentioned above are similar to 

those of the mammalian NOT. The NOT of nonprimate mammals such as rabbits 

(Kuhlenbeck and Miller 1942), rats, mice, tree shrew, cats (Scalia, 1972) and 

primate mammals such as the squirrel and rhesus monkeys (Hutchins and Weber, 

1985) is located similarly within the brachium of the superior colliculus. Its 

rostral pole is anterior lo the colliculus but the bulk of the NOT extends along its 

lateral side for some distance. It is composed of darkly staining cells collected in 

small groups or interspersed individually between fasicles of the collicular 

brachium. Its cells are large compared with those of other pretectal nuclei. In 

addition to the magnocellular aspect of the NOT, there is a parvicellular portion 

which lies medial to the large-ceiled subdivision extending not as far roslrally as 

the latter but further caudally. It consists of rather densely crowded small and 

medium sized cells (Kuhlenbeck and Miller, 1942).

The similarity between the LM and NOT also extends to their embryological 

derivation. Kuhlenbeck and Miller (1942) demonstrated that the LM in birds and
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the NOT in rabbits ancl humans nol only occupy a similar position in the 

prctectum but are also derived from a homologous precursor, the mesencephalic 

tectal plate.

It has been suggested by Campbell anil Hodos (1970) that the concept of 

homology in the nervous system should be based on various types of data 

including similarities in embryological derivation, topology, topography, 

morphology of neurons, behavioral changes resulting from lesions, 

neurophysiology, and fiber connections. Thus, the available metabolic mapping, 

neurophysiological and embryological studies taken together w ith the 

topographical and cytoarchitectural data presented here provide evidence for the 

homology of the avian LM and the mammalian NOT. This w ill be supplemented 

w ilh connectivity data, presented in subsequent chapters.
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Chapter 5: THE ORGANIZATION OF THE RETINAE PROJECTION TO THE LM

Introduction

In birds, the LM is known to receive a direcl retinal projection that is 

extensively conlralaleral (Reporant, 1973; Ehrlich and Mark, 1984a; Gottlieb and 

McKenna, 1986) and has been shown to accumulate 2-DG when birds view  large- 

field patterns moving in horizontal directions (chickens: McKenna and Wallman, 

1985a; pigeons: Chown el al., 1984). The functional relationship to horizontal 

OKN has been demonstrated by the finding that lesions of the LM result in the 

elimination of temporal to nasal eye movements evoked by slow moving large- 

field visual patterns (Gioanni, 1983). A neurophysiological study of the LM has 

demonstrated that single units in the pigeon LM are direction selective mostly for 

horizontal directions and have large visual receptive fields ranging from 55° to 84°, 

which, in most cases, include some portion of the retinal equator (Winterson and 

Brauth, 1985). The position of the receptive fields of units in the LM suggests a 

possible retinotopic mapping w ithin the nucleus; in dorsal regions, the receptive 

fields tend to be located in the temporal visual field, whereas in ventral regions 

receptive fields tend to be located in the nasal visual field.

Although the functional characteristics of this preteclal nucleus are fairly 

w ell understood, less is known aboul the innervating retinal ganglion cells and 

the spatial distribution of their terminals within the nucleus. In frogs 

(Montgomery el al., 1985) and cats (Balias et al., 1981), the ganglion cells that 

project to the LM and the NOT, respectively, and Iheir distribution within the 

retina have been described, but a retinotopic organization of the LM or NOT has 

not been reported. In birds, w hile an orderly arrangement of the retinal 

projection within several visual pretectal nuclei has been suggested (Ehrlich and 

Mark, 1984b; Gamlin and Cohen, 1988a), the results are difficult to interpret 

because of differences both in the nomenclature used for the pretectal nuclei and
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of the pecten of the avian retina.

In the present, study, the HRP retrograde technique was used lo describe the 

sizes and distribution of retinal ganglion cells that project to the chicken LMand 

to determine the mapping of the relinal ganglion cells onto the LM. The position 

of Ihe LM adjacent lo the optic tectum and other visual pretectal nuclei, however, 

made i1 imperative that another technique be used to verify the results found 

w ith HRP. By taking advantage of the selective sensitivity of the LM to 

horizontal relinal slip and the 2-DG metabolic mapping technique, the projection 

onto the LM was mapped by localizing the accumulated label produced by the 

visual stimulation of portions of the retina. A similar anatomical and functional 

retinotopic mapping of the LM was demonstrated by both techniques.

Results

HRP Injections into the LM

Nine injections were made into the LM Because of the shape of the target 

nucleus and the proximity o f neighboring pretectal nuclei, none of these injections 

was complete in the sense of including all parts of the nucleus, and some 

injections extended from the LM into neighboring nuclei and the optic tract. The 

injections reported here were restricted to the rostral 650 yum of the LM. No 

injections were attempted into the caudal ventral limb of the LMmc due to the 

difficulty in making a discrete injection into Ihe area containing the few LMmc 

neurons at this level. Since it is difficult to distinguish a boundary between the 

LMmc and the LMpc, and because the tw o subdivisions are unusually thin in 

their mediolatcral aspect, every injection included some portion of both the LMmc 

and the LMpc but neither one exclusively.

To allow for ready comparisons between different injection sites, a
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reconstructed parasagittal view of the LM was derived from coronal sections 

through the LM and the position of the injected HRP indicated by crosshatching. 

Table 2 shows the nine injection sites in the parasagittal sections and the resulting 

quadrantal distribution of labeled ganglion cells.

Retrogradely Labeled Retinal Ganglion Cells

After HRP injections restricted to the LM, labeled cells were identified in 

sectioned retinas in the ganglion cell layer, only in the contralateral retina (Fig. 

5). The labeled cell bodies were round or oval and measured 25-840 /cm2, w îth a 

mean area of 230 /im 2 (n=304). As seen in the histogram (Fig. 6), the distribution 

of cell sizes is positively skewed indicating the greater frequency of smaller cells 

(78.6% <  .-100 jum2). The chi-square lest suggests that more than one population 

of cells based on cell body size, was labeled (x2=I 18.38, df=15; p> .05). Although 

the cell sizes may have been underestimated because of the difficulty of measuring 

cells labeled with HRP, the smallest size measured falls within the size range of 

stained relinal ganglion cells reported previously for the chick retina (Ehrlich, 

1981). Other features such as ceil shape or dendritic arborization patterns were 

not useful in distinguishing the number of possible populations present because no 

correlation was found bet ween the shape (ratio of the Jong axis to the short axis) 

and the area of the cells (r=0.023) and because, at best, only the proximal portions 

of dendrites were filled w ith HRP. In addition, no relationship was found 

between cell shape and quadrantal location within the retina. The cell sizes, 

however, tended to be differentially distributed among the retinal quadrants; 

many small cells were found in the superior temporal quadrant (mean= 161 fxm2) 

inferior nasal quadrant (mean= 231 Atm2) whereas the cells in the inferior 

temporal quadrant were, on the average, larger (mean= 404 yum2) (Fig. 6) Cells 

found in the superior nasal quadrant were too lightly labeled to be measured 

accurately.
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The total number of labeled retinal ganglion cells after LM injections varied 

with each injection because of differences in the si/e of the injection, the position 

of the injection within the LM and the variability inherent in the MRP technique. 

As seen in Table 2, when all the injections are considered, labeled retinal ganglion 

cells were found in all retinal quadrants. Taken together, the majority of cells 

were seen in the superior temporal quadrant whereas relatively few cells were 

found in the superior nasal quadrant. In addition, the number of labeled cells in 

the center of the retinas was noticeably sparse (Fig. 7-10) considering that this is 

the area of highest ganglion cell density in the chick retina (Ehrlich, 1981).

Labeled displaced retinal ganglion cells, which are found al the inner margin 

oi the inner plcxiforin layer, were encountered only when the injection site 

extended beyond the LM into the surrounding optic tract. The cell bodies, which 

ranged in size from 5x5 /cm to 12x17 /cm, are smaller than the population of 

displaced retinal ganglion cells that projects to the nBOR of the accessory optic 

syslcm of pigeons (File et al., 1981; Karten, et al., 1977; Reiner et al., 1979).

Retinal Projection lo the LM

In general, injections into the dorsal half of the LM resulted in the labeling of 

retinal ganglion ceils in the inferior retina whereas injections into the ventral 

hall oi the LM labeled cells in the superior retina. Of the nine injections into the 

LM reported here, four injection sites and their resulting HRP labeled ganglion 

cells, in retinas reconstructed as described previously, are illustrated in Figures 7- 

10.

Injections Into Dorsal LM

Two injections (HRP-27, HRP-48), which were positioned primarily in the 

dorsal LM, resulted in the labeling of ganglion cells in the inferior retina with the 

majority of cells lying in the proximity of the equator. Although both injection
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sites extended the full rostrocaudal length (650 jxm) of the LM, the center of each 

injection site, as defined by the position of the heaviest label, differed w ith the 

center of HRP-27 lying more caudally than that of HRP-48. As seen in Fig. 7a-d 

and Table 2, the center of the injection site of HRP-27 was placed more than 400 

yum from the rostral pole w ith very little injected HRP in the rostral 200 /zm 

(Fig. 7a,b). After this injection, a majorily of labeled ganglion cells (80.6%) as 

shown in Table 2, were found in the inferior nasal quadrant w ith most lying 

near the equator. As seen in HRP-48 (Fig. 8a-d, Table 2), when the center of the 

injection site was positioned in the rostral 200 /xm of the LM (Fig. 8b), almost all 

the labeled cells (88.8%) were found in the inferior temporal quadrant, again near 

the equator (Fig. 8e).

A third larger injection, HRP-57, illustrated in Table 2, covered the entire 

dorsal LM region with a heavy HRP label from rostral to caudal, and resulted in 

the labeling of cells in both the inferior temporal (26.7%) and inferior nasal 

quadrants (73.3%), as one would predict from the results of HRP-27 and HRP-48.

Injections Into the Middle and Ventral LM

Five injections (HRP-115, HRP-70, HRP-153, HRP-14, HRP-15) were placed 

into a portion of the ventral half of the LM and in most cases excluded the dorsal 

LM These injections consistently resulted in the labeling of ganglion cells in the 

superior retina. As seen in Fig. 9a-d and in Table 2, the injection site for HRP-115 

was positioned in the ventral half of the LM throughout its rostrocaudal extent 

although it was heavier in the roslral 500 ytzm; in the last 100 /on  it tapered off 

to include only the medial edge of the venlral caudal limb (Fig. 9d). After this 

injection, all the labeled cells were found in the superior temporal retina with  

most of the cells lying near the equator. The injection site for HRP-70, illustrated 

in 'Table 2, was positioned, like HRP-115, in the middle of the LM along its 

dorsoventral extent, but not in the ventral LM Following this injection, almost
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all the labeled ganglion cells (98%), like those of HRP-115, were found in the 

superior temporal retina w ilh  a majority of the cells lying near the equator. The 

results of these two injections suggest that the retinal ganglion cells in the 

superior temporal retina project to a large area within the LM including the 

middle and ventral portions and exlending from the rostral pole to the caudal 

pole.

The third injection site, HRP-153, was remarkably similar to HRP-70 in its 

location in the middle of the LM along its dorsoventral axis, but it also extended 

rostrally to include the rostralmost portion of the nucleus (Table 2). Like HRP- 

115 and HRP-70, most of the labeled ganglion cells (73.2%) after this injection 

were found in the superior temporal retina. In addition, a few labeled cells were 

found in the superior nasal quadrant.

Two additional injections, HRP-14 and HRP-15, considerably larger than the 

preceeding three injections, spread into the optic tract and areas outside the LM, 

but otherwise appeared to be a combination of injection sites HRP-115, HRP-70, 

and HRP-153 (see Table 2). As would be predicted from the position of these 

three injection sites, most ganglion cells were found within the superior temporal 

quadrant (HRP-15: 81.4%; HRP-14: 86.5%). The few cells labeled in the inferior 

retina might be due to the spread of injected HRP into the dorsal LM region; this 

is suggested by the findings from HRP-27 and HRP-48. In addition, a few labeled 

cells were found in the superior nasal quadrant. The labeling of displaced retinal 

ganglion cells at the inner margin of the inner plexiform layer following these 

tw o injections was probably due to the encroachment of the injected HRP into the 

optic tract, and surrounding areas.

Nearly Complete Injection

The injection site of HRP-36 w as the most complete injection of the nucleus, 

confined exclusively to the LM without encroaching into any adjacent
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Table 2, the injected HRP heavily labeled the entire LM along its dorsoventral 

extent in the rostral 300 /un of the LM; as the label was traced caudally it 

became lighter and in the caudalmosl regions il was confined to only the dorsal 

limb of the LM. After this injection labeled ganglion cells were found distributed 

in a w ide horizontal bell lying along both sides of the equator and stretching from 

the temporal to the nasal retina. Labeled ganglion cells were found in all four 

quadrants. The relatively low number of HRP positive cells in the superior 

lemporal quadrant, surprising in light of the findings reported above for injections 

such as HRP-115 and HRP-70, might be due to the light deposit or complete lack 

of HRP in the ventrocaudal LM. A suprisingly high proportion of labeled cells 

w as found in the superior nasal quadrant after this injection. However, these 

cells lie very close to the equator suggesting that their quadrantal assignment may 

have been alTected by the reconstruction of the retinal cross-sections.

Taken together, the results of the HRP injections into the LM suggest that 

there is a general mapping of the retina onto the I.M nucleus such that the 

inferior retina projects to the dorsal LM and the superior retina projects to the 

middle and ventral LM (see Fig. 15). Furthermore, within the inferior retina, 

temporally located ganglion cells project to the rostrodorsal LM w hile the nasally 

positioned ganglion cells project to the caudodorsal LM with a probable area of 

overlap in the central LM. Ganglion cells in the superior temporal retina, an area 

of greater ganglion cell density in the chick retina, project to the middle and 

ventral LM from the rostral to the caudal pole. In most of the injections very 

few  cells were found in the superior nasal quadrant suggesting a very sparse 

projection to the LM, a finding supported by the 2DG results described below. 

Since relatively few cells were labeled in the superior nasal quadrant, it is 

difficult to decipher the mapping of this quadrant onto the LM. The distribution
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of labeled retina] ganglion cells after injections into portions of the LM matches 

the distribution of labeled ganglion cells after Ihe nearly complete injection into 

the LM.

Metabolic Mapping Patterns in the LM Produced by Optokinetic Stimulation of 

Half of the Relina.

The metabolic mapping patterns in the LM were examined in four 

experimental groups. In both eyes of each chick tested, one half of the retina was 

masked with a translucent hemi-occludcr while the other half —either superior, 

inferior, temporal or nasal — was exposed to large-field horizontal visual motion. 

Since both eyes of the animals were open during testing in the optokinetic drum, 

one eye viewed temporal-to-nasal motion and the other viewed nasal-1 o-temporal 

motion. The LM contralateral to the eye viewing either direction of horizontal 

motion was expected to accumulate 2-DG since in chicks the opiic nerves are 

extensively crossed. In many birds, the LM contralateral lo the eye stimulated 

w ith teinporal-to-nasal motion was more heavily labeled than the nucleus 

contralateral to the eye stimulated with nasal-to-temporal motion; in others the 

labeling appeared equal. The pattern of labeling w ithin  each LM was not affected 

by the direction of horizontal movement, except in those birds w ith  the nasal half 

of the retina exposed. In these birds, label was consistently absent from the LM 

cont ralaleral to the eye view ing nasal to temporal motion.

Superior retina. In the three birds of this group, stimulation of the superior 

retina w ilh  horizontal visual motion resulled in accumulation of 2-DG labeling 

primarily in the ventral LM. Only in the rostralmost LM was the dorsal half of 

the nucleus labeled (Fig. 11a); as the LM was followed caudally, the label was 

located exclusively in the ventral half of the nucleus (Fig. Ub-d), and in the 

caudalmost part (480 to 600 fim  from the rostral pole) only the ventral limb of 

the nucleus was labeled (Fig. I lf) . In addition, in tw o of the three birds the
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nBORl, which in a previous study was shown to be responsive 1o horizontal 

inolion (McKenna & Wallman 1981), was labeled (Fig. 1 fg).

In ferior retina. In contrast to the above, in three birds, stimulation of the 

inferior retina w ith horizontal visual motion resulted in the accumulation of label 

primarily in the dorsal LM This label was particularly heavy in the dorsal half 

of the LM in its rostralmost portion (Fig. 12a>, as the nucleus was traced caudally, 

between 120 and 240 pan from the rostral pole, the label became lighter and 

extended ventraiiy (Fig. I2b-c). In the caudal half o f the nucleus, the label was 

restricted to the dorsal limb (Fig. 12d,e) and was absent in the caudalmost 

extreme (between 500 and (>00 /cm, Fig. 121) in tw o of the three birds.

Along the dorsoventral axis of the LM the pattern of label found after 

stimulation of the inferior retina was complementary to the one obtained after 

stimulation of the superior retina: superior retinal stimulation caused labeling of 

the ventral LM and inferior retinal stimulation caused labeling of the dorsal LM; 

only in the rostral third of the nucleus did the label produced by these two  

conditions overlap somewhat (compare Figs. lla .b  and 12a,b). This zone of 

overlap could be due to the central retina being stimulated with either occluder 

worn; alternatively, it might imply that both the superior and the inferior retina 

project to the rostral LM

Temporal retina. In all four animals tested, stimulation of the temporal retina 

w ith horizontal visual motion resulted in very heavy label that extended along 

the fu ll dorso-ventral axis in the rostral half of the LM (up to 860 pun from the 

rostral pole, Fig. 13a-c). As the nucleus was traced caudally, the label became 

lighter and, in two brains, was concentrated in the ventral limb of the nucleus 

(Fig. 13d-f). In the other tw o brains, the label was no1 detected in the caudal 

third of the nucleus. The light labeling or lack of it in this portion of the nucleus 

suggests that the level of metabolic activity produced by stimulation of the
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temporal retina is near the limit, of sensitivity of the method.

N asal retina. In the four birds of this group, stimulation of the nasal retina 

w ith horizontal visual motion resulted in very light labeling of Ihe LM. Label, 

which was absent from the rostral half of the LM (Fig. 14a-c), first appeared at 

approximately 360 jttm from the rostral pole, where it extended along the entire 

dorsoventral extent of the nucleus (Fig. 14d). At more caudal levels the label was 

found mainly in the dorsal portion of the LM (Figs. I4e,f).

Thus, stimulation of temporal and nasal retina showed complementary 

patterns of labeling of the LM: stimulation of the temporal retina labeled the 

entire rostral LM and the ventral part of the central and caudal portions of the 

nucleus, whereas stimulation of the nasal retina resulted in label mainly in the 

dorsal half of the LM, excluding the rostral pari (compare Figs. 13 and 14). The 

zone of overlap, in the central LM (compare Figs. 13d and 14d), may have been 

produced by stimulation of the same region of the retina under both experimental 

conditions, or it might imply a zone of the LM that receives projections from both 

the temporal and the nasal retina.

From these results w e can infer the labeling pattern in terms of retinal 

quadrants. The metabolic mapping pattern in the LM during superior retinal 

stimulation (Fig. 11) overlaps to a large extent w ith that obtained after temporal 

retinal stimulation (Fig. 13); both cover the ventral LM from the rostral to the 

caudal pole. One can then assume that this region of the LM would be labeled 

after stimulation of the superior temporal retina, the quadrant of overlap for 

these tw o experimental conditions. In contrast, the label after superior retinal 

stimulation (Fig. 11) overlaps very little with that after nasal stimulation (Fig. 

14), except for a small region just rostral to the separation of the nucleus into a 

dorsal and a ventral limb. Although this zone of overlap is quite reduced and is 

not present in all the birds of these tw o experimental groups, and the fact that
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HRP injections that include this /one of Ihe LM resulted in labeling of ganglion 

cells in the superior nasal retina, suggests that the superior nasal quadrant may be 

represented in this region of the caudal LM.

Since the dorsal mast portion of the nucleus was labeled after stimulation of 

the inferior, either nasal or temporal, retina (Fig. 12) w e can infer that the label 

resulting from stimulation of the inferior temporal quadrant would cover the 

rostrodorsal nucleus (similar positions of 2-DG label in Figs. 12a-c and 13a-c) and 

stimulation of the inferior nasal quadrant would cover the dorsocaudal nucleus 

(similar position of 2-DG label in Figs. 12d-e and 14d-e).

Overall pattern o f  projections to the LM . Taken together, the results of the 

HRP injections into the LM and the 2-DG study suggest that iherc is a general 

mapping of the retina onto the LM such that the inferior retina projects to the 

dorsal LM and the superior retina projects to the middle and ventral LM(Fig. 15). 

Furthermore, the inferior temporal retina projects to the rostrodorsal LM whereas 

the inferior nasal retina projects to the caudodorsal LM. The superior temporal 

quadrant projects to the middle and ventral LM extending from the rostral to the 

caudal pole, whereas the superior nasal quadrant projects to a small /one in the 

caudal LM just rostral to the separation of the nucleus into its dorsal and ventral 

components. Both the HRP and the 2-DG results suggest that the superior nasal 

quadrant is weakly represented in the LM.

Discussion

The present study has three principle findings. First, more than one population 

of ganglion cells, based on size, projects from the retina to the LM; second, these 

retinal ganglion cells are distributed in a horizontal band near the equator; and 

third, these ganglion cells project onto the LM in a retinotopic manner.

Rationale for Using Both HRP and 2-DG Techniques
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The use of the HRP technique has enabled the iclentiDeal ion of the ganglion 

cell types that project to the LM and description ol their distribution within the 

retina. Unfortunately, the injection technique has drawbacks, including the 

possibility of breaking optic fibers in or near the nucleus and the possibility of 

dilTusion of injected HRP into neigh boring retinorecipient nuclei resulting in some 

falsely labeled ganglion cells. In cont rast, use of the 2-DG method has neither of 

these risks, although it cannot be used for identification of the retinal ganglion 

cells. Since previous studies have shown that largc-field horizontal visual motion 

results in the accumulation of 2-DG in the LM and not in the neighboring 

rc-iinorccipient nuclei (McKenna and Wallman, 1985a), its use allowed for the 

description of the retinotopic organization of the entire LM including its 

caudoventral tail, which is too small for a confined injection of HRP. Although 

one technique traces the anatomical projection and the other detects metabolic 

activity, the results from both procedures are in agreement.

Cell Types Projecting to the LM

The finding in this study of more than one population of retinal ganglion cells, 

many of which are small in size, projecting to the LM of chicken, is consistent 

w ith findings in other species. In frogs, at least tw o classes of ganglion cells, 

many of which are small in size, projecl to the LM (Montgomery et at, 1985). In 

cats, of the total population of cells projecting to the NOT, 95% were the smaller 

y-cells and 5% were the larger cv- cells (Balias el at, 1981). The finding of a 

predominant y-cell input into the NOT agrees w ith electrophysiological studies 

that identified the retinal input to the NOT in cats as w-type, the physiological 

counterpart to the y-cell, and that identified some of these ganglion cells as 

directionally selective (Hofl'mann and Schoppmann, 1975; Hoffmann and Stone, 

1985).
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Distribution of Retinal Ganglion Cells Projecting to the LM 

The retinal ganglion cells labeled after HRP injections into the LM were 

distributed in all quadrants and lay in a horizontal band near the equator 

stretching from the temporal to the nasal retina. This distribution is in agreement 

w ith the finding in the pigeon that most of the directionally selective units in the 

LM had receptive fields that included some portion of the retinal equator 

(Winterson and Brauth, 1985). The direction sensitive ganglion cells, many of 

which respond best to temporal-to-nasal movement of the visual world, a 

direction of motion preferred by the units of the LM (Winterson and Brauth, 

1985), also tended to lie near the equator (see Fig. 5 Pearhnan and Hughes, 1976). 

The distribution of retinal ganglion cells w ithin the quadrants was nol uniform. 

The greatest concentration of labeled cells was found in the superior temporal 

quadrant, and relatively few cells were found in the superior nasal quadrant. In 

addition, few ganglion cells were labeled in the centralmost portion of the retina. 

It has been reported previously that in the chick retina, the area of highest 

ganglion cell density, the area centralis, is in the central retina. However, the 

contours of of the isodensity map of chick retinal ganglion cells suggests that the 

superior temporal quadrant is an additional area of high ganglion cell density 

(Ehrlich, 1981; pers. observ.). Thus, the results of the present study indicate that 

although many of the ganglion cells projecting to the LM do not lie within the 

area centralis, many are found in an area of high ganglion cell density. It is not 

surprising that few cells were found in the area centralis since in other avians, 

this area projects to the lateral nucleus of the anterior thalamus (pigeons: Gamlin 

and Cohen, 1988a), or to both the optic tectum and thalamus (owls: Bravo and 

Pettigrew, 1981).

The location, near the retinal equator, of the pretectal-projecting ganglion cells 

appears to be a common property among vertebrates. In cats (Balias, et al., 1981)
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and frogs (Montgomery el al., l c)85), retinal ganglion cells projecting to the NOT 

and LM, respectively, are localized near the retinal equator w ith  the highest 

concentration of cells in and around the area centralis. The finding in rabbits 

(Dubois and Collcwijn, 1979) and humans (Howard and Ohmi, 1984) that 

horizontal OKN is driven more effectively when a moving stimulus is presented to 

the central region of the retina may be a reflection of the position of retinal 

ganglion cells which mediate horizontal OKN in these species.

The functional impo tance of the distribution of these ganglion cells within 

the retina is not readily apparent. The finding of large receptive fields within the 

LM suggests that a relatively large number of retinal ganglion cells converge onto 

units in the LM. For this reason, as long as a large portion of the visual fleld is 

sampled, the location of the retinal ganglion cells along the equator does not 

appear to have a functional significance.

Retinotopic Organization of the LM

Results of the present study suggest that the retinal projection to this nucleus 

in chicken is organized in a retinotopic manner (Fig. 15). The results of both the 

HRP and 2-DG studies suggest that the ganglion cells in the inferior retina map 

onto the dorsal LM; the inferior nasal retina projects to the caudodorsal LM 

whereas the inferior temporal retina projects to the rostrodorsal LM. In addition, 

the ganglion cells in the superior retina projecl to the middle and ventral LM 

from the rostral to the caudal poles, excluding only the dorsal portion; most of 

these cells lie w ithin the superior temporal quadrant. As suggested by the 

metabolic mapping results, ganglion cells from the superior temporal quadrant 

probably also project to the caudoventral tail of the LM Relatively few  retinal 

ganglion cells in the superior nasal quadrant project to the LM as evidenced by the 

paucity of labeled cells found in this quadrant even after large HRP injections 

into the LM and by the small zone of overlap of metabolic activity after
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stimulation of the superior and nasal hemi-retinas. This zone is found in the 

caudal LM, jusl rostral to the separation of the nucleus into its dorsal and ventral 

components.

The retinotopic mapping of the LM in birds has been reported in several 

studies using a variety of methodological approaches. Comparisons of the results 

from each of these studies w ith the present study are extremely dillicult, due to 

the differences in the identification of the nucleus, in the nomenclature used for it 

and in the interpretation of the results. However, when in one case the 

illustrations are examined (Gamlin and Cohen, 1988a) and in the other case the 

retinal wholemounts are rotated to align the pecten to the same angle as the 

pecten in retinas used in this study (Iihrlich and Mark, 1984b), our results arc in 

close agreement. Both these anatomical studies, one using small laser lesions of 

the chick retina (Ehrlich and Mark, 1984b) and the other using small injections of 

tritiated amino acids into the pigeon retina (Gamlin and Cohen, 1988) 

demonstrated that the superior retina projects to the ventral LM and inferior 

retina to the dorsal LM. This superior-inferior inversion of the retina on the LM 

has also been shown in an electrophysiological study that mapped receptive field 

positions (see Fig 6 in Winterson and Brauth, 1985). The projection of the inferior 

temporal and the inferior nasal quadrants to the rostrodorsal and caudodorsal LM 

found in the present investigation has not been demonstraled convincingly by any 

of these studies. The notion that these quadrants arc mapped separately is 

supported by both the retrograde HRP and the metabolic mapping techniques. The 

finding in the present study of a topographic mapping o f the superior nasal 

quadrant in the LM was not confirmed by the other anatomical studies since 

neither lesions nor amino acid injections were made into this quadrant A 

retinotopic organization of the NOT in mammals has also been demonstrated 

anatomically though the functional significance of this organization has not been
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discussed (cat: Updyke, 1977; rat: Scalia and Arango, 1979).

The orderly mapping of the retinal projection onto the LM may be a 

consequence of tw o factors, a common embryological anlage and the arrangement 

of retinal axons as they enter each nucleus troin the optic Iract.

Similarity of the Retinotopic Organization of the LMand Optic Tectum

As shown in Fig. 15, the mapping of retinal quadrants in the LM is similar to 

that reported in the optic tectum in both chicken ((Tossland and Uchwat, 1979) 

and pigeon (McGill, et al. 1966). For both areas, the inferior retina projects to the 

dorsal portion whereas the superior retina projects to the ventral portion. 

Furthermore, the inferior temporal retina and inferior nasal retina project, 

respectively, to the rostrodorsal and rostrocaudal LM and optic tectum. The 

similarity of this organization is also found in the projection of the superior nasal 

retina to the middle caudal portion and the superior temporal retina to the 

remaining ventral portion. The similarity of the retinal mapping in both areas 

suggests that the same developmental mechanisms for axonal targeting might be 

responsible.

1 suggest that a common embryological anlage together with the arrangement 

of retinal axons in the optic tracts that supply both the LMand optic tectum are 

important factors in establishing a retinotopic organization of the LM. In birds, 

both the optic tectum and the LM develop embryologically from the tectal plate 

(Kuhlenbeck, 1939). This common derivation may result in the presence of 

similar molecular markers that direct the retinal axons to their targets. The 

derivation of other pretectal nuclei from the diencephalic plate may explain the 

finding that these nuclei, although they lie adjaccnl to the LM, have a different 

retinotopic organization (Ehrlich and Mark, 1984b; Gamlin and Cohen, 1988b).

The arrangement of retinal axons in the optic nerve and tract is another factor 

that may account for the similar organization of the LM and optic tectum. It has
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travel from the eye toward the optic tectum they maintain a high degree of order. 

The retinal quadrants preserve their neighboring relationships, suggesting that the 

representation of the retinal image is maintained within the nerve. Optic fibers 

arriving at the rostral surface of the tectal/pretectal area separate so that fibers 

from the inferior retina form the dorsal optic tract and the fibers from the 

superior retina form the ventral optic tract (Ehrlich, 1981). Fibers running along 

the inner border of the optic tracts, w hich originate from the temporal retina, 

terminate rostrally, whereas fibers running along the outer border, which 

originate from the nasal retina, terminate caudally. Although these findings were 

reported for the optic tectum, 1 suggest that a similar distribution of optic fibers 

into the LM occurs, since the same optic tracts deliver the retinal axons to the LM 

(Reperant, 1973). As a consequence, the relinotopic organization of both these 

areas would be conferred by the organization of the optic tracts. When the retinal 

axons have entered the individual nuclei, one would expect different 

developmental mechanisms to come into play for further refinement of the map. 

In the optic tectum, one could w ell imagine in early stages of development an 

excess of axon terminals that are subsequently pruned back producing the small 

receptive fields of units found in the adult. In contrast, the presence of very large 

receptive fields in the LM suggests a clustering of terminals originating from 

retinal ganglion cells that, are distributed over a relatively large area of the retina.

A  Comparison of the Retinal Projection to the Pretectum and the AOS

The nBOR of the AOS of birds has been shown to receive retinal slip signals 

which are probably used to generate vertical and torsional optokinetic stabilizing 

eye movements. This similarity to the LM in function suggests that the 

morphological organization of the retinal projection to each nucleus might be 

similar. This, however, does not appear to be the case. Although both the I.M and
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morphological organization of the retinal projection to each system appears to be 

quite different. The LM receives a retinal projection from more than one 

population of ganglion cells, based on somal size, whereas the nBOR receives all its 

retinal afferenls from displaced ganglion cells of similar size. The ganglion cells 

in the pretectal system are found distributed near the equator in all four 

quadrants with a majority in the superior temporal retina. In chickens, the 

displaced ganglion cells of the AOS, which are found in the inner plexiform layer, 

are scattered throughout the retina, evenly distributed among the retinal 

quadrants (Reiner et al 1979). Although both the LM and the nBOR have a 

retinotopic organization, they differ in that there is only a partial mapping of the 

retina onto the nBOR. Electrophysiological evidence in chicken suggests that the 

frontal and lateral visual fields (temporal and nasal retina) are mapped onto the 

dorsal and ventral nBOR respectively, with very few units near the optic axis 

(Burns, 1985); this latter finding is very similar to that found in the present 

study. There is no evidence for a retinotopic order in the mapping of the superior 

and inferior retina onto the nBOR as there is onto the LM in this species. Thus, in 

birds, the retinal projection to the LM in the pretectum appears to be organized 

differently from the retinal projection to the nBOR of the AOS. The reasons for 

these differences are, at the moment, inexplicable.

The findings in the present study of more than one population of retinal 

ganglion cells many of which are small in size, located near the retinal equator 

which project to the LM in a topographically organized manner are similar to 

those reported for the retinal projection to the mammalian NOT. The similarity 

of these particular features of the primary projection to the optokinetic pretectal 

area in avians and mammals lends more credence to the notion of homology and 

suggests a general pattern homologous among vertebrates. To continue this
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comparison of the connectivity of the avian and mammalian horizontal 

optokinetic reflex the following portion ol Ihis investigation w ill define the 

nonretinal afferent projections to the LM.
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Chapter 6: THE ORGANIZATION OI THE NON-RETINAL AFFERENT 

PROJECTIONS TO THE LM

Inlroducl ion

The previous chapter describes the retinal ganglion cells lha! arc a source of 

afferents to the LM and the orderly mapping of the retina onto the LM. This 

portion of the study addresses the question of the other sources of afferents to the 

LM and the organization of these projections. These non-rctinal afferent 

projections may provide additional pathways along which retinal slip signals may 

reach the LM or pathways that may modulate the activity of LM units. Previous 

studies that used a variety of anterograde tract tracing techniques have suggested 

a number of non-retinal sources of afferents to the LM including the visual 

telencephalon, the nBOR of the AOS, and the OT.

Three investigations of the efferent connectivity of the visual telencephalon 

describe a projection to the pretectum in a variety of birds (Adamo, 1967; Karten 

et al., 1973; Miceli et al., 1978). However, all of these studies suffer from a basic 

deficiency in that they do not. provide a precise definition of nuclear groups within  

the pretectum. As a result, the drawings provided do not allow for a precise 

analysis of the terminal labeling within the individual pretectal nuclei and thus 

do not allow for a definitive determination of a telencephalic projection to the LM. 

Furthermore, the above mentioned studies report simply the evidence of terminals 

in the pretectum originating from the telencephalon without defining the cells of 

• origin w ithin this multilayered region. Thus, one aim of the present study was to 

define, w ith the HRP retrograde tracing technique, the morphology of the 

projection neurons, their distribution within the telencephalon and the spatial 

organization of this projection to the LM.

Several behavioral studies of the horizontal optokinetic response provide 

additional evidence for the existence of a telencephalic projection to the LM in
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birds. These studies suggest that such a project ion may be important in mediating 

the asymmetrical response patterns of horizontal optokinetic pursuit in birds and 

that the development of this pathway may mediate the developmental changes 

reported in horizontal OKN postnataliy. Larly reports in birds suggest that, after 

bilateral telencephalic ablation, the asymmetrical horizontal OKN response found 

in normal birds becomes somewhat more symmetrical, similar to that found in 

hatchlings (Fox, 1926; Visser and Rademaker, 1934). Furthermore, it has been 

reported that an asymmetry in the horizontal OKN response patterns of hatchling 

chicks becomes more pronounced with increasing age (Wallman and Velez, 1985). 

This change may be reflected in the change in differential labeling of the LM in 

hatchling and older birds demonstrated in 2-DG metabolic mapping experiments 

(McKenna and Wallman, 1985a). This finding suggests that there indeed may be 

an anatomical change taking place in the innervation pattern of the LM perhaps 

as a consequence of the development of a projection from the visual telencephalon 

to the LM (McKenna and Wallman, 1985a). Thus, another aim of this study was 

to determine, w ith anterograde tracing techniques, whether a change in the 

innervation pattern of the HA projection to the LM occurred postnataliy.

The nBOR of the AOS in birds has been shown to provide an afferent projection 

to the LM After injections o f tritiated amino acids into the nBOR in pigeons, 

terminal labeling was reported in the LMmc but not the LMpc or the nucleus 

parageniculatis tecti optici (PTOXBrecha et al., 1980); the latter may be equivalent 

to the SS in chickens. Furthermore, HRP injections, centered within the LM but 

also including the optic tract and optic tectum, retrogradely labeled medium and 

large sized cells within all three subdivisions of the nBOR (Brecha et al., 1980). 

In the present study the HRP retrograde tracing technique was used to determine 

whether the LM of chickens receives an afferent projection from the nBOR, the 

location of the projection neurons, and their morphology.



It has also been suggested that the optic tectum projects to the pretectal nuclei 

in pigeons. After inject ions of tritiated amino acids into t he ted urn, a projection 

was reported to the LMmc, the LMpc and the GT (Hunt and Kunzle, 1976). 

Similarly, after HRP injections into the tectum, anterogradely transported label 

was observed in terminals w ithin the entire extent of the LM-PTO complex 

(Brecha, 1978). A comparison of schematic drawings provided in these studies 

suggest that the GT of Hunt and Kunzle is equivalent to the PTO of Brecha in 

pigeons and may be equivalent to the SS in chickens. However, the cells of origin 

of the tectal projection have not been previously described. Thus, another aim of 

the present study was to determine with the HRP retrograde tracing techinque, 

whether a similar projection exists in chickens and to define the location of the 

projection neurons within the multilayered OT.

Because the SS may be the equivalent of the PTO as defined by Brecha (1978) 

and the GT as defined by Hunt and Kunzle (1976), and has been included in the 

definition of the pigeon LM by Gamlin and Cohen (1988a), several HRP injections 

were made into the SS in the present study to determine whether the SS also 

receives a projection from the nBOR and the OT.

The results of the retrograde tracing experiments described here reveal for the 

first time in birds, the location and distribution of the neurons within the 

telencephalon that project to the LM, their morphological appearance, and the 

spatial organization of the projection neurons in the HA and their terminals 

within the LM In addition, the distribution of terminal labeling within the LM 

from the telencephalon, demonstrated with anterograde tract tracing techniques, 

was compared in both hatchlings and older chickens in an effort to determine 

whether the terminal innervation pattern from the telencephalon changes 

postnataliy. Finally, the results of the present investigation demonstrate 

additional non-retinal sources of afferent input to the LM from the nBOR of the
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AOS, and the OT in chickens.

Results

Topography of the 1 lyperstriatum

The hyperstriatum occupies the dorsalmost position w ithin the rostral 

telencephalon of birds, bulging out onto the dorsal surface of the cerebrum. In six 

week old chickens, this region extends from the midline to the vallecula, a 

shallow groove at the lateral border, and stretches posteriorly from the olfactory 

bulb about 5mm along the body axis. In Klfaver-Barrera stained coronal sections, 

four layers can be recognized (Fig. 16). In order from ventral to dorsal, they are 

the the dorsal hyperstriatum (HD), the hyperstriatum intercalatus superior (HIS), 

the nucleus intercalatus hyperstriatum accessorium (IHA), and the hyperstriatum 

accessorium (HA) (Fig. 16b). The four dorsal layers are often referred to as the 

visual Wulst. Although the configuration of the layers changes from rostral to 

caudal portions of the Wulst, the layers maintain a similar relationship relative to 

each other. In the rostral half o f the Wulst, the layers lie nearly perpendicular to 

the dorsal surface of the telencephalon w hile in the caudal half, the layers become 

narrower and oriented nearly parallel to the dorsal surface. The layers of the 

Wulst can be differentiated by their cytoarchitectonic characteristics. The HA, 

which contains dispersed medium to large-sized cells, is clearly distinguished from 

the IHA granule cell layer which contains cells oriented approximately into 

columns that lie perpendicular to the borders of the layer. Ventral to the IHA is 

the HIS which contains a more dispersed group of cells. Ventral to the HIS is the 

supreme frontal lamina (LFM), a thin fiber layer that separates the HIS from the 

HD layer which contains cells that are elongated in a mediolateral direction. 

Another fibrous layer, the superior frontal lamina (LFS) separates a deeper 

hyperstriatal layer, the ventral hyperstriatum (HV) from the rest of the Wulst.
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Telencephalic Projection 1o the LM

Injections of HRP were made into the LM of ten animals; two animals from 

the study of retinal aileronts were included in this sample. Because of the shape 

of the target nucleus, none of these injeclions included all parts of the LM. All of 

the injections reported in this jx>rtion of the sludy were made into some portion of 

the rostral 650 /um of the LM. No injections were attempted into the caudal 

ventral limb of the LMmc because of its small size (see chapter 2). Because the 

LMmc and LMpc are unusually thin in their mediolateral aspect, every injection 

included some portion of both the LMmc and LMpc. Of the ten injections, five 

representative examples are described below; one was a nearly complete injection 

of the LM, tw o were located primarily in the dorsal LM one was in the middle 

LM and one was in the ventral LM

In general, after HRP injections into the LM, retrogradely labeled projection 

neurons were found exclusively in the ipsilatcral Wulst, w ithin the lateral 

portions of the HA layer. The area containing these projection neurons extends 

approximately 4.0 mm rostral ly from the caudal pole of the HA, but not in the 

rostralmost portions of the HA, which is considered somatosensory by virtue of its 

neuroanatomical connectivity (Karten et al., 1973). Furthermore, after injections 

into different portions of the LM  labeled cells were observed in different portions 

of the HA, suggesting an orderly mapping of the projection neurons and their 

terminals.

Population of Telencephalic Neurons Projecting to LM

Retrogradely labeled neurons were found exclusively in the ipsilateral HA 

after a nearly complete injection of HRP (1IRP-36) that was confined exclusively 

to the LM As seen in Fig. 17a-d, the injection site was restricted to the LM 

without encroaching into any adjacent retinorecipient nuclei or into the optic tract 

and included all but the caudal ventral limb of the LM As seen in Fig. 17e-j, this
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projection area extended roslrally approximately 4.0 min from the caudal pole of 

the HA and was confined lo the lateral portions of this layer, on the border of the 

next adjoining layers, the HIS more medially and the IHA more laterally. 

Furthermore, w ithin this laleral portion of the HA, labeled cells were found 

distributed from the dorsal to the ventral limits and throughout the rostrocaudal 

extent of the HA; this area is hereafter referred to as the HA projection area.

Morphology of Retrogradely Labeled Neurons Projecting lo LM

The cell bodies of HRP labeled projection neurons measured 260.7-1378.9 /cm2 

w ith a mean area of 678.9 /cm2 (S.D.= 173.8; n=185). As seen in the histogram in 

Fig. 18a, the distribution of neuronal areas suggests that a single population of 

neurons, based on size, projects to the LM. The cell bodies of these projection 

neurons tended to be round or stellate- shaped (Fig. 18b,c).

Spat ial Organization of Telencephalic Projection to LM

Injections into dorsal LM . Tw o injections were made into the dorsal LM. Both 

of the injection sites (HRP-4 and HRP-27) were positioned primarily in the dorsal 

half of the LM (Fig. 19a and 20a). After these injections, retrogradely labeled 

neurons were found in the lateral portions of the ipsilateral IIA, up to 4.0 mm 

from the caudal pole and w ithin  the HA projection area. However, the neurons 

labeled after these dorsal injections were distributed primarily in the ventral HA 

with a greater concentration of neurons in the caudal portion of the projection 

area (Fig. 19b-g and 20b-g). Although both injections into dorsal LM resulted in 

the labeling of neurons within ventral portions of the HA, there were some subtle 

differences between the tw o dorsally placed injections discussed here that may 

account for differences in the position of the labeled neurons. The injection site of 

HRP-27 did not include a substantial portion of the rostral and caudal regions of 

the dorsal LM (Fig. 20a) and perhaps, as a result, did not label as many neurons in
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ventral HA as did HRP-4 (compare Fig. 19c-g lo Fig. 20 c-g). Furthermore, unlike 

HRP-4, the injection site of HRP-27 spread more ventrally in the LM (compare 

Fig. 19a and 20a) and perhaps as a result labeled a few neurons in the dorsal 

portions of the HA (compare 19c-g and 20e-g).

Injections into ventral LM . An injection into the ventral LM (HRP-59) included 

the entire ventral half of the LM in its rostral 300 /tm bid became limited to the 

middle third of the LM further caudally (Fig. 21a). labeled neurons were found 

throughout the entire rostrocaudal extent of the projection area up to 4.0 mm 

from the caudal pole. However, within the projection area, the labeled neurons 

were distributed primarily in the dorsal HA with a greater concentration of 

neurons in rostral HA (Fig. 21b-g). The smaller number of cells labeled in the 

caudodorsal HA (compare Fig. 21c with g) may be a consequence of the incomplete 

filling of the caudoventral LM with HRP (Fig. 21a).

Injections into middle LM . An injection (HRP-6) was restricted to the middle 

third of the LM along its dorsoventral axis from its rostral to caudal poles (Fig. 

22a). Following this injection, labeled neurons were found extending up to 3.5 

mm from the caudal pole, but not in the rostral 0.5 mm of the projection area in 

the HA. Within the projection area these neurons were distributed centrally and 

not in the dorsalmost or ventralmost limits of the projection area (Fig. 22 b-g).

Thus, as seen in a summary diagram of the position of cells within the HA 

resulting from these four injections (Fig. 23), a spatial organization of the 

telencephalic projection to the LM in chicks is found such that the ventral LM 

receives a projection from neurons distributed in dorsal and more rostral HA 

whereas the dorsal LM receives a projection from neurons in the caudal and more 

ventral HA. Neurons lying in middle portions of the projection area along its 

dorsoventral axis project to and terminate in the LM midway along its



74

dorsoventral axis. The position of the distribution of labeled neurons within the 

HA after injections into specific portions of the I.M illustrated in Fig. 23 matches 

the position of the distribution of labeled neurons within the HA after the nearly 

complete injection into the I.M (compare Fig. 17 and I'ig. 23).

Anterograde Tracing of the Ilyperstrialal-l.M Projec tion in Older Chicken

I.arge pressure injections of tritiatecl proline and leucine or HRP into the HA 

projection area of seven chickens resulted in the labeling of the 

septomesencephalic tract, the major efferent outflow bundle of the Wulst, and in 

the labeling of terminals in the OT and a number of pretectal nuclei including the 

LM. As seen in Fig. 24, the labeling of terminals was distributed over the entire 

LMmc and the LMpc throughout their rostrocaudal extent. There was no 

apparent difference in the density of terminal labeling between the LMmc and the 

LMpc, nor was there any suggestion of a differential distribution of label within 

either subdivision of the LM

Anterograde Tracing of the Hyperstriatal-LM Projection in Hatchlings

Large pressure injections of tritiated proline and leucine or HRP inlo the HA 

projection area of six hatchlings resulted in a pattern of labeling similar to that 

seen in older birds. As illustrated in Fig. 25, the terminal labeling is seen 

throughout the entire rostrocaudal extent of the LMmc and the LMpc. There was 

no difference in the density of terminal labeling between the LMmc and the LMpc 

nor was there any suggestion of differential labeling within either subdivision of 

the LM or between the inagnocellular and parvicellular portions of the LM

The Accessory Optic System Projection lo the LM

After HRP injections that were restricted to the LM of five additional 

chickens, retrogradely labeled neurons were found throughout the entire 

rostrocaudal extent and within all three subdivisions of the nBOR, the nBORp, the
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nBORd, and the nBORl (Pig. 26a). There was no apparenl spatial organization to 

this projection. Retrogradely labeled neurons (Pig. 26b) were generally medium 

(10-19 /iin along the longest axis) (Fig. 26c) or large sized (20-29 /xra along the 

longest axis) (Fig. 26 d,e) cells, round or stellate in shape and were found within  

all three subdivisions.

The Tectal Projection to the LM

After HRP injections that were restricted to the LM of five chickens, the same 

injections used to describe the AOS projection, retrogradely labeled neurons were 

found in the optic tectum (Fig. 27 a, b). The labeled neurons were found 

throughout layers 2, 4, 8, 10, 13 and 14 and predominantly in the rostral half of 

the optic tectum. This was perhaps a consequence of the small discrete injections 

into LM because larger injections labeled more neurons in the caudal OT. There 

was no apparent spatial organization o f this projection. Retrogradely labeled cells 

were small (6-9 yum along the longest axis) and medium (10-19 /xm along the 

longest axis) in size and round or elongated in shape (Fig. 27 c,d,e). These results 

suggest that the LM receives a projection from the OT.

HRP Injections into the SS

Injections of HRP were restricted to the SS, adjacent to the LM in the medial 

pretectum, o f three chickens. These injections did not label any neurons within  

the nBOR but resulted in the labeling of neurons in the OT in the same layers as 

the neurons labeled after injections into the LM These results suggest that the 

nBOR provides an afferent projection to the LM but not the SS whereas the OT 

projects to both the LM and the SS.

Discussion

Rationale for the Use of Retrograde and Anterograde Tract Tracing Techniques



HRP injections restricted to the LM enabled the identification of neurons 

w ithin the telencephalon that project to the LM and revealed the spatial 

relationship between ..the location of these projection neurons and their 

termination within the LM. Unfortunately, the HRP retrograde tracing technique 

has drawbacks including the possibility of breaking fibers in passage during 

injection and the possibility of diffusion of injected HRP into neighboring nuclei 

resulting in some falsely labeled cells. Therefore, the telencephalic projection to 

the LM was confirmed w ith anterograde tract tracing techniques. In experiments 

comparing the terminal labeling of hatchlings and older chickens after injections 

into the HA, both axons and terminals were labeled similarly in hatchlings and 

six w eek old chickens. However, the results of these injections were not 

necessarily indicative of the ultrastructural maturity of the projection neurons or 

their synapses w ithin the LM, or, of the functional efficacy of this projection. The 

projections from the nBOR and OT were not investigated with anterograde tract 

tracing techniques as they have already been described in detail in pigeons (nBOR: 

Brecha et al., 1980; OT: Brecha, 1978).

Topography of the Hyperstriatum in Birds

The avian telencephalon consists of five striatal masses. The hyperstriatum 

occupies the dorsalmost position of these masses, bulging out onto the dorsal 

surface of the cerebrum. There is a considerable interspecific variation among birds 

in the size of the hyperstriatum. On the one hand, in owls, the hyperstriatum 

extends over the entire dorsal surface of the rostral telencephalon while, on the 

other hand, in chickens, in agreement with the present study, it occupies only the 

rostromedial portion of the telencephalon (Adamo, 1967).

Organization of the HA to LM project ion

This study identifies a population of neurons that is confined to a specific
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portion of the HA of the visual telencephalon and that project lo the LM in 

chicken. Furthermore, it reveals a spatial organ i/at ion of the projection neurons. 

Neurons in the ventral portions of the projection area projected to the dorsal LM 

whereas labeled neurons in dorsal portions of the projection area projected to the 

ventral LM. Labeled neurons midway on the dorsoventral axis w ithin the 

projection area projected midway within the LM.

These results are not only consistent with previous anterograde degeneration 

studies (Adamo 1967; Karten et al., 1973) and anterograde labeling studies (Miceli 

et al. 1978) that identified a W ulst projection to the pretectum in a variety of 

birds, but in addition, the results suggest that both the LMmc and the LMpc 

receive a direct input from projection neurons located exclusively in the lateral 

HA.

The finding that projection neurons are restricted to the HA is consistent w ith  

evidence identifying the HA layer as the source of extratelencephalic Wulst 

projections in pigeons (Reiner and Karten, 1983). Their report, in conjunction 

w ith  reports identifying the IHA as the cell layer within the Wulst that receives 

visual input from the retinorecipient dorsolateral thalamic complex (Karten et al., 

1973; Streit et al. 1980, Watanabe et al. 1983), suggest that the afferent thalamic 

terminals and efferent projection neurons of the visual W ulst are segregated from 

one another. The finding in the present study of projection neurons exclusively  

w ithin  the HA lends further support to this notion.

The segregation of inpuls and outputs raises questions about the visuotopic 

organization of afferent projections and the visuotopic organization of efferenl 

projections. A brief report of the response properties of units within the visual 

W ulst in pigeons (Revzin, 1969) and a study of the response properties of units in 

the visual Wulst of ow ls suggest that the visual field maps of IHA and HA are in 

register w ith one another (Pettigrew and Konishi, 1976). The implication is that
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neurons in IHA project to HA although there is no direct evidence currently 

available for this projection.

Other neurophysiological studies of the visual W ulst in birds have suggested 

that there is a retinotopic organization of this area although it differs for different 

species. In owls, the temporal to nasal retina of the contralateral eye is mapped 

along the lateral to medial axis of the visual Wulst, while the inferior to superior 

retina is mapped along the caudal to rostral visual Wulst axis (Pettigrew and 

Konishi, 1976). In chicken, there appears to be a predominantly dorso-ventral 

topographic organization within the Wulst spanning the HA, IHA and HIS layers 

w ilh  the superior nasal retina represented in the most dorsal Wulst, the superior 

temporal and inferior temporal retina represented in dorso-middlc and ventro- 

middle W ulst and the inferior nasal retina in the ventral most Wulst (Wilson, 

1980). The topographic organization in the anterior-posterior axis of the Wulst is 

less clear though there is a greater representation of the superior retina in the 

anterior W ulst and a greater representation of the inferior retina in the caudal 

W ulst (Fig. 28). The predominance of a dorso-ventral topography is different 

from the topographical organization reported for the W ulst of owls. Given the 

restricted mediolateral extent of the chicken Wulst, the difference in the 

representation in these studies is not surprising.

Since the HA contains a retinotopic map and projects to visuotopically 

organized structures such as the tectum in owls and pigeons, it seems likely that 

the efferent projections of the W ulst would be retinotopically organized. This has 

been shown to be true for the telencephalic projection to the OT in ow ls and 

suggested in the pigeon (Bravo and Pettigrew, 1981; Karten et al, 1973; Brecha, 

1978). The present study lends further support to the notion that a 

retinotopically organized visual area, the LM (see Chapter 5), also receives a 

spatially organized projection from the HA of the visual telencephalon. In
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addition, the present study, in conjunction with the neurophysiological evidence 

for a retinotopic organization of the HA, suggests that specific portions of the LM 

receive an orderly projection from corresponding portions of the retina, either 

indirectly through the HA of the visual Wulst or directly from the rdina (Fig. 

27). The superior nasal retina projects indirectly via the dorsal and more rostral 

regions of the Wulst and directly to a small portion of the middle and caudal LM, 

the superior temporal retina projects indirectly via the middle W ulst and directly 

to the ventral LM from rostral lo caudal, the inferior temporal retina projects 

indirectly via the middle W ulst and directly to the rostrodorsal LM and the 

inferior nasal retina projects via the ventral and more posterior regions of the 

Wulst and directly to the caudodorsal LM. This finding suggests that in chickens, 

a specific visuotopic pattern is maintained in the spatial organization of the 

projecting axons and their terminals not only directly to the primary 

retinorecipient nuclei but also from these primary visual nuclei to the higher 

order telencephalic layers and then through the efferent projections of the 11A to 

terminate in patterns that may be in register with the spatially organized direct 

retinal projection. Such a specific spatial organization is especially curious in light 

of the fact that the units in the LM respond to large field movement of the visual 

world, and the adaptive advantage of a spatially organized direct and indirect 

retinal projection to this area is not readily apparent. This spatial organization 

may be a consequence of developmental mechanisms as has been suggested for the 

retinal projection. Perhaps, it is the orderly arrangement of retinal axons in the 

optic tracts leading to primary visual areas together w ith some specific molecular 

markers common to these primary, secondary or tertiary terminal sites that 

dictate a very specific spatial organization of direct or indirect retinal pathways.

The present investigation provides evidence for the retinotopic organization of 

the efferent projections to the LM from the Wulst, a finding similar to that found
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from the striate cortex of mammals to the NOT (Upclyke, 1977). Both the W ulst 

and the striate cortex receive a topographically organized input from 

retinorecipient nuclei in the thalamus. This input appears restricted to deeper 

layers o f the visual W ulst (IHA, HIS, HD) and layer 4 of the striate cortex 

segregated from the output; the neurons projecting to the LM are restricted to 

specific regions of the HA w hile the neurons of layers 5 and 6 are sources of 

extratelencephalic efferents in mammals. The visual Wulst and striate cortex 

have other similar efferent projection targets including a reciprocal projection to 

the retinorecipient thalamic cell groups, the GLv, the tectum and several visual 

pretectal nuclei including the LM in birds and the NOT in mammals.

Development of the HA to LM projection

Previously, it has been suggested that the changes in the metabolic mapping 

pattern of the LM observed in older birds in comparison to hatchlings may be a 

result of the development of the telencephalic-pretectal pathway (McKenna and 

Wallman, 1985a). Specifically, the distribution of 2-DG label in response to 

temporal to nasal motion changes from a diffuse labeling of both LMmc and LMpc 

in hatchlings to the labeling of LMmc only in older birds whereas the labeling 

pattern after nasal to temporal motion changes from a diffuse labeling of the 

LMpc in hatchlings to a distinct diagonal band within the LMpc in older birds.

The results of the present study suggest that the telencephalic terminal 

innervation pattern within the LM is present at hatching and does not change 

postnataliy. However, the techniques used in the present study to trace the 

presence of this projection could not assess the functional state of this projection. 

It is conceivable that, w hile the innervation pattern w ithin the LM does not 

change postnataliy, there is an improvement in the efficacy of transmission or 

selective amplification of this projection, perhaps due to the maturation of the 

projection neurons w ithin the HA or a maturation of the synaptic terminals of
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HA aflerents w ith neurons in the LM In supporl of this notion, it has been 

suggested previously that in kittens the aileronts from the visual cortex to the 

NOT cannot be activated for some time after they first form synaptic contacts 

(Schoppmann, 1985).

The notion that the projection from the HA to the LM is inhibitory in nature 

has been suggested by McKenna and Wallman (1985a). The authors suggest that 

since the change in the 2-DG labeling pattern in the LMpc coincides w ith the 

reduction in OKN response in the nasal to temporal direction in older chicks 

(McKenna and Wallman, 1985a), the reduction may be due to the inhibition of 

nasal to temporal responsive units in the LM caused by the new ly activated 

aflerents from the Wulst. (Wallman and Velez, 1985). Consistent w ith this 

notion is a preliminary finding (Letelier, personal communication) that after 

bilateral HA ablation in older chickens, the ability of the eye to follow large field 

slow velocity motion in the nasal to temporal direction improves. In addition, 

parallel evidence in pigeons indicates that the projection from the HA to the optic 

tectum, which arises from similar portions of the HA as the projection to the LM, 

is inhibitory (Bagnoli et al„ 1979)

The nBOR and Optic Tectum Projections to the LM

In addition to the lelencephalic projection to the LM, the present study 

identifies both the nBOR and the OT as sources of non-retinal afferent projections 

to the LM. For the nBOR, medium and large neurons localed in all three of its 

subdivisions were found to project to the LM. These findings are in agreement 

with those reported in pigeons (Brecha et al., 1980). A similar projection has been 

identified in mammals from the medial terminal terminal nucleus (MTN) of the 

accessory optic system to the NOT (Yamamoto, 1979).

The results of the present investigation have also identified neurons in tectal 

layers 2, 4, 6, 10, 13, and 14 that project to the LM These findings are consistent
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w ith the report of a tectal projection to the LMpc, LMmc and GT (Hunt and 

Kunzle, 1976) and the report ol a tectal projection to the LM/PTO complex in 

pigeons (Brecha, 1978). A similar projection From the superior colliculus to the 

NOT has been reported in mammals (Graham, 1977; Berman, 1977).

In addition, the results of the present study demonstrate that injections into 

the SS result in the labeling of tectal neurons in similar positions and in the same 

layers as injections into the LM This finding is in agreement with the report in 

pigeons of a tectal projection to the PTO in addition to the LM Furthermore, the 

present study demonstrates that the LM receives a projection from the nBOR 

whereas the SS does not, a finding similar to that reported in pigeons (Brecha et 

al., 1980). The latter finding lends support to the notion thal the LM and SS are 

indeed tw o distinct and separate nuclei w ithin the avian prctcctum and argues 

against the definition of the LMas suggested by Gamlin and Cohen ( 1988a,b).
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Chapter 7: THR ORGANIZATION OF THE EFFERENT PROJECTIONS OF THE LM

Introduct ion

il has been suggested previously thal the specific oculomotor function of the 

LM in birds may be to relay neural signals of horizontal visual held motion to 

oculomotor circuits through which optokinetic pursuit is generated (Winterson 

and Brauth, 1985). This notion is further supported by behavioral evidence 

implicating the LM in the generation of horizontal optokinetic pursuit such that 

after lesions of the LM, horizontal optokinetic pursuit is disrupted (Gioanni el a!., 

1983). The following experiments were undertaken to elucidate the organization 

of the efferent pathways of the LM through which horizontal optokinetic pursuit 

may be generated.

There are few neuroanatomical studies that describe the efferent connectivity 

of the LM in birds. A recent study by Gamlin and Cohen (1988b) identifies the 

efferent projection targets of the so-called LM in pigeons. These efferent target 

nuclei include the inferior olive (10) cerebellum (Cb), n. papillioforinis (nPap), 

nucleus of Ihe basal optic root (nBOR), ventral nucleus of the deep mesencephalon 

(MPv), principal precommissural nucleus (PPC), stratum cellulare externum 

(SCE), lateral pontine nucleus (LP) and medial pontine nucleus (MP). 

Furthermore, HRP injections into several of these target nuclei revealed that 

different subpopulations of neurons within the LM project to different targets. 

However, as described previously, the interpretation of these results is confounded 

by a modified nomenclature for the pretectal nuclei and a definition of the LM 

that combines the SS and LM into a single area which, only conforms partially to 

the area defined here, both anatomically and functionally, as the LMmc and LMpc.

Several other studies in pigeons have identified projection neurons within the 

pretectal area, which corresponds to the LM, after retrograde tract tracing 

experiments of the Cb and LP (Clarke, 1977; Brauth and Karten, 1977), 10
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(Brecha el al., 1980), OT (Brecha, 1978), and nBOR (Azevcdo et al., 1988). 

However, liltle information is oll'ered with regard to the position, size, or shape of 

these projection neurons.

Thus, the aim of this portion of the study was to identify the efferent 

projection pathways and target nuclei of the LM in chickens w ith the HRP and 

3H-amino acid anterograde tract tracing techniques and to identify the projection 

neurons w ithin the LM, with the retrograde tracing technique, after HRP 

injections into several of the efferent target areas.

Results

Identification o f Efferent Targets

HRP injections into seven chickens and 3H-proline and leucine injections into 

tw o  chickens were successsfully restricted to only the LM Similar results were 

obtained with both methods. Only the four largest injections resulted in labeled 

terminals in all of the efferent projection targets identified in this study. 

Although the smaller injections did not label all terminal target areas, they 

labeled fibers entering the projection target areas more dearly and thus enabled 

the use of tw o criteria, fibers entering into targets and the labeling of terminals 

w ith in  these areas, to identify the efferent projections targets of the LM.

After a typical injection (HRP-16) (Fig. 29a) into the LM three groups of 

axons were seen leaving the injection site traveling caudally, each in a separate 

direction (Fig. 29b). They were designated the lateral, dorsal (which contains two 

branches), and ventral bundle.

The lateral bundle directly entered the adjacent optic tectum, coursing 

through the deeper tectal layers (see Fig. 80a, b) w ith most of the fibers 

terminating in layer 7, primarily w ithin the more rostral and lateral portions of 

the tectum (Fig. 31). Additional light terminal labeling was evidenced in layers 

4, 9, 11, 12, 13. Larger injections that included most of the LM resulted in a
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heavier labeling of terminals in more caudal portions of the OT.

The dorsal bundle of axons that exiled the I.M first traveled caudally a short 

distance before dividing into tw o separate branches, the dorsomedial and 

ventromedial branches, that coursed around the dorsolateral and ventromedial 

borders of the lateral spiriform nucleus (Fig. 30a). Axons that made up the 

dorsomedial branch traveled dorsally and medially w ith some fibers from this 

group terminating in the medial portion of the ipsilateral pretectal nucleus (Pt.) 

(Fig. 30a). Other axons from this branch continued medially w ith some 

terminating in the ipsilateral pretectal area (AP) (Fig. 30a, b). Those axons, which 

did not terminate in AP, continued medially towards the posterior commissure 

(Fig. .30a, b) eventually crossing to terminate in the contralateral 

dorsomesencephalic lateral reticular formation (FRF) (not illustrated). The 

ventromedial branch of the dorsal bundle traveled medially with some axons 

terminating in the ipsilateral principal precommissural nucleus (PPC) (Fig. 30a, 

b). Other axons continued medially moving in two separate directions, one group 

traveling dorsally toward the posterior commissure, the other group traveling 

ventrally to terminate in the ipsilateral nucleus Darkschewitsch (nD) (Fig. .30a, b; 

Fig. 32).

The ventral bundle of descending axons projected ventromedial ly with fibers 

dividing into tw o branches, the ventromedial and dorsomedial branches, that 

coursed around the ventrolateral and dorsomedial aspects of the subprelcctal 

nucleus (SP) (Fig. 30a). The ventromedial branch contained fewer axons that 

coursed medially and entered the lateral aspect of the ipsilateral nucleus of the 

basal optic root to terminate in all three subdivisions, the nBORl, nBORp and 

nBORd (Fig. 30b; Fig. 33). The dorsomedial branch, which contained the bulk of 

axons of the ventral bundle, projected medially, but dorsal to the nBOR complex, 

although some axons were seen entering and terminating in the nBORd.



Caudal to the nBOR, the ventral bundle separated into two branches, one 

projecting medially and the other laterally. Axons in the medial branch 

continued caudally w ith some axons entering and terminating in the ipsilateral 

ventral portion of the nucleus of the deep mesencephalon (MPv), the papillioform 

nucleus (nPap) (Fig. 30c) and further caudally, the medial pontine nucleus (MP) 

(Fig. 3 d; Fig. 34). Some axons from this branch continued caudally to enter the 

ipsilateral inferior olive from the ventral aspect and terminated in the rostral 

portions of the inferior olive (Fig. 30e; Fig. 35). The axons in the lateral branch 

projected laterally and caudally coursing dorsal to the lateral pontine nucleus (LP) 

(Fig. 30d). Some axons turned ventrally to enter and terminate in the ipsilateral 

LP (Fig. 30d; Fig. 36); the rest turned dorsally and joined the brachium 

conjunctivum cere bel lope tale (BCP) further caudally (Fig. 30d). Axons in the 

BCP projected both contralaterally and ipsilaterally to terminate in folia VI, Villa 

and b, and IXa and c of the Cb (Fig. 30f; Fig. 37).

In addition to the descending elTerent projections described above, there was a 

group of ascending libers that exited the dorsal LM and projected rostrally to 

ipsilateral thalamic areas. These fibers terminated in both dorsal and ventral 

thalamic areas including the ventrolateral geniculate nucleus (GLv), dorsolateral 

nucleus of the anterior thalamus, magnocellular portion, (DLAmc), dorsolateral 

nucleus of the anterior thalamus, lateral portion (DLL), and intercalated nucleus 

of the thalamus (1CT) (not illustrated). These efferent target nuclei of the LM 

were not verified with the HRP retrograde tract tracing technique.

Identification of Projection Neurons

The descending projections of the LM, defined by the anterograde tract tracing 

experiments, were examined using the HRP retrograde tract tracing technique. 

After injections into the nBOR, nD, pontine nuclei, 10, or Cb, 440 HRP-labcled LM 

neurons that were well-filled were drawn with a drawing tube and
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measurements made from these drawings. Labeled neurons were classified on the 

basis of size and assigned to one of three categories, small (10-19 yum along the 

longest axis), medium (20-29 yum along the longest axis ) and large (30-39 fim  

along the longest axis) neurons. These results suggest that dilferent 

subpopulations of neurons based on size, some restricted to specific portions of the 

LM, project to different efferent target nuclei (Table 3).

After HRP injections that included all three subdivisions of the nBOR, small, 

medium and large neurons within both subdivisions of the LM were labeled in 

approximately equal numbers throughout the ipsilateral but some also in the 

contralateral I.Minc and the LMpc. Of the 92 neurons identified, 33.7% were 

small, 40.2% were medium, and 26.1% were large neurons (Table 3). Most of the 

small and medium neurons tended to be round in shape whereas the large cells 

tended to be elongated in shape (Fig. 38).

HRP injections that included both the LP and MP resulted in the labeling of 

small, medium and large cells in both the LMmc and the LMpc. Of the 128 

neurons identified, 21.1% were small, 44.5% were medium and 34.4% were large 

neurons (Table 3). Most of the small and medium neurons appeared stellate or 

round in shape whereas the large neurons tended to be round or elongated in 

shape (Fig. 39).

After HRP injections into the nD, most of the cells that were labeled were 

found in the LMmc. Of the 56 neurons identified, 80.4% were medium and only 

19.6% were large neurons (Table 3). No small cells were labeled after injections 

into nD. Most of the labeled cells were round or elongated in shape (Fig. 40).

HRP injections into the lO labeled approximately equal numbers of medium 

and large neurons primarily w ith in  the LMmc. Of the 67 neurons identified, 

52.2% were medium and 47.8% were large neurons. No small cells were labeled 

after these injections (Table 3). Most neurons that were labeled appeared round in
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shape (Fig. 41).

After HRP injections into the Cb, more than twice as many large as medium 

neurons were labeled and these were found primarily w ith in  the LMmc. Of the 

97 neurons identified, 69.1% were large whereas 30.9% were medium sized. 

Again, no small cells were labeled (Table 3). Labeled neurons were round or 

elongated in shape (Fig. 42).

Discussion

Rationale for Using the Anterograde and Retrograde Tracing Techniques

The HRP and tritiated amino acid anterograde tracing techniques enabled the 

labeling of the efferent projection pathways and the target nuclei of the LM. 

However, because of the possibility of false labeling as a consequence of the 

uptake o f tracer by fibers in passage broken during injection, several of the 

efferent target nuclei of the LM including the nBOR, LP/MP, nD, IO, and Cb, 

thought to play a role in the generation of horizontal optokinetic pursuit were 

injected w ith  HRP, thereby confirming these projections by retrogradely labeling 

the cells of origin within the LM.

Efferent projections o f the LM

The results of the present study suggest that the LM in chickens projects to 

several target nuclei including the ipsilateral OT, Pt, AP, PPC, nD, bilaterally to 

the nBOR, the contralateral FRL, the ipsilateral MPv, nPap, MP, LP, IO, and 

bilaterally to the Cb. Ascending projections of the LM terminate ipsilaterally in 

dorsal and ventral thalamic areas including the GLv, DLAmc, DLL and ICT.

A comparison of these results to another study in pigeons (Gamlin and Cohen, 

1988b) is difficult because the pretectal area designated as the LM in pigeons in the 

available schematic drawings is not equivalent to the LM in the present study. 

For the pigeon, these authors have defined the LM as composed of tw o
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subdivisions, the lentiform nucleus of the mesencephalon medialis and lateralis 

(LMm and 1 .Ml). These, however, are nol equivalent to the LMmc and the LMpc. 

The portion of the pretectum designated as Ihe LMm by Gamlin and Cohen 

appears to correspond to the SS in chickens as described by Ehrlich and Mark, 

(1985) and by the present study (see Table 1). The LMmc and LMpc defined both 

anatomically and functionally in this investigation are equivalent to the LM1 and 

GT respectively as defined by Gamlin and Cohen. The differences in identification 

may be attributed to the indistinct boundaries of the pigeon pretectal nuclei when 

compared with the chicken pretectal nuclei (personal observation).

Despite these differences, the results of the present study are in general 

agreement with those reported for the pigeon LM (Gamlin and Cohen, 1988b). 

Both studies describe the IO, Cb, LP, nPap, MPv, PPC, and nBOR as receiving a 

projection from the LM. The present study also provides strong evidence for 

projections from the LM to the OT and MP; these have been only tentatively 

suggested in the pigeon.

There were, however, differences between the results of the present study and 

those reported in pigeons, some of w hich may be explained in part by the 

difference in the definition of the LM. On the one hand, the pigeon study suggests 

a projection from the LM to the stratum cellulare externum (SCI:) whereas the 

present study does not On the other hand the present study provides evidence 

for a projection from the LM to the AP, nD, and several thalamic nuclei whereas 

the pigeon study does not. The difference in the definition of the pretectal nuclei 

may account for the failure to find a projection from the LM to SCF: in the present 

study when compared with the pigeon study. This projection may arise from the 

pretectal area designated as the LMm in the Gamlin and Cohen study and the SS 

in the present study. Although several HRP injections were made into the SS in 

the present study, the projection to the SCE could not be verified in these
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resulting from large injections. However, differences in 1he identification of the 

nuclei in the pretectal region does not explain the failure to find a projection from 

the LM to the AP and nD in pigeons as reporlcd by Gamlin and Cohen. Neither 

the SS nor the GT as designated by Gamlin and Cohen (equivalent to 1he LMpc in 

the present study), project to either of these targets. However, 1he GT does give 

rise to ascending projections to thalamic areas including the DLAmc, DLL, 1CT, 

Gl.v, (identified as targets of the LM in chickens in the present study) as w ell as 

the nucleus dorsolateralis medialis thalaini (DLM), nucleus decussatio supraoptica, 

pars ventralis (nDSV), and nucleus posteroventralis thalami (PV) (not identified 

as targets in the present study). The pigeon GT also projects to the OT, a 

projection found to originate in the LM of chickens in the present study. Thus, 

most of the differences in the efferent connectivity of the LM in chickens and 

pigeons may be a consequence of different definitions of this area in these species; 

alternat ively, these differences could be a result of species-specific variation.

Identification of cell populations projecting to target nuclei

The results of the present study suggest that w ithin the LM, different 

subpopulations of neurons based on size project to different efferent target nuclei. 

Furthermore, several targets receive their projections from neurons primarily in 

one subdivision, the LMmc. These results are supported the scant evidence 

available in other avian species.

Although projections from Ihe LM to nBOR, LP, and MP, have been reported 

previously in pigeons (nBOR: Azevedo et al., 198T; LP: Clarke, 1977; LP and MP: 

Gamlin and Cohen, 1988b), the cell types or sizes of the projection neurons within 

the LM were not identified. The results of the present sludy suggest that small, 

medium, and large cells within both the LMmc and LMpc, project to the nBOR 

whereas some small but mostly medium and large cells w ithin both the LMmc
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A projection f rom the LM to the 10 and from large cells in the LM to the Cb 

has also been identified previously in pigeons (Gamlin and Cohen, 1988b; Brecha et 

al., 1980; Clarke, 1977; Brauth and Karten, 1977). The present study in chickens 

identifies both medium and large cells found primarily in the LMmc that project 

to the IO whereas some medium but mostly large cells project to the Cb. 

Moreover, the present study suggests in birds for the first time that mostly 

medium size cells that lie primarily in the LMmc project to the n. 

Darkschewitsch.

Thus, subpopulations of different sized cells project to the different efferent 

target nuclei o f the LM. This organization of the efferent pathways may reflect a 

differential distribution of different types of signals necessary for the generation 

of horizontal optokinetic pursuit to these target nuclei or alternatively, may carry 

different information regarding optokinetic functioning to these areas.

Efferent projections of the nBOR

Both the LM and nBOR have been implicated in the processing of retinal slip 

signals and in the generation of optokinetic pursuit. This similarity in function 

may also be reflected in the efferent connectivity of these areas. The efferent 

projections of the nBOR in pigeons include the vestibulocerebellum, inferior olive, 

oculomotor nuclei, interstitial nucleus of Cajal, contralateral nBOR, and LMmc 

(Brecha cl al., 1980). Thus, coupled w ith the results of the present study, in 

birds, both the LM and nBOR project to vestibulocerebellum and the inferior olive. 

In contrast to the nBOR, no direct projection from the LM to the oculomotor 

nuclei or the interstitial nucleus of Cajal in birds has been found in this or other 

studies (Gamlin and Cohen, 1988b).

Efferent projections of the NOT in mammals



II has been previously suggested thal Ihe LM in birds may be homologous to 

the NOT in mammals. This suggestion is based on embryological evidence 

suggesting a common derivation from the tectal plale and their similar position 

within the pretectum (Kuhlenbeck and Miller, 1943). A  comparison of the 

elferent connectivity would lend further support for this notion o f homology. The 

evidence from mammalian studies of the efferent connections of the NOT detailed 

in Chapler 2 suggests that the NOT projects to the anterior pretectal nucleus, the 

contralateral NOT, MTN, DTN, superior colliculus, pontine nuclei, nRTP, and the 

dorsal cap of the inferior olive, mesencephalic reticular formation, interstitial 

nucleus of Cajal, n. Darkschewitsch and labels fibers in the posterior commissure 

(rat: Terasawa, 1979; cat: Graybiel, 1974; Berman, 1977; Itoh, 1977; rabbit: 

Holstege and Collewijn, 1982). The similarity of efferent targets of the NOT and 

the LM in both mammals and birds lends further evidence to support the notion 

that the LM in birds is homologous to the NOT in mammals.
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Chapter 8: GKNHRAL DISCUSSION

11 has been previously suggested that the LM in birds is a integral part of the 

neural circuitry that generates horizontal optokinetic pursuit (chickens: Wallman 

et al., 1981; pigeons: Brauth and Karlen, 1977; Brecha et al., 1980, Gioanni et al., 

1983). The results of the present study of the afferent and efferent, projections of 

the LM (Fig. 43) reveal a connectivity scheme for the neural circuits that may 

generate this behavior. The LM receives a contralateral projection from the retina, 

the ipsilateral HA of the visual telencephalon, the ipsilateral optic tectum and 

ipsilateral nBOR. Ascending efferent projections of the LM terminate in ipsilateral 

thalamic areas including the GLv, DLArnc, DLL, and 1CT. The descending 

efferent projections of the LM terminate ipsilaterally in the OT and bilaterally in 

nBOR (reciprocal connections), ipsilaterally in the nD, nPap, MPv, MP, LP, IO, 

contralaterally in FRL, and bilaterally in the Cb. Both the Cb (via the vestibular 

nuclei) and nD have been reported to project to the oculomotor nuclei presumably 

providing pathways for signals to modulate the activity of the extraocular 

muscles to generate the appropriate compensatory eye movement (Fig. 43). The 

anatomical evidence for the connectivity of the chicken LM as demonstrated in 

this study and the neurophysiological and behavioral evidence from other studies 

provide a basis on which to speculate about the functional role of the various 

afferent and efferent projections of the LM.

There is considerable evidence regarding the response properties of the LM in 

birds. A neurophysiological study of the LM in pigeons implicates the LM in 

receiving slip signals (the stimulus for OKN) from the retina. Units in the LM 

have large receptive fields, are direction selective responding to motion in mostly 

horizontal but also non-horizontal directions, and are velocity selective, preferring 

not only slow but also fast velocities (Winterson and Brauth, 1985). There is a 

segregation of units with particular response properties w ithin the LM such that
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Ihe LMmc is responsive to temporal to nasal motion whereas both LMmc and 

LMpc are responsive to nasal 1o temporal motion (chickens: McKenna and 

Wallman, 1981, 1985a; pigeons: Mmgan and Frost, 1983). Furthermore, there is a 

segregation within the LM such that units in the LMmc lend to prefer low 

velocity visual motion whereas units in the LMpc tend to prefer high velocity 

visual motion (Winlerson and Brauth, 1985). The presence of units preferring 

fast velocities in addition to slow velocities is a characteristic shared by units in 

the mammalian NOT. These physiological properties suggest that the specific 

oculomotor function of the LM may be to relay retinal slip signals from 

movement of large portions of the visual field in mostly horizontal directions to 

oculomotor circuits through which optokinetic pursuit is generated (Winterson 

and Brauth, 1985).

Fund ional Role of AfTerents

As demonstrated in the present study, the projection from the eye to the LM 

originates from retinal ganglion cells. Presumably, these retinal ganglion cells 

share similar functional properties w ith the neurons to which they project in the 

LM; that is, the retinal ganglion cells are direction selective in mostly horizontal 

directions and are velocity sensitive across a broad range of velocities. This 

similarity in functional characteristics has been demonstrated for the retinal 

ganglion cells and the neurons that receive their projection in the NOT (rabbits: 

Oyster, 1968; Oyster el al., 1972; cats: HofiTmann and Schoppmann, 1985). Thus, 

after delecting movemenl of portions of the visual field, retinal ganglion cells 

send signals coding for different velocities of mostly horizontal directional 

movement via these retinal afferenls that converge onto neurons in the LM

Some functional evidence, however, argues against the notion that the direct 

retinal projection is the sole pathway for optokinetic signals to reach the LM  

Gioanni et al., (1983) report that after lesions of the LM although temporal to
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nasal optokinetic pursuit is eliminated, nasal to leinporal optokinetic pursuit is 

only reduced, bul nol eliminated. This finding may be a result of the incomplete 

lesioning of the LM a possibility because of the shape of the LM (see Chapter 4). 

\l le i natively, this finding may suggest that the signals coding for nasal to 

temporal directional motion are processed in other areas. 11 has been previously 

reporled that both the nBORl as w ell as the LM accumulate 2-DG in response to 

horizontal optokinetic stimulation (McKenna and Wallman, 1981; 1985a). Thus, 

despite the LM lesions, the nBORI may continue to process these nasal to temporal 

directional signals and, in turn, generate nasal to temporal optokinetic pursuit.

Similarly, the direct relinal pathway may be responsible for the responsivity 

of the LM to nonhorizontal directions or alternatively, these signals may reach the 

LM from other nuclei, perhaps the nBOR. This speculation is based on 

neurophysiological evidence that units in both the LM (Winterson and Brauth, 

1985) and the nBOR (Burns and Wallman, 1981; Burns, 1985) are responsive to 

nonhorizontal directional movement of large portions of the visual field and the 

report of a direct projection from the nBOR to the LM in the present study. Thus, 

the projection iroin the nBOR (which also receives a reciprocal projection from the 

LM, discussed below ) lo the LM may provide a pathway for nonhori/ontal retinal 

slip signals to reach the LM

The function of Ihe projection from the HA of the visual telencephalon lo the 

LM that was identified in the present study has been speculated about previously. 

During postnatal development in mammals, the progressive loss of asymmetry in 

OKN and the improved response to fas1 velocity relinal slip signals has been 

attributed to the development of the corlico-prelectal pathway (humans and 

monkeys: Alkinson, 1979; cats: Malach el al., 1981; Naegele and Held, 1982). 

Similarly, it has been suggested that the projection from the HA to the LM in 

birds develops postnatally and that its development may be responsible for
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postnaial changes in Ihe generation o f horizontal optokinetic pursuil (McKenna 

and Wallman, 1985a: Wallman and ,V< i( 1985). This notion is based on 

metabolic mapping evidence suggesting postnatal changes in the labeling pattern 

of the KM and behavioral evidence suggesting a reduction in the ability to 

generate nasal to temporal optokinetic pursuit. The behavioral change in 

optokinetic responsiveness, manifested by the increase in directional asymmetry 

due to the reduction in the ability of the LM to generate nasal to temporal 

optokinetic pursuit, may be a result of the development of an inhibitory pathway 

from the HA to the 1.M (Wallman and Velez, 1985).

Some preliminary data from a study of the effects ot ablations of the visual 

telencephalon on horizontal optokinetic pursuit (Letelicr, personal communication) 

further supports the notion that the HA projection to the LM may indeed be 

inhibitory in nature. Alter bilateral ablation of the HA in chickens, the ability of 

Ihe eye to execute horizontal optokinetic pursuit in the nasal to temporal direction 

improved o ser a wide range of velocities. Consistent w ith  this notion of an 

inhibitory pathway is parallel evidence from a study of the interaction of visual 

Wulst and optic tract impulses on single units of the pigeon optic tectum. After 

cxcilalion of tectal units through stimulation of the optic tract, subsequent visual 

Wulst stimulation exerts long lasting inhibitory effects on the tectal units 

(Bagnoli e! at, 1979). The projection from the HA to retinorecipient neurons in 

Ihe optic teclutn arises from similar portions of the HA as the projection to the 

LM (personal observation).

The projection from the optic leclum (which also receives a reciprocal 

projection from the LM and is discussed bekwx ) to the LM originating from 

retinorecipient layers 2, 4, 8, and layers 10, 1 L 14, may provide another indirect 

pathway for retinal slip signals that drive OKN to reach the LMor alternatively, 

il may serve some other function such as an activation pathway to the LM.
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Hvidence thal contradicts the first nolion conics from sludies in mammals which  

demonstrate.thal optokinetic pursuit in hori/i'ntat directions can be executed even 

after ablation o f the superior colliculus <( ollcwijn, 1975a). If, in a similar 

fashion in birds, Ihe optic tectum is nol relating relinal slip signals necessary for 

the generation o f horizontal OKN, then the OT may be providing information 

olher than retinal slip signals to the LM Presumably, this pathway could 

transmit signals to the LM which affect response threshold levels of units to the 

incoming relinal slip information similar to the manner in which the reticular 

formation exorcises an oileel on cortical threshold levels for detecting stimuli 

(Lindsley cl at, 1950) resulting in an increased alertness of the subject (Fuster, 

1958).

An ullraslruclure study of the LMmc in chickens suggests the presence of 

both excitalory and inhibitory synapses onto neurons in this area (Gottlieb and 

McKenna, 1980) and fuels further speculation regarding the afferent connectivity 

of the LM Neurons in the LMmc have primarily tw o types of presynaptic 

profiles. The ftrsi type of presynaptic profile encountered forms axodendritic 

synapses and shares characteristics associated w ith excitatory synapses. These may 

originate primarily in the relina. The second type of prcsynaplic profile forms 

axosoinatic synapses and shares characteristics associated with inhibitory synapses. 

Although the authors suggest that the latter may originate primarily in the HA, 

one cannot eliminate the possibility that the inhibitory input may originate from 

the O f or the nBOR although there is no evidence to support this notion. 

Presumably, signals coding for direction and velocity, which are integral to the 

LM in generating optokinetic pursuit, are excitatory and may be transmitted 

through axodendritic synapses whereas inhibitory signals from the HA which 

may help reduce the ability of Ihe LM to generate optokinelic pursuit may be 

transmitted at axosomatic synapses.
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Thus, upon the initiation of movement of large portions of the visual field, the 

afl'erent projection from the optic tectum mu\ provider a pathway for signals to 

reach the LM alerting il to incoming retinal slip signals. The major excitatory

input coming primarily Irom the rclina to the LM may carry mos1 of the

directional informal ion in bolh temporal lo nasal and nasal to temporal directions 

whereas the'11A projection to the LM may have a modulatory function, inhibiting 

to some degree the generation of optokinclic pursuil in the nasal to temporal 

direction. The projection from the nBOR may provide a pathway for 

nonhorizontal retinal slip signals to reach the LM(Fig. 4.-1).

Functional Role of EfTerents

The effect of lesions of the LM on horizontal OKN lends support to the notion 

1 hat some of the efferent pathways of the LM play a role in the generation of 

horizontal optokinetic pursuit (Gioanni e1 al., 1983) whereas other efferent 

pathways may have a different but. relaled functional role.

All hough there is no evidence for the function of most of the efferent

projections of the LM identified in the present study (Fig. 43), the available

connectivity studies provide a basis for speculation. The projection from the LM 

lo the DLL and DLAmc may provide a pathway for signals, coding for the 

ongoing optokinetic functioning of the LM, to reach the visual W ulst. Both the 

DL1 and DLAmc together with the anlcrolatcral nucleus of the thalamus (LA) 

make up the primary retinorecipient area of the lhalamus collectively referred to 

as ihe principal optic nucleus of the thalamus (OPT); the OPT is known to project 

to the the visual W ulst in owls and pigeons (Karlen el al., 1973). Thus, the 

pathway from the LM to the OPT may provide a means for signals to reach the 

visual Wulst presumably resulting in the modulation of LM units via the HA to 

the LM pathway described above. The projection from the LM to the DLL 

reported in the present study has been verified in pigeons with retrograde tract
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tracing techniques (M  Wild, personal communication).

The LM projects to three additional visual areas in Ihe midbrain, the OT, GLv, 

and AP. all ol which receive a direct retinal projection and each of which 

subset vc's a clillerent visual function. Ihe finding ol I.M projections to these areas 

suggests that other visual areas in the chicken brain are not isolated from 

information regarding the optokinetic functioning of the LM.

The projection f rom LM to OT may transmit a signal regarding the retinal slip 

processing in the LM or alternatively, it may transmit other forms of visual 

information. Although there is no functional evidence in support of the former 

notion, the projection from the LM to the neurons in retinorecipient layers 4  

(which also sends a efferent projection to the LM) and 7 and the deeper tectal 

layers (), 11, 12 and 13 (layer 13 sends a efferent projection to the LM), which  

give rise to descending pathways presumed to be involved in mol or functions 

(Reiner and Karlen, 1982), may modulate the activity of neurons in these layers. 

Connectivity studies in pigeons report that tectal layers 11, 12, and 13 project to 

the contralateral reticular formation of the hindbrain w hile layers 9, 11, and 13 

project to the ipsilaleral lateral pontine nucleus (Reiner and Karten, 1982). The 

terminals of the projection from the OT to the LP could overlap Ihe terminals of 

fibers projecting directly from the LM to the LP (a finding in the present study). 

Thus, on the basis of connectivity evidence, it is conceivable thal the projection 

from the LM lo the OT may provide pathways along which signals, coding for the 

retinal slip processing in the LM  may travel. In support ol the latter notion, that 

the LM projection to the OT may transmit olher forms of visual information, is 

evidence in frogs lhat the pretectal region has been implicated in a variety of 

visuomolor functions including prey selection, habituation, predator avoidance, 

and detection of stationary objects and barriers (lute, 1985). Since the OT is the 

main retinorecipienl area of the avian brain, it may play a role in the generation
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of these behaviors that, require visual functioning. Thus, signals necessary for the 

generation of behaviors to occur could conceivably be processed in the LM and 

transmitted lo the optic led  um.

The LM projection to the retinorecipient GLv may provide a pathway for 

signals regarding retinal slip processing to reach this visual area or alternatively, 

the pathway may modulate the activity of the GLv which has many color- 

opponenl units and plays a role in the behavioral discrimination of chromatic 

cat egories (Maturana and Varela, 1982). Connectivity studies in birds suggest that 

the GLv also receives a large projection from the OT (Crossland and Uchwat, 

1979); no functional evidence is available concerning the role of this projection in 

visual functions. The coincidental termination of projections from the OT and LM 

w ithin  the GLv allows for the possibility of the overlapping of these pathways 

and the consequent integration of optokinetic relaled information and color 

information w ith other visual information from the OT.

The projection from the LM to the retinorecipient AP suggests that the LM 

may provide information regarding its relinal slip processing to this visual 

pretectal area which has been implicated in the pupillary light reflex (Gamlin and 

Cohen, 1988b). The possible interrelationship between OKN and the pupillary 

lighl reflex has not been explored and the functional nature of this pathway 

remains unknown.

Several structures that do not receive a direct retinal projection, the pretectal 

PPC and Pt, the thalamic 1CT, receive a projection from the LM. These areas, like 

the LM, also receive projections from the visual W ulst (Miceli et al., 1979). 

Conceivably, these pathways may allow for the integration of information 

regarding the retinal slip processing in the LM w ith other kinds of visual 

information from the visual Wulst. Similarly, the projection from the LM to the 

contralateral FRL reported in the present study, may provide a pathway for
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information regarding retinal slip processing in the I.M I he functional nature of 

the above-mentioned projections, however, remains unknown.

The remaining eiferent projections Irom the I.M to nBOR, nD, pontine nuclei, 

nPap, IO, and Cb can be considered in the Junctional context of the generation of 

asymmetric horizontal optokinetic pursuit in lateral-eyed birds. In light of the 

notion that the reduced ability of the eye to f ollow movement of the visual world 

in the nasal to temporal direction and especially at high velocities may have 

evolved for an animal w ith laleraliy placed eyes in order to reduce the continuous 

generation of temporally directed (nasal to temporal and nonhorizon I al backward) 

oplokinelic pursuit thal w ould occur during forward locomotion or flight, it is not 

surprising to find these behavioral qualilics rellected in the response properties of 

the I.M units and Ihe response properties of units in several target nuclei of the 

LM. first, half of the LM units prefer fast velocities and temporally directed 

motion whereas half prefer slow velocities and nasally directed motion. Second, 

there is a segregation of direction preferences w ithin the LM such that only the 

LMmc responds lo temporal to nasal visual motion whereas both LMmc and LMpc 

respond to nasal to temporal visual motion. Third, there is a differential 

projection from ihe LM to i1s different efferent targets (presenl study). Fourth, 

the response projx-rlies of units in the nBOR, LP, and Ob, suggest a role for these 

areas in the generation of horizontal optokinetic pursuit.

The projection Irom the LM lo the nBOR, which terminates in all three 

subdivisions of the nBOR, together w ith the reciprocal projection from the nBOR 

may provide palhways for Ihe integration of information between the horizontal 

and verlical optokinetic relay nuclei which eventually results in Ihe appropriate 

compensatory eye movement. Presumably, this reciprocal connectivity has 

evolved because visual motion in the environment is usually a combination of 

horizontal and vertical directions and the LM responds preferentially lo horizontal
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direclions whereas the nBOR responds preferentially to vertical and torsional 

directions (McKenna and Wallman, 1981, 1985; Burns, 1985).

The signals coding for temporally directed information and fast velocity 

information may Iravel along the pathways from the LM to the LP, Cb, and 1(). 

1'his notion is supported by neurophysiological studies showing thal units in the 

LP and the Cb which have similar response properties and also reflect some of the 

response properties of LM units. Units in the LP and Cb have large receptive 

Acids and are responsive to moving targets at fast velocities from 20 to 60 deg/sec. 

In addition, some of these units tend to be direction sensitive preferring 

temporally directed motion (Clarke, 1974; 1977). In addilion, the LP projects 

directly to folia Vl-lXb of the Cb (Clarke, 1977), the same folia to which the LM 

projects directly (present study). Thus the palhways from the LM directly to the 

Cb or indirectly to the Cb via the pontine nuclei may transmit signals coding for 

fast velocity temporally directed motion.

The projection from the LM to folia IXc of the Cb, a portion of the 

vestibulocerebellum (folia IXc and X), presumably provides a pathway through 

which optokinetic signals may be integrated w ith vestibular information. This 

direct projection is not surprising in light of the complementary role of the 

optokinetic system and vestibular system in the stabilization of the visual image 

on the retina.

Although there is a lack of neurophysiological information regarding the 

visual resjxmse properties of neurons in the IO in birds, ncuroanatornical sludies 

suggest that the portion of the 10 that receives its projection from the LM projects, 

in turn, to lolia V1I-X (Furber, 1983; Armslrong and Clarke, 1979). In light of 

the response properties of visual units in the Cb and the similarity in size of the 

neurons (medium and large) in the LM projecting to the IO, pontine nuclei and 

directly to the Cb, one might speculate thal the projection from the LM to IO and
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eventually to the Cb may also provide another pathway for signals coding for fast 

velocity temporally directed mol ion lo reach the Cb. Alternatively, this pathway 

may also transmit signals coding lor slow velocity backward motion or temporal 

to nasal motion, characteristics icllccted by some unils in the Ch. hvidence in 

rabbits suggests that the IO neurons are excited by large-field slow velocity 

inovernenl of Ihe visual world in the temporal to nasal direction (barm ack and 

Hess, 1980). In addition, the projection from the LM to IO may provide an 

indirect pathway for signals coding for retinal slip processing from the LM to be 

transmitted to folia IXc of the vestibulocerebellum.

The projection irom the LM to the nPap, which is located in a topographically 

similar position to the nRTP in mammals, may provide another indirect pathway 

for LM signals lo ihe Cb. Although the nPap does not project o the deep 

cerebellar nuclei in pigeons (Ziegler, personal communication), in mammals thp 

nRTP, alternatively named the nucleus papi 11 inform is (Olszewski and Baxter, 

1954), is known to project to the Cb (Maekawa ct al., 1981). A study o f the 

visual response properties of the mammalian NOT cells projecting to the nRTP in 

rabbits reports that these units respond to a range of velocities from 5-50 deg/sec 

with most cells preferring temporal to nasal visual motion (Maekawa et al., 

1984). Although there is no parallel functional information available for birds at 

Ihe present lime, the projection from the LM to the nPap and then to the Cb may 

provide a pathway for signals coding for both slow and fast velocity, temporal to 

nasal motion to be transmitted to the oculomotor nuclei which then generate the 

appropriate optokinelic pursuit movement.

Thus, based on Ihe evidence provided above, it is conceivable thal signals 

coding for mostly fasl but possibly some slow velocity and mostly temporally 

directed bu1 possibly some nasally directed motion, are generated by different 

neurons in the LM and transmilled eilher directly to the Cb or indirectly to the
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Cb via the pontine nuclei, nPap, or the IO. Presumably, the reduction in the 

ability of the eye to gem‘rale, backward pursuit may be the result of the 

integration by the Cb ol last vdocit\ backward motion signals transmitted 

directly of indirectly from the I.M, and the consequent generation of an inhibitory 

signal by ihe Cb, thereby modulating the output o f the oculomotor nuclei in some 

manner.

Although there is no neurophysiological evidence regarding the units in the 

I.M target nuclei that may receive signals coding for nasally directed slow  

velocil.y mol ion, perhaps these signals are processed and, in turn, transmilted by 

the neurons in the LM that project to nD, the other major source of afferents to 

the oculoimvlor nuclei in the connectivity scheme suggested by the present study 

(Fig. 43). It is conceivable that the LM units responsive to slow  velocity motion 

thal tended to be directionally selective in Ihe temporal to nasal direction and 

tended to lie in the LMmc (Winterson and Brauth, 1985) may be the medium- 

si7.ed neurons found primarily w ithin the LMmc and identified in the present 

study as the neurons that project directly to nD. The nD in mammals, which is 

considered an accessory oculomotor nucleus, in turn, projects to the oculomotor 

nuclei (monkeys: Carpenter, 1970). Presumably, this projection provides an 

indirect pathway along which signals coding for slow velocity lemporal to nasal 

motion may reach the oculomotor nuclei from the LM.

Thus, 1he projections from the LM to the Cb, either directly or indirectly via 

the pontine nuclei and the 10, along w ith  the LM projection to the nD provide 

pathways along which signals leaving the LM may be transmitted to the 

oculomotor nuclei to result in Ihe generation of the appropriate compensatory 

optokinetic pursuit eye movement (Fig. 43).

Homology of the 1.M and NOT

11 has been suggested 1ha1 a fundamental pattern of extratectal visual
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pathways exists in nonmaimnalian vertebrates (File, 1985) such that, among 

highly visual species, there are three major retinorecipient zones located within  

the lateral superficial, cenlral and ' dorsomedial portions of the prctectuin. 

Although it has been suggested thal there are at least six retinorecipient nuclei in 

the prctectuin of chicken (Ehrlich and Mark, 1985a), it is conceivable to define 

only three retinorecipient zones in light ol' the diifuse cytology and the indistinct 

boundaries of nuclei w ithin the pretectum and the topographical relationship of 

these individual nuclei. In all three cases, the LMmc and LMpc, SS and SM, and 

the AP and PI) are adjoining areas with indistinct boundaries and could be 

considered as single retinorecipient zones. Thus, despite the broad range of 

varialion found among species, a fundamental pattern may exist for the pretectal 

optic pathways of nonmammalian vertebrates.

Furthermore, as discussed in previous chapters, the notion that the LM in birds 

may be homologous to the NOT in mammals is based on evidence suggesting a 

similar embryological precursor and position within the pretectum (Kuhlenbeck 

and Miller, 1942). The present sludy provides further evidence for this notion. 

Consistent with the definition of homology as presented by Campbell and Uodos, 

(1970) the following types of data seem to be most useful in order lo establish 

homologies in the CNS. They include similarity in embryology, topology, 

topography, cytoarchilectural features, behavioral changes resulting from lesions, 

neurophysiology, and fiber connections of areas. The greater the degree of 

concordance among these characteristics, the stronger becomes the justification for 

drawing the inference that structures in tw o different species may be homologous, 

the data gathered in the present study and Ihe other available evidence in the 

literature strongly suggests that indeed the LM in birds is homologous to the NOT 

in mammals.

Both the LM and NOT are derived from the embryological tectal plate and



occupy similar positions in the prelect urn, lateral to the adjoining optic tectum in 

birds and the superior colliculus in mammals. Both pretectal areas are 

characterized by large easily distinguishable neurons which sit in among the fibers 

of the optic tracts. In addition, alter lesions of the LM or NOT the ability to 

generate horizontal optokinetic pursuit is greatly reduced or eliminated. Neurons 

w ilhin tlie LM and NOT have large receptive fields, are direction sensitive to 

mostly horizontal directions and are velocity sensitive preferring not only slow  

but also last large field movement of the visual field The notion of homology is 

further bolstered by the results of the present connectivity study. Bolh the LM 

and NOl receive a Heron 1 input from similar sources, the retina, the optic tectum 

(superior colliculus), the visual telencephalon (visual cortex), and the accessory 

oplic syslem, the nBOR in birds and the MrN in mammals. Their similarity in 

connectivity is also extended to their efferent targets. Both the LM and NOT 

project to the optic tectum (superior colliculus), the nBOR (MTN), pontine nuclei, 

nPap (nRTP), lO, and the nD. Furthermore, similar to the results of the present 

study, there is neuroanatomical evidence in mammals which suggests that 

different populations of neurons in the NOT project to different targel nuclei 

(Robertson, 198T). Thus, on the basis of the definition of homology as presented 

by Campbell and Hodos, (1970), including the connectivity results documented in 

the present study, the LM in birds should be considered homologous to the NOT in 

mammals.
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Table 1. Alternative nomenclatures used by various authors to describe the 

pretectal region designated as the I .Mine, the LMpc and the SS in the present 

study.



Alternative Nomenclatures for the IM and SS

Lentiform Nucleus of the Mesencephalon, magnocellular portion (IMic)
Nucleus Extemus (NE) ■a'c
Nucleus Superficialis Synencephalon (SS)b
Nucleus Parageniculatus Tecti Optici (PTO)e
Lentiform Nucleus of the Mesencephalon, lateralis (IMl)f

lentiform Nucleus of the Mesencephalon, parvicellular portion (IMpc)
Tectal Grey (GT)a»c,g
Nucleus Griseum Tectalis (GT)b
Nucleus Parageniculatus Tecti Optici (PTO)e

Superficial Synencephalic Nucleus (SS)
Nucleus Superficialis Synencephalon (SS) (includes IMnc)3'*5 
Nucleus Geniculatus Lateralis pars dorsalis principalis (GLdp)*1 
Lentiform Nucleus of the Mesencephalon., medialis (IMti)f

a= Huber & Crosby, '29 
b= Eeperant, '73 
c= Cowan, 161 
d= Karten & Hodos, '67 
e= Kuhlenbeck, ’39 
f= Gamlin and Cohen, '88
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Table 2. Summary of the distribution oi labeled ganglion cells in retinal 

quadrants after individual HRP injections into Ihc I M Injeciion sites are shown 

as cross-hatching on a parasagittal view of the LM, reconstructed from coronal 

sections through the nucleus.



2
DISTRIBUTION OF LABELED GANGLION CELLS 1H RETIHAL QUADRANTS AFTEP INDIVIDUAL HRP INJECTIONS IHTO THE LH

R e t in a l  Q u ad ran ts

Blrd8  I n j e c t i o n  S i t e  I n f .  Temp. I n f .  Nasal Snn .T pm n Sup. N asal T o ta l (1003)

HRP-27 17 (12 .77 ,) 108 (8 0 .6 7 ) 9 (6.7% ) 0 (07) 139

HRP-48
8 7 .(8 8 .8 7 ) 2 ( 2 . IS ) 9 (9 .2 7 ) 0 (0?) 98

HRP-57 68 (2 6 .7 7 ) 187 (7 3 .3 7 ) 0 (or.) 0 (0 7 ) 255

HRP-U5 0 ( 07) 0 (07) 245 (1007) 0 (03) 245

HRP-70 5 (2.07) 0 (07) 246 (9 8 r ) 0 (03) 251

HRP-153 1 (2 .4 3 ) 0 (07 ) 30 (7 3 .2 7 ) 10 (2 4 .4 7 ) 41

HRP-15 265 (1 4 .0 3 ) 74 (3 .9 7 ) 1536 (8 1 .4 3 ) 12 (0 .6 7 ) 1887

HRP-14 104 (1 0 .8 7 ) 6 (0 .6 7 ) 836 (8 6 .5 7 ) 17 (1 .8 7 ) -963

HRP-36 79 (3 3 .3 3 ) 33 ( 1 3 .9 - ) 50 (21 .17 .) 79 (3 3 .3 7 ) 241

^ I n j e c t io n  s i t e s  a r e  shown a s  c ro s s h a tc h in g  on a p a r a s a g i t t a l  view  o f  th e  Lm, r e c o n s t r u c t e d  from  
co ronal s e c tio n s  through th e  nucleus
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Table 3. Summary of the frequency of small, medium and large HRP-labeled 

neurons found in the LM after injections into target nuclei.



Target Nuclei
Retrc

Small (10-19um)
sgradely Labeled Neurons in LM

Madium (20-29um) Large (30-39um)
Nucleus of the Basal Optic Boot 31/92 (33.7%) 37/92 (40.2%) 24/92 (26.1%)

Pontine Nuclei 
(LP and MP) 27/128 (21.1%) 57/128 (44.5%) 44/128 (34.4%)

Nucleus Darkschewitsch * 45/56 (80.4%) * 11/56 (19.6%)

Inferior Olive ' * 35/67 (52.2%) * 32/67 (47.8%)

Cerebellum * 30/97 (30.9%) * 67/97 (69.1%)

*found only in IMnp
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Fig. 1. Schematic line drawings of a series of coronal sections, stained w ith  

KlVtver Barcrra stain, from the rostral (.000 mm) through the caudal pole (.750 

mm) of ihc l.M showing the position of both the magnocellular (lines) and parvi- 

cellular (dots) subdivisions. SS indicates the position o f the superficial synen- 

cephalic nucleus, ()l indicates the position of the optic tectum, GLv indicates the 

position of the vmlrolaleral geniculate nucleus.
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Fig. 2. Photomicrographs of coronal Klftver-Barrera-stained sections of the LM A. 

At the rostral pole of the nucleus, the magnocellular -portion (LMrnc), is seen me­

dial to the optic tectum and lateral to the SS (*). B. The second subdivision, the 

parvicelluiar portion (LMpc), appears 200 fim caudally. C  At 500 fim from the  

rostral pole the LMrnc is divided into a dorsal and a ventral limb (designated by 

asterisks); the LMpc narrows in its mediolateral aspect D. At 650 fim from the 

rostral pole, the LMpc also becomes divided into a dorsal and a ventral limb and 

the LMrnc becomes limited to a few  large cells in the ventral optic tract (x l4).
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Fig. 3. High magnification photomicrograph of a coronal section through the ros­

tral pretecturn showing the cytoarchitectural features of the 1 .Mpc, LMrnc, and 

the neighboring SS (x25).
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Fig. 4. Photomicrographs of coronal sections showing HRP-labeled terminals 

w ithin the LM after intraocular injections of the contralateral eye w ith HRP- 

WGA. labeled terminals are found in both subdivisions, the LMrnc and the 

LMpc, throughout the rostrocaudal extent of the nucleus. These illustrated sec­

tions are at approximately the same level as the areas illustrated in Figure 2. A. 

Labeled retinal terminals in the LMrnc at the rostral pole of the LM B. Labeled 

retinal terminals in both LMrnc and LMpc, 200 yum from the roslral pole. C. La­

beled retinal terminals in bolh the LMinc and the LMpc, 500 /cm from the rostral 

pole. D. A1 (>50 /cm, labeled retinal terminals are found in both the dorsal and 

ventral limbs of the LMpc (xl4).
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Fig. 5. Low magnification photomicrograph of a field of labeled cells (x225). b-d. 

High magnification photomicrographs of 3 labeled cells (\58U). b. hxarnple of a 

small cell. c-d. Examples of large cells w ith labeled dendrites stretching toward 

the inner nuclear layer.
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Fig. 6. Frequency histograms constructed from samples of HRP labeled retinal 

ganglion cells in the superior temporal (ST), inferior nasal (IN) and inferior tem­

poral (IT) quadrants. Labeled cells in the superior nasal quadrant were 

insufficiently filled to be measured. Arrows indicate the means.
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Fig. 7. Photomicrographs of HRP injection silc (Fig. 7a-d) in the LM illustrated at 

(he same intervals as in Figure 2 and a drawing of the reconstructed retina show­

ing resulting distribution of labeled retinal ganglion cells (Fig. 7e) (x7). HRP in­

jection located primarily in the dorsorostral LM resulted in labeling of ganglion 

cells mostly in the inferior nasal retina.
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Fig. 8. Photomicrographs of HRP injection sile (Fig. 8a-d) in the LM illustrated at 

same intervals as in Figure 2 and a drawing of the reconstructed retina showing 

resulting distribution of labeled retinal ganglion cells (Fig. 8e] (x7). HRP injection 

located primarily in the dorsocaudal LM resulted in labeling of ganglion cells 

mostly in the inferior temporal retina.
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Fig. 9. Photomicrographs of HRP injection site (Fig. 9a-d) in the LM illustrated at 

same intervals as in Figure 2 and a drawing of the reconstructed retina showing 

the resulting distribution of labeled retinal ganglion cells (Fig. 9c) (x7). HRP in­

jection located primarily in the ventral LM resulted in labeling of ganglion cells 

in the superior temporal retina.
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Fig. 10. Photomicrographs of HRP injection site (Fig. lOa-d) in the LM illustrated 

at same intervals as in Figure 2 and a drawing of the reconstructed retina show ­

ing resulting distribution of labeled retinal ganglion cells (Fig. 10c) (x7). HRP in­

jection located throughout most of the I.M resulted in a horizontal band of gan­

glion cells extending across the retina.
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Figs. 11-12 Autoradiograms and matched stained sections from brains of chicks 

that viewed horizontal visual motion with half the retina al ter injection of 2-DG. 

Sections were cut rostrocaudally and are illustrated at approximately 120 /un in­

tervals. The 2-DG label in the autoradiograms and its corresponding position in 

the photomicrographs of the LM are indicated by arrows (\7).
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Fig. 11. Superior retina stimulated w ith  horizontal visual motion, a. The 2-DG 

label covered the dorsal half of the rostral LM but became progressively more 

ventral when traced caudally (Fig. llb -f) . The nBORl was also labeled (Fig. llg ) .
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Fig. 12. Inferior retina stimulated with horizontal visual motion, a. The dorsal 

halt of the rostralinost LM was heavily labeled, b-c. As traced caudally the label 

extended ventrally and then became restricted to the dorsal LM (Fig. 12d-e). The 

caudalmost extreme was not labeled (Fig. 12f).
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Figs. 13-14. Autoradiograms and matched stained sections from brains of chicks 

that viewed horizontal visual motion w ith half the retina alter injection of 2-DG. 

Sections were cut rostrocaudally and are illustrated at approximately 120 /im in­

tervals. The 2-DG label in the autoradiograms and its corresponding position in 

the photomicrographs of the LM are indicated by arrows (x7).
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Fig. 13. Temporal retina stimulated w ith horizontal visual motion, a-c. Heavy 

label extended along 1he entire dorsoventral axis in the rostral half of the LM. d- 

f. In the caudal hall' the label was lighter and located in the vent ral portion of 

the nucleus. The asterisk indicates a diagonal band that extends from the LM to 

the rostral nucleus principalis precommissuralis (PPC) that was also labeled.
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Fig. 14. Nasal retina stimulated w ith horizontal visual motion, a-c. Label was 

absent from the rostral half of the LM. d-e. Label extended along the dorsoven- 

tral axis. f. At more caudal levels the label was located primarily in the dorsal 

portion of the LM.



143

ttst+f:



144

Fig. 15. Line drawing of a parasagittal view of the LM showing mapping of each 

retinal quadrant onto the nucleus. Inset in lower right corner shows similar re- 

tinotopic mapping onto the optic tectum (modified from Cross land and Uchwat, 

1979X
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Fig. 16a. Photomicrograph of a Klfiver-Barerra stained coronal section through the 

middle of the telencephalon (x4). The area within the lx>x is depicted in the 

lower portion of this figure, b. A higher magnification photomicrograph of the 

hyperstriatum and the layers of the visual Wulst shows the accessory hyperslria- 

tum (HA), intercalated accessory hyperstriatum (IHA), superior intercalated hy­

perstriatum (HIS), supreme frontal lamina (LFM) and dorsal hyperstriatuin (HD) 

layers w ithin the visual W ulst (xlO).
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Fig. 17. a-d. A series of photomicrographs of the HRP injection site in the LM 

(x7), illustrated at the same levels as in Fig. 2 along with an schematic illustra­

tion (e) of this injection site shown as crosshatching on a parasagittal view of the 

LM, reconstructed from coronal sections through the nucleus, f'-k. A roslrocauclal 

series of line drawings through the caudal 4.0 mm of the telencephalon showing 

the distribution of labeled cells w ithin the HA after a nearly complete injection 

into the LM. The line on the drawings represents the ventral border of the HA 

layer.
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Fig. 18. a. Frequency histogram constructed from a sample of HRP labeled neurons 

in the HA layer of the visual W ulst after the injection shown in Fig. 17. Arrow  

indicates the mean. b. Photomicrographs of HRP-labelcd neuron in the HA (x225). 

c. Photomicrograph of a field of HRP-labeled neurons in the HA (x90).
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Figs. 19-22. Line drawings of a parasagittal view of the LM showing the position 

of four partial injection sites shown as crosshatching. (Figs. 19a, 20a, 21a, 22a). A 

rostrocaudal series of line drawings of sections through the caudal 4.0 min of the 

telencephalon showing the distribution of labeled cells w ithin the HA injections 

restricted to portions of the LM (Figs. 19b-g, 20b-g, 21 b-g, 22b-g).
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Fig. 19. HRP injection into dorsal LM labeled neurons primarily in ventral HA.
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Fig. 20. HRP injection into a portion of the dorsal LM labeled neurons primarily in 

caudoventral HA.
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Fig. 21 HRP injection into the ventral LM labeled neurons primarily in the dorsal 

portions of HA.
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Fig. 22. HRP injection into the middle LM labeled neurons primarily in the cen­

tral HA and nol in dorsalmost or ventralmost portions of HA.
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Fig. 23. Composite drawing of the distribution of labeled cells within the IIA il­

lustrated in Figs. l ()-22 shown in a rostrocaudal series of line drawings through 

the telencephalon after injections of HRP restricted to portions of I.M



159

23

Neurons  labe led  a f te r :  
do rsa l  LM in jec tions  
middle LM injections  
ventra l  LM in jec t ions



160

Figs. 24-25. A roslrocaudal series o f line drawings through the LM showing the 

distribution of lenninal labeling w ithin this area after injections into the HA 

layer of the visual Wulst of older chickens (Fig. ,248-c) and hatchlings (Fig. 25a- 

c). Darkfield photomicrographs show the position of lableled terminals in the LM 

after injections into HA of older (Fig. 24d-f) and hatchling (Fig. 25d-f) chicken 

(x8).
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Fig. 24. a-c. MRP injections into the HA of older chickens result in the labeling of 

terminals throughout the rostrocaudal extent o f the LM d-f. The distribution of 

terminal labeling appears uniform in rostral (d), middle (e) or caudal (f) LM and 

there is no apparent differential distribution of label within either subdivision of 

the LM (x8).
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Fig. 25. a-c. HRP injections into the HA of hatchling chickens result in the label­

ing of terminals throughout the roslrocaudal extent of the LM cl-f. The distribu­

tion of labeled terminals is similar to that found in older chickens (Fig. 24d-f).
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Fig. 26. a. A  line drawing of a coronal section al the level of the nBOR as desig­

nated by the arrows, b. Photomicrograph of a field of HRP-lahclcd cells in the 

nBOR (x70). Retrogradely labeled neurons are found in all three subdivisions of 

the nBOR. c-e. Photomicrographs of labeled neurons in nBOR Cx210). HRP-labeled 

neurons in the nBOR are generally medium (M) or large-sized (I.) neurons round 

or stellale in shape.
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Fig. 27. a. A line drawing of a coronal section through the rostral optic tectum. 

Arrows indicate regions in which HRP-labeled neurons are found, b. Photomicro­

graph of a field of labeled neurons in layers 8 and 10 of the OT (x 125). c-e. 

Higher magnification photomicrograph o f labeled neurons in OT (x 195J. Relro- 

gradely labeled neurons in the optic tectum are small (S) and medium sized (M) 

and round or elongated in shape.
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Fig. 28. Schematic representations of the mapping of the retinal quadrants in the 

hyperstriatum and the LM. The hypcrstriatuin and LM are shown in parasagittal 

view s reconstructed from coronal sections through these areas. Evidence suggests 

that specific portions of the LM receive an orderly projection from corresponding 

portions of the retina, either indirectly through the HA of the visual W ulst or 

directly from the retina.
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Fig. 29. Photomicrographs of HRP injection site (Fig. 29a-d) in the LM illustrated 

at the same intervals as in Fig. 2 (x7). e. The lower illustration is a line drawing 

of a coronal section just caudal to the caudal pole of the LM showing the antero­

grade labeling of three bundles of axons, the dorsal (d), ventral (v), and lateral (1), 

exiting the LM.
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Fig. 30. Line drawings of a rostrocaudal series of coronal sections through the 

brain (Fig30A-H) showing the distribution of labeled axons and terminals in OT 

(30A.B), Pt (30A), AP (30A.B), PPC (30A.B), nl) (30A.B), PC (30A.B), nBOR (30B), 

MPv (30C), nPap (3 0 0 .  MP (30D), LP (3013), BCP (30D) and 10 (3010. I;. A 

parasagittal section through the Cb, illustrating the resultant anterograde labeling 

of axons and terminals in folia VI, VIII and IXa and c, after HRP injections into 

the LM
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Fig. 31. a. A brighl-fielcl photomicrograph of a Nissl-stained coronal .section 

through the rostral OT. The area designated by the box is represented in the 

dark-held photomicrograph below, b. Darkfield photomicrograph showing the 

resultant anterograde terminal labeling in layer 4, 7 , 1 1 ,  12, 13 of the OT (x34).
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Fig. 32. a. A bright-held photomicrograph of a Nissl-stained coronal section 

through the nD. The area designated by the box is represented in the dark- field 

photomicrograph below, b. Darkfield photomicrograph showing resultant antero­

grade labeling within the nD (x34).
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Fig. 33. a. A bright-field photomicrograph of a Nissl-stained coronal section 

through the nBOR. The area designated by the the box is represented in the 

dark-fielcl photomicrograph below, b. Darkfield photomicrograph showing resul­

tant anterograde labeling of terminals in all three subdivisions of the nBOR 

CnBORd, nBORp and nBORlXx34).



081



181

Fig. 34. a. A bright-field photomicrograph of a Nissl stained coronal section 

through the MP. The area designated by the box is represented in the dark-field 

photomicrograph below, b. Darkfield photomicrograph showing the resultant an­

terograde labeling of terminals in the MP (x34).
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Fig. 35. a. A bright-field photomicrograph of a Nissl-stained coronal section 

through the rostral 10. The area designated by the box is represented in the 

dark-held photomicrograph below, b. Darklield photomicrograph showing the 

resultant anterograde labeling of terminals in rostral 1() (xJ4).
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Fig. 36. a. A bright-field pholomicrograph of a Nissl-stained coronal section 

through the LP. The area designated by the box is represented in the dark-field 

photomicrograph below, b. Darkfield photomicrograph showing the resultant an­

terograde labeling in the LP (xJ4).
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Fig. 37. a. A bright-field photomicrograph of a Nissl-stained parasagittal section 

through folia V-IX of the Cb. The area designated by the box is represented in the 

dark-iield photomicrograph below, b. DarkBeld photomicrograph showing the 

resultant terminal labeling in folia IXc of the Cb (x23).
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Fig. 38. Photom icrographs of HRP-Iabcled neurons found in the L.M afte r injec­

tion in to  the nBOR (x l6 3 ). a. Fxaruple of a medium (M ) sized neuron, b. Exam­

ples of sm all (S) and  large (L) sized neurons.
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Fig. 39. Photom icrographs o f MRP-labeled neurons found in l.M  a fte r injection

in to  I .P/Ml* (x l6 3 ) . a. Exam ple of a sm all (S) sized neuron, b and c. Examples of

m edium  (M) sized neurons, d  and e. Exam ples of large (1.) sized neurons.
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Fig. 40. Photomicrographs of HRP-labeled neurons found in l.M after injection 

into n!) (x 163). a and b. Examples of medium sized neurons.
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Fig. 41. Photom icrographs of HRP-labelecl neurons found in LM afte r  injection

into  1() (xHvO. a. Hxample o f a  large (L) sized neuron, b and c. Examples of

m edium  (M) sized neurons.
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Fig 42. Photomicrographs of HRP-labeled neurons found in LM al ter injection 

into Cb (x!63). a ancl b. Examples of large (1.) and medium (M) sized neurons.
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Fig. 43. Summary diagram of the proposed neural circuitry of the LM and its re­

lationship to ihc eye. The afferent and efferent connections of the I.M in chickens 

identified in the present study are drawn w ith solid lines whereas connections 

determined by other studies are drawn with dotted lines.
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