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ABSTRACT 

The naso-temporal division of the retinothalamic pathway was 

studied in normal and Siamese cats. One lateral geniculate nucleus 

(LGN) of each animal was filled with horseradish peroxidase (HRP) 

in order to visualize the retinothalamic ganglion cells over a wide 

area of retina. Whole-mounted retinae of normal animals showed clear 

vertical decussation lines between areas projecting ipsilaterally 

or contralaterally. The ipsilateral decussation was sharp and passed 

through the center of the area centralis; the contralateral decussation 

was somewhat less sharp, with scattered cells extending up to a few 

degrees into the temporal retina. However, in contrast to the findings 

in Stone's ( 1 66) tract section material, no significant numbers of 

HRP-filled cells were found beyond a few degrees into the contralateral 

temporal retina. 

In the Siamese cat retina there was no sharp vertical decussation 

line between areas sending axons ipsilaterally or contralaterally; 

rather there was overlap in the temporal retina between cell populations 

projecting to the two hemispheres. Thus there is no region of exclusive 

contralateral misprojection. extending 20° temporally from the zero 

azimuthal meridian; in fact, there is a smooth, gradient-like decrease 

in the percentage of retinothalamic cells misprojecting contralaterally 

as one proceeds into the temporal retina. Cell-size measurements 

indicated that the large (presumably Y-type) ganglion cells are more 

affected by the Siamese defect than the rest of the retinothalamic 

population. Use of the anterograde transport of tritiated· ami.no acids 

confirmed the existence of bilateral projection to the LGN from the 

central temporal retina of Siamese cats. 



iv 

The second part of this thesis was an attempt to determine the 

form of the vertical horopter in the cat and burrowing owl by electro­

physiologically mapping the receptive field positions of binocular 

cortical neurons at various elevations a long the zero azLmuthal meridian. 

Our recordings indicated that, in the a l ert , unparalyzed cat and owl, 

midline binocular units in the lower visual field have crossed receptive 

fields compared to the fixation point, while upper field cells have 

uncrossed receptive fields . It follows from our data that the vertical 

horopter is a straight line tilted away from the animal in both species, 

with the lower field horopter closer to the animal and the upper field 

horopter farther away . 
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INTRODUCTION 

The following thesis reports the results of my work in the 

laboratory of J. D. Pettigrew . The first two chapters are anatomical 

studies of the decussation pattern of the retinothalamic pathway in 

normal and Siamese cats, while the third chapter (rather unrelated 

to the first two) details our study of the vertical horopter in 

the cat and burrowing owl. Each of these chapters has been submitted 

separately for publication in the Journal of Comparative Neurology . 

A brief introduction to each topic appears at the beginning of 

the appropriate chapter; the relevant figures and acknowledgements 

are a l so separated by chapter. 
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CHAPTER 1 

The Decussation of the Retinothalamic Pathway 

in the Normal Cat 
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INTRODUCTION 

Knowledge of the retinal distributions of ganglion cells with 

crossed and uncrossed axons is of considerable importance for the 

understanding of binocular interactions in the mammalian visual system. 

Ganser (1882) was the first to show in cat that the cells in the nasal 

retina project contralaterally, while those in the tem,poral retina 

send axons to the ipsilateral hemisphere. However, no quantitative 

study of the naso-temporal division of the cat's retina was made until 

Stone ( 1 66) used optic tract section to demonstrate the projection 

pattern of the entire retinal output. The development in recent 

years of simple and general classification schemes for the various 

types of retinal ganglion cell (Enroth-Cugell and Robson, 1 66; 

Boycott and W~ssle, '74; Stone and Fukuda, '74a, b; Cleland and 

Levick, '74a, b) has led to interest in determining the decussation 

patterns of the different cell groupings; and indeed, it has been 

shown that each of the major ganglion cell classes has its own particular 

pattern of naso-temporal division (Stone and Fukuda, '74b; Kirk et 

al., '76a, b). 

To date, the only anatomical demonstrations of the crossed/uncrossed 

distributions of cat retinal ganglion cells have relied on tract section 

(Stone, 1 66; Stone and Fukuda, '74) and have thus included the output 

to both the midbrain and the thalamus. From this total decussation 

pattern we have attempted to extract the organization of just the 

retinothalamic component. To this end we have made use of the retrograde 

transport of horseradish peroxidase (HRP) (Krisstenson et al., '71; 

LaVail and LaVail, 1 74), which has already been shown to be of value 

in the study of retinal projections (Bunt et al., '74' Kelly and Gilbert, 
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'75; Magalllaes-Castro et al., '76; Bunt and Minckler, •77). We have 

made large injections of HRP into one lateral geniculate of the cat, 

hoping thereby to reveal over a large area of r e tina the pattern of 

crossed and uncross ed projection to the thalamus. The results presented 

here confirm and extend the previous descriptions of the naso-temporal 

division in the normal cat (Stone, 1 66; Stone and Fukuda, '74b; Kirk 

et al., '76a, b) and provide a background for the following study 

of the retinal projections in the Siamese cat (Cooper and Pettigrew, 

'78a). Abstracts of this work have been presented elsewhere (Cooper 

and Pettigrew, '77a , b). 

:METHODS 

HRP Injections and Histochemical Procedures 

Ten normal cats were used in this study. In order to visualize 

the entire distribution of r etinothalamic ganglion cells in the retina, 

we attempted to fill the whole extent of one lateral geniculate nucleus 

(LGN) in each animal with horseradish peroxidase (HRP, Sigma Type 

VI). To this end we made three or four large injections of HRP in 

each animal. These injections were made through a Hamilton syringe 

at stereotaxic coordinates indicated in the atlas of Snider and Niemer 

( '61) and in the study of Sanderson ( '71). We usually injected 1.5 

µl of 10% HRP in saline at each of three sites located between Sanderson's 

coronal planes 5 and 8 at L9, Vl4 to 14.5. A fourth injection of 

0.5 µl was sometimes placed at coronal 4. Each injection was made 

over a period of one-half to one hour; we allowed the needle to rest 

in place for 10 min after the completion of the injection. Four to 
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six hours usually elapsed between the beginning of the first injection 

and the completion of the last one. We used ketamine hydrochloride 

as the anesthetic during both the preparatory surgery and the actual 

injections; the initial dose of 20 mg/kg was supplemented as needed 

during the course of the injection session. Dexamethasone, penicillin, 

and streptomycin were administered for prophylaxis at the end of the 

session. 

We allowed the cats to survive for 40 to 50 hours after the begin­

ning of the first HRP injection in order to provide sufficient time 

for the retrograde transport of peroxidase to the retina. After this 

time the animals were perfused transcardially with warm saline followed 

by 20% formal-saline. We usually injected 2000 units of heparin into 

the heart before beginning the saline flush; the addition of 3000 

units of heparin per liter of saline also helped ensure adequate removal 

of the blood. The high formalin concentration employed here produced 

very rapid fixation of the brain and retinae, allowing their removal 

within a few hours of the perfusion. We used this formalin concentration 

in order to give quick fixation of the retinae without the need for 

use of glutaraldehyde, which seems to hinder the removal of the retinae 

from the underlying choroid. 

After removal of the eyes, the anterior portion of each eyeball 

was separated by cutting just in front of the ora terminalis (terminology 

of Hughes, '76); the vitreous was stripped away from the retina at 

the same time. We then made a number of relieving cuts around the 

entire perimeter of the fundus in order to facilitate flattening of 

the hemispherical retina on a slide. Next, each fundus was left in 
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cold distilled water overnight; this procedure provided a good rinse 

and allowed the retinae to float free from the underlying choroid. 

On the following day it was usually easy to complete the removal of 

the retina by sliding a blunt forceps along the ora t erminalis and 

by undercutting the optic disk with a scalpel blade. 

After removal from the choroid, the retinae were reacted with 

benzidine (Strauss , 1 64; Lynch et al., '73) in order to visualize 

the HRP- containing ganglion cells. The tissue was rinsed briefly 

in room temperature 25% ethanol and then incubated from 5 to·lO min 

in a room tempe:r2.ture solution containing 10 ml of 0.2% benzidine­

dihydrochloride in 30% ethanol, 10 ml distilled water and 20 µl 30% 

H2o
2

. Next the retinae were washed twice in cold 30% ethanol and 

transferred for at least one- half hour to cold 6% sodium nitroprusside 

in 50% ethanol. We mounted the retinae fiber layer uppermost on glass 

slides which had been subbed twice with Gatenby 1 s solution. After 

air- drying overnight, the tissue was dehydrated, cleared, and cover­

s l ipped without counterstaining. 

The high formalin concentration used in the perfusion made it 

necessary to examine the brain as soon as possible for the spread 

of HRP from the injection site. After the brain had been blocked 

coronally and removed from the skull, we pl aced it overnight in cold 

30% sucrose without fixative. On the next day the LGN, superior col­

liculus, and visual cortex were cut at 30 or 80 µm, and the sections 

were reacted with benzidine for one minute. Counterstaining the sections 

lightly with neutral red facilitated the determination of the extent 
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of diffusion of HRP through the brain. Layers V and VI of the ipsi-

lateral visual cortex were examined for evidence of retrogr ade transport 

from the superior colliculus or LGN to the cortex (Gilbert and Kelly, '75). 

Photography 

Macrophotography was performed on the freshly-prepared whole 

mounts before dehydration. Direct and indirect illumination, alone 

and in combination, were used to obtain clear definition of both blood 

vessel patterns a nd stained ganglion cells. Color slides (35 mm, 

magnification 4X - l0X) were obtained with a reversed 50 mm macro 

lens attached to the front of either a 100 mm or 200 mm lens (Blaker, 

'76). This method allowed briefer exposure times and better resolution 

than the use of the macro lens in combination with a bellows. 

Ganglion ·cell Dens ity Maps 

The extensive.labeling of retinal ganglion cells after our in­

jections of HRP into the thalamus enabled us to construct maps of 

labeled ganglion cell density using the uncounterstained whole-mounted 

retinae (Stone, '65, '78; Hughes, '75; WM.ssle et al. , '75). T'ne first 

step in the construction of these maps was to draw the retinae at 

37X magnification; various landmarks-on the drawing enlargements could 

then be related to the coordinates on the micrometer stage of a compound 

microscope . In this way it was possible to establish the relationship 

between a grid coordinate system on the drawing and the various points 

on the actual histological specimen. We counted·cell densities across 

the temporal retina and the nasal r etina as far as the optic disk. 

T'ne initial cell counts were made at the intersections of a 

1 mm lattice. Extra counts were made at more closely spaced intervals 
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in regions of central re.tina where the ganglion cell densities changed 

rapidly with eccentricity. We counted the ganglion cells through 

a lOX eyepiece fitted with a square graticule; the magnification was 

chosen so as to maintain 50 to 150 cells within the graticule field. 

In the areas of low cell density we used a 16X objective (field= 

0.372 mm
2

). A lOOX oil objective (field= 0.0096 mm
2

) served to count 

the region of highest cell density in the area centralis itself. 

After calculating the labeled cell density for each point of the retina, 

we then constructed the isodensity lines by linear interpolation 

between adjacent data points. 

Shrinkage 

Shrinkage of the retinae was estimated by comparing the distance 

from the area centralis to the optic disk with the average distance 

of 3 .1t2 rn..'D. given by Bishop et al. ( '62), and also by comparing the 

distance from the optic disk to the temporal margin of the retina 

before and after dehydration. For the later animals in this series, 

LGN-35 and -36, we photographed the retinae before and after dehydration 

in order to obtain even more accurate estimates of shrinkage. The 

retinae presented in this study did not show significant shrinkage 

(i% for the ipsilateral retinae of LGN-35 and -36, 2~3% for the contra­

lateral. retina of LGN-35) and therefore were not corrected for length 

or cell density. 

The position of the area centralis on the drawings of the uncounter­

stained retinae was estimated by inspection and confirmed by counting 

under the microscope. Since there was not a distinct region of high 

labeled cell density in the ipsilateral retinae of the Siamese cats 
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used in the following study ( Cooper and Pettigrew, '78a), these retinae 

were decoverslipped and counterstained with cresyl violet after the 

necessary quantitation had been performed. The estimate of the position 

of the area centralis on each counterstained retina was corrected 

for any shrinkage occurring during the staining with cresyl violet. 

Cell Size Measurements 

In order to deter:rriine the diameters of HRP-filled ganglion cells, 

we drew fields of cells under a 4ox lens with a camera lucida attachment. 

The drawings were made at a magnification of 800X and covered an area 

large enough to include 150-200 labeled ganglion cells. Since we 

found that cot.L.~terstaining with cresyl violet or neutral red often 

obscured the blue color of the benzidine reaction product, we first 

drew each field from the uncounterstained retinae. After decoverslipping 

and counterstaining, a drawing was made of all the cells, labeled 

and unlabeled, in the same area as the initial drawing. Comparison 

of the two drawings ensured that no lightly labeled cells were missed 

in the final counterstained drawing. We measured the area of each 

cell on a digitizing tablet kindly lent by J.-P. Revel; the diameters 

were then calculated from the area data by assuming a circular pro-

file for the ga.,.~glion cells. There was sometimes considerable shrinkage 

of the cell diameters during the staining and dehydration procedures 

(e.g., in LGNS-25 and -26 of the following study). We made no attempt 

to correct for this shrinkage. 
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RESULTS 

As seen in figures 1 and 2, the large injections used here gave 

very good filling of the retinal ganglion cells. The large cells 

were usually especially well labeled and one could often determine 

their dendritic morphology in considerable detail, even under light 

field optics. Due to the heavy labeling of the ganglion cells and 

to the thickness of the retinal whole-mounts, we found it more convenient 

to study the retinae under light-field optics, rather than to use 

the conventionP7 dark-field . .All of the quantitative work in this 

study was done using the light field condenser. 

Extent of Diffusion of HRP 

As might be expected from the large amounts of HRP injected into 

the LGN (see Methods), there was considerable diffusion of the HRP 

away from the injection sites. We have divided the region of HRP 

spread into two regions, as shown for a typical injection in figure 3·~ 

In the central region, represented by vertical stripes, the benzidine 

reaction product. was diffusely spread throughout the extracellular 

space; the degree of extracellular labeling varied from most intense 

in the immediate vicinity of the injection site in the LGN to rather 

lighter at the edges of this central region. This region of diffuse 

extracellular reaction product usually covered the entire extent of 

the thalamic nuclei known to receive retinal input, viz., the dorsal 

lateral geniculate nucleus (LGNd, or simply, LGN), ventral lateral 

geniculate nucleus (LGNv), and medial interlaminar nucleus (MIN). 

In figure 3 heavy label extends throughout the rostro-caudal extent 
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of the LGNd, except for the most caudal tip of this nucleus (although 

often the entire LGN was filled with moderately heavy label). The 

region of diffuse labeling usually spread part-way across the pulvinar, 

medial geniculate nucleus, optic tract, and optic radiation. Surrounding 

this centra l area of diffuse reaction product was a band in which 

the benzidine reaction product was confined mainly or entirely to 

the walls of blood vessels. This region is represented in solid grey 

in figure 3 and probably represents the maximum extent of HRP diffusion 

away from the injection site (Hedreen and McGrath, '77; Vanegas et 

al., '78). This area of light labeling usually extended across the 

pulvinar and medial geniculate nuclei, about half-way across the lateral 

posterior nucleus, up the optic radiation into part of the suprasylvian 

gyrus, and across the ventricles into the hippocampus. It is important 

to note that in the animals presented in this study (as well as in 

the following one, for which this discussion of diffusion also holds), 

even the region of lightest label never extended into the mesencephalic 

areas known to receive retinal input, i.e., the superior colliculus 

(SC), nucleus of the optic tract (NOT), posterior pretectal nucleus 

(NPP), or pretectal olivary nucleus (Kanaseki and Sprague, '74). 

The one exception to this was LGNS-20 (following study), in which 

some heavier label did extend into the lateral SC and NOT. 

Other workers have noticed that the region of effective uptake 

of HRP is usually smaller than the apparent maximum diffusion of extra­

cellular marker (Nauta et al., '74; Bunt et al., '75; Jones, '75; 

Vanegas et al., '78). Our data outlined below support these findings 

and suggest that effective retrograde transport of HRP to the retina 
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took place from a rather smaller area than that indicated by the 

maximum spread of HRP. In particular, the data below make it· unlikely 

that there was significant uptake due to diffusion of HRP to the 

midbrain centers of retinal termination. 

We examined layers V and VI of areas 17, 18, and 19 ipsilateral 

to the injected LGN for evidence of retrograde transport from the 

LGN or SC (Gilbert and Kelly, '75). We did not find strong cortical 

labeling in all of our animals, possibly on account of the high formalin 

concentration used during fixation. However, in those animals where 

there was good trans:rort of HRP from the LGN to layer VI, we did 

not find significant labeling of layer V. This indicated that there 

probably was not significant contamination of our results by transport 

from the SC. The only exception to this was the Siamese cat LGNS-

20, in which the heavy labeling of layer VI was accompanied by light 

but significant staining of layer V, indicating that there may have 

been some transport of HRP from the midbrain to the retina of this 

animal. LGNS-20 will be discussed in more detail in the following 

paper. 

The fact that the mesencephalic primary visual areas did not 

contain reaction product, coupled with the data on transport to the 

retina presented below, indicates that our experiments deal with 

the projection of the retina to the thalamus and are not contaminated 

significantly by uptake due to spread of HRP to the midbrain. The 

reasons for discounting the possibility of transport through cut 

retinomesencephalic axons will also be discussed below. 
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It has been pointed out to us (Peter Stirling, personal communi­

cation) that the possibility exists of spurious staining of ganglion 

cells due to perikaryal uptake of HRP leaking from adjacent heavily 

labeled cells. Other investigators studying the retrograde transport 

of HRP to the retina have not noticed significant amounts of HRP 

in the extracellular space of the ganglion cell layer, even under 

the EM (Bunt et al., '74; LaVail and LaVail, '74). Nor has labeling 

of retinal glial cells been noted in these studies or in the present 

study. We have not observed lightly stained profiles surrounding 

more heavily labeled cells, as might be expected if leakage were 

a problem. The exception to this was seen in the central areas of 

some retinae (e.g., LGN-36, ipsi); in the regions of highest ganglion 

cell density we could sometimes observe faint, diffusely stained 

profiles which did not contain obvious grains. In such cases, only 

definitely filled profiles with distinct grains were counted as retino­

thalamic neurons. This problem was only encountered in a restricted 

region of LGN-35 contra and LGN-36 ipsi. 

The remaining sections of these Results will be devoted to a 

quantitative description of the naso-temporal division of the retino­

thalamic pathway in normal cats. The following paper will present 

the results of similar studies in the Siamese cat (Cooper and Pettigrew, 

1 78a). 

Appearance of the Naso-Temporal Division 

Quantitative data from two cats (LGN-35 and LGN-36) will be 

presented here; the other cats gave results which were qualitatively 

very similar to those presented here, but which were not quantitated 

extensively either because of some apparent spread of HRP to the 
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midbrain or because the benzidine reaction product faded before the 

cell counting could be accomplished. (Fading of the blue benzidine 

color was a considerable problem, especially from the heat of the 

projection lamp used to draw the retinae.) 

Low power photographs of the whole-mounts for LGN-35 are presented 

in figures 4 and 5. These photographs demonstrate a number of features 

of the naso-te2poral division of the retinothalamic pathway in normal 

cats. In the ipsilateral retina a rather sha.,.-v-p vertical line separates 

the ipsilaterally projecting temporal retina from the unstained contra­

laterally projecting nasal retina (see also Stone, '66). The darker 

region near the center of the photograph represents the area centralis, 

which is divided. approximately down its center by the vertical decussation 

line. The cont:ralateral retina also shows a vertical division between 

the stained nasal retina and the unstained temporal retina. The 

area centralis appears somewhat more heavily stained than its ipsi-

lateral counterpart, corresponding to a higher density of cells in 

the nasal half-centralis (see below). It is clear, however, that 

the vertical decussation in the contralateral retina is not as sharp 

as that for its ipsilateral partner; many cells spill across the 

decussation line into the temporal retina. The large ganglion ce.lls 

( Boycott and WM.s s le, '7 4; WMs sle et al. , '75 ) stand out clearly in 

these HRP-stained whole-mounts, and it is evident that most of the 

cells spreading into the temporal contralateral retina are actually 

large cells. In fact, beyond a few degrees temporally, there are 

no small cells labeled in the contralateral temporal retina. 
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Figure 6 is a camera lucida drawing of the filled cells in the 

ipsilateral and contralateral areae centrales. This figure reinforces 

the impressions obtained from the macrophotographs. The ipsilateral 

decussation line is sharp, while the contralateral line is much more 

diffuse. The "median edges" of the nasal and temporal retina, as 

named by Stone ( 1 66), have been fixed by inspection on these drawings. 

(We have determined the ipsilateral median edge as the line of most­

nasal ipsilateral cells.) Although some small cells do spread across 

the median edge of the nasal retina into the contralateral temporal 

retina, figure 6 makes it clear that more than a few hundred micra 

beyond the median edge most of the contralateral cells are large 

cells. In addition, the most temporally situated contralateral 

cells are all large cells. It is interesting to note that in the 

drawing of the i~silateral area centralis. there appears to be an 

absence of large cells near the median edge of the temporal retina; 

this presumably is due to the fact that most of the large cells in 

the first few degrees of temporal retina project contralaterally 

( see below). 

Overlap of Median Edges 

The camera lucida drawings of figure 6 were ruled off in squares 

100 µm on a side; the number of cells in each square was counted 

and is displayed in figure 7. The reader will notice that the peak 

density in the contralateral retina is higher (8538 cells/mm
2

) than 

that in the ipsilateral retina ( 5518 cells/mr/). This was also the 

case in the other pair of areae centrales which was counted (LGN-15); 
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the peak contra.lateral density was 6247 cells/mm
2

, while the na.ximum 

ipsilateral density was 11790 cells/rr,:/. In addition it is apparent 

in this figure that the pea.l{. density in each retina is displaced 

slightly from the median edge of the retina~ This can be explained 

by assu.c1.ing that there is overlap between the median edges of the 

nasal and ten.:;:,oral retinae overlap, so that there is a strip of bi-

lateral projecti.on running down the center of the area centralis. 

Such an explan2.tion was first proposed by Stone ( '66) , who showed 

that by overlapping the median edges of tract-sectioned retinae by 

200 ].lm (with 0!12 retina reversed left to right), an appropriately 

shaped isodensi-:y map of the complete area centralis could be obtained . 

Stone coined th2 term "median strip of overlap" for this region of 

intermingling c:: contra.lateral and ipsilateral cells. We have verified 

tbe.t 2.n overlap of approximately 200 µrn ( 1 °; Bishop et al. , '62; 

Hughes, 1 76) yi e lds an appropriately shaped area centralis; overlap 

of less than 200 µm resuits in a depression between two peaks of 

cell density when the two retinae are superimposed. 

Using the data in figure 7 the reader can verify the amount 

of overlap for himself, if he wishes. 

If one assumes symmetry beh,een the two eyes~ one should be 

able to superimpose the contralateral and ipsilateral density counts 

(fig . 7) and, after overlapping the nedian edges by 200 µm, calculate 

the relative proportion of the retinothalamic population projecting 

ipsilaterally or contralaterally fror:1 any given point in the retina. 
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This was done for the area centralis by summing the ipsilateral and 

contralateral densities (from fig. 7) in adjacent 100 µm-wide vertically­

oriented strips running from 500 µm above to 500 µm below the horizontal 

meridian; the ipsilateral density was taken as a percentage of the 

total retinothalamic cell density in each strip. The resulting"%­

ipsilateral" curve (fig. 8) shows how the proportion of ipsilaterally 

projecting cells increases as one proceeds temporally. Nasal to 

the median strip of overlap ·all the ganglion cells send their axons 

contralaterally. \vithin the median strip, on the other hand, there 

is an interming:ing of ipsilateral and contralateral cells, with 

the 50%-ipsilateral projection line falling near the center of the 

median strip (and therefore near the center of the area centralis). 

Temporal to the region of overlap defined by Stone ( 1 66), increasing 

percentages of the retinothalamic cells project homolaterally, until 

by about 800 µm (about 3.5°) temporally, no contralateral cells remain. 

It is important to emphasize here that the 75%-ipsilateral/25%-contra­

lateral line is reached at a point only about 200 µm (1°) into the 

temporal retina and that all the retinothalamic cells project ipsi­

laterally only slightly beyond that point. In other words, there 

is no population of cells which maintains contralateral projection 

across the entire extent of temporal retina and which might thus 

correspond to the 25% contralateral projection found by Stone ( 1 66). 

A similar %-ipsilateral curve is shown for the large cells in 

figure 8. Only a small fraction (about 6%) of the large cells sends 

axons ipsilaterally in the median strip, whereas approximately 50% 

of the total population does so. The 50% line for large cells is 

not reached until about 700 µm (3°) into the temporal retina. Thus 
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the naso-temporal decussation line for the "giant" cells is shifted 

temporally relative to that of the total retinothala~ic population. 

(This was noted previously by Stone and Fukuda [ 1 74] and by Kirk 

et al. [ 1 76a , b].) 

In figure 9, a %-ipsilateral curve similar to that in figure '8 

is shown for points on a horizontal line 2 mm above the area centralis. 

This curve is calculated from the cell densities along the line of 

ma.ximum contralateral spread into the temporal retina of LGN-35 (see 

below, fig. 10 ) . Even here, the 75%-ipsilateral line is reached only 

500 µm (2.5°) temporally and the 99% line is reached only 1 mm beyond 

that, again indicating that there is no significant population of 

contralaterally projecting cells extending across most of the temporal 

retina. 

As indicated in figure 6, ·the contralaterally projecting cells 

in the temporal retina tend to be large cells. This is verified 

by a plot showing how the proportion of large cells in the total 

contralateral retinothalamic population varies with horizontal eccen­

tricity (fig. 8). In the central nasal retina large cells make up 

about 3% of the total labeled-cell population. However, as one moves 

temporally to the median strip, the large cells come to form an in­

creasing percentage of the total contralateral population, until 

by 600-700 µm temporally, all of the contralateral cells are large. 

Density Maps 

Maps of the density of HRP-filled cells were constructed for 

both retinae of LGN-35 (fig. 10) and for the ipsilateral retina of 

LGN-36 (fig. 11). (The contralateral retina of LGN-36 faded before 

it could be counted.) Care was t aken to plot the positions of the 
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nasal-most filled cells in the ipsilateral retinae and the temporal-

most cells in the contralateral retina. (These lines are denoted 

"l" on the density maps~) . • The median edge of the temporal retina 

is marked by arrows in the ipsilateral density map of LGN-35 (fig. 

10) and falls at an angle of about 68° to the line between the center 

of the blind spot and the area centralis. 

In the density map for contralateral retina of LGN-35 (fig. 

10) the median edge of the nasal retina (arrows) falls at 62° with 

respect to the area centralis-blind spot line. (The reason for this 

asymmetry between the ipsilateral and contralateral retina in LGN-

35 is unclear, but it probably just represents individual variation. 

See Stone, '66.) The contralateral isodensity lines spill across 

the median edge into the temporal retina. The line of most temporal 

contralateral cells is rather ragged and extends farthest temporally 

along a horizontal line about 2 mm above the area centralis. However, 

this greater spread into the temporal retina is rather deceptive, 

since the contralateral density falls off rapidly beyond the nasal 

median edge (see above and fig. 10), so that even along this horizontaJ 

line of farthest excursion, only 1-2% of the retinothalamic cells 

project contralaterally 1.6 mm (about 8°) temporal to the median 

edge (see above and fig. 9). 

An interesting pattern in the ipsilateral density maps of LGN-

35 and -36 is revealed in figure 12, in which we have shaded the 

region between the most nasal ipsilateral cell ("l"-line) and the 

point of maximum ipsilateral density at each elevation above the 

area centralis. It is evident that the distance from the nasal edge 
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of the ipsilateral retina to the point of maximum ipsilateral density 

increases as one moves above the area centralis. As shown in figure 

12 (see also fig. 7), the distance from the most nasal cell to the 

peak density is about 200 µmin the area centralis itself, but in 

both retinae this value increases to about 1.3 mm along a line 3 

mm above the horizontal meridian. This increase is much more than 

would be expected (on the order of 100 µm) from the distortion of 

a straight line due to flattening of the hemispherical retina. Since 

the lower densities within the shaded region presumably result because 

the corresponding cells are projecting contralaterally, figure 12 

may indicate that the region of intermingling of contralaterally 

and ipsilaterally projecting cells is consistently greater above 

than along the horizontal meridian. 

Cell Size Measurements 

We have determined the diameters of the cells labeled with HRP 

at a point located near the horizontal meridian approximately 4.7 

mm into the contra.lateral nasal retina of LGN-35. Our data confirm 

the findings of Kelly and Gilbert ( '75) that all of the large cells 

are filled after injections into the thalamus and that there is a 

population of medium-sized cells (mean diameter= 14.7 µm, range 

= 11 to 20 µm) which is also filled (fig. 13). It is noteworthy 

that the smtllest ganglion cells (8 µm to 11 µm diameter) in the 

retina are not significantly labeled after our thalamic injections. 

This stands in contrast to the results of an injection into the superior 

colliculus (fig. 13). At a point located 6 mm into the nasal contra­

lateral retina, only about one-half of the large cells are labeled. 
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The medium-sized population is not heavily labeled, but the smallest 

ganglion cells (8 µm to 11 µm) do contain HRP. The mean diameter 

of the retinomesencephalic cells labeled here is 11.5 µm (range= 

8 to 18 µm). 

DISCUSSION 

Relation to Previous Work 

T'ne present study is the first anatomical investigation to examine 

the naso-temporal division of the retinothalamic pathway in the cat, 

although a more restricted study has been reported in the monkey 

(Bunt and Minckler, 1 77). Previous anatomical work by Stone ( 1 66) 

has used tract-sectioned material to study the decussation pattern 

of the entire retinofugal output. The present findings confirm and 

extend those o~ previous.workers who have applied both physiological 

and anatomical techniques to these questions (Stone, 166; Stone and 

Fukuda, '74b; Kirk et al., '76a, b). In particular, the finding 

of a 200 µm overlap between the median edges of the two retinae 

and the displacement of the decussation line for the large, presumably 

Y-type cells have been reported previously and are confirmed here. 

However, there are certain differences between our results and 

those published elsewhere. Stone ( 1 66) has shown that.approximately 

25% of the cells in the ipsilateral temporal retina survive tract 

section and must therefore project contralaterally. A small percentage 

of these cells are large cells. In our contralateral retinae we 

have found that the large cells spill up to several millimeters into 

the temporal retina and that they have a decussation line lying several 

degrees temporal to that for all the retinothalamic cells. This 
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confirms the histological finding of Stone ('66), as well as the 

anatomical and physiological results of Stone and Fukuda ( 1 74) and 

Kirk et al. ( 1 76a, b) (since the large cells are presumably Y-cells 

(Boycott and WM.ssle, '74). It is likely that the temporal large 

cells project to the medial interlarninar nucleus (MIN), inasmuch 

as the amount of naso-temporal overlap of these cells fits well with 

that reported by Sanderson ('71) and Sanderson and Sherman ( 171) 

for. this structure. In addition, it.is known that the major input 

to the MIN is from Y-cells (Mason, '75). However, some of the temporal 

large cells could also send axons to the lamina C of the LGN, since 

Sanderson and Sherman ('71) found similar amounts of overlap in lamina 

11B11 (old terminology for C-laminae) as in the MIN and since recent 

work has shown lamina C to contain Y-cells (Wilson et al., 176). 

In spite of the extensive naso-temporal overlap of the large 

Y-cells, Stone ( 1 66) found that the great majority of the contralaterally 

projecting cells in the temporal retina are small in size. (This 

is evident by comparing Stone's finding that about 5% of the temporal 

Y-cells project contralaterally with the fact that Y-cells make up 

only about 5% of the total retinal population [Stone, '66, '78; Wl=lssle 

et al., '75].) The smallest ganglion cells of the retina have come 

to be identified with W-cells (Boycott and Wl=lssle, '74; Stone and 

Fukuda, '74a; Cleland and Levick, '74b; Kelly and Gilbert, 175) and 

physiological studies have confirmed that there is substantial contra­

lateral projection of W-cells from virtually the entire temporal 

retiria (Fukuda and Stone, '74; Kirk et al., '76a, b). However, as 

shown in figure 6, we found no small cells more than a few hundred 

micra beyond the median edge of the contralateral nasal retina; most 



23 

of the more temporally located cells were large, and in fact the 

very most temporal cells were invariably large. along the horizontal 

meridian the 25% contralateral/ 75% ipsilateral line was found to 

lie only about 200 µm 91°) temporal to the median strip, while contra­

lateral projection fell to less than 1% only 600 µm) about 2.5°, 

fig. 8) more temporally. In other words, our study of the retino­

thalamic pathway does not reveal the presence of a substantial popu­

lation of contralaterally projecting small cells in the temporal 

retina. Thus, the large population of contralaterally projecting 

W-cells in the temporal retina probably does not project to the thalamus. 

Temporal W-cells have been stimulated antidromically from the contra­

lateral superior colliculus, however (Fukuda and Stone, 174). In 

addition, up to 40° of ipsilateral visual field (i.e., virtually 

the entire extent of temporal retina) has been mapped in the rostral 

pole of the superior colliculus (Feldon et al., '70; Berman and Cynader, 

'72; Lane et al., 1 74). That this ipsilateral field projection is 

probably due to the small W-cells is shown by the fact that lesions 

in even the most temporal edge of the retina produce fine-grained 

degeneration in the rostral pole of the contralateral superior col­

liculus (Harting and Guillery, '75). The fineness of the degeneration 

indicates that it corresponds to small caliber axons, which are most 

likely those of W-cells (Cleland and Levick, '74a; Stone and Fukuda, 

'74a). 

Of course, it is not possible for us to rule out absolutely 

the possibility that the temporal W-cells do project to the thalamus 

but could not transport HRP, since there are axonal systems which 
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apparently cannot be labeled with HRP (Nauta et al., 1 74). Given 

the fact that the smallest ganglion cells in the retina can be filled 

from the superior colliculus (fig. 13 and Kelly and Gilbert, 1 75), 

and given the size of the injections employed here, if this lack 

of filling of t he temporal small cells is due to lack of uptake and/or 

transport, then the contralateral projection from the temporal W-

cells to the thalamus would differ considerably from that to the 

midbrain. Such a difference could be due to a difference in extent 

of arborization, for instance. The smaller cells which do spill 

a short distance into the contralateral temporal retina in our material 

may be W-cells, however (see fig. 6 ), since the decussation line 

for the X- cells (the only other candidates at present for these smaller 

cells) is known to pass sharply through the area centralis (Stone 

and Fukuda, ' 74b ; Kirk et al ., '76a). 

It is interesting that not only are the small cells in the contra­

lateral temporal retina unlabeled in our material, but in general 

the smallest ganglion cells of the retina remain unfilled. This 

is in spite of the fact that, as just mentioned, these cells are 

capable _of transporting HRP from the superior colliculus. However, 

we do find that the larger end of the retinocollicular size distribution 

overlaps considerably with the cell population filled by injection 

of HRP into the thalamus . Kelly and Gilbert ( 1 75) noticed this also 

and speculated that these larger retinocollicular ganglion cells 

could be either large y-cells (presumably W-cells) or a small nmnber 

of ~- cells projecting to the superior colliculus. Although Fukuda 

and Stone ( 1 74) have shown that X- cells, which have come to be identified 
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with 13-cells (Boycott and Wlissle, 174), do project to the midbrain 

in small nu.mbers, they do not seem to send axons to the colliculus. 

In this regard it should be noted that Kelly and Gilbert's injections 

were large enough (0.5 µl) to fill the entire LGN, and they often 

found translaminar spread and uptRke of HRP. T'nus it is conceivable 

that their results contained some uptake from W-cells in the C-laminae. 

However, their study was completed before it was known that W-cells 

project to these laminae of the LGN (Wilson and Stone, '75; Cleland 

et al., 1 76). It is thus tempting to speculate that the tail of 

retinocollicular ganglion cells which overlaps with the LGN size 

distribution represents larger W-cells which project to the LGN as 

well as to the superior colliculus. It may then be that the smallest 

W-cells do not in fact send axons to the lateral geniculate. It 

should be noted here that differences in mean cell size have already 

been suggested in other contexts for different classes of W-cells 

(Stone and Fukuda, '74b). 

Evidence Against Uptake by Ganglion Cells Projecting to Midbrain 

Whatever the reason for the lack of filling of smallest cells 

in general, and of those in the contralateral temporal retina in 

particular, such findings make it unlikely that uptake from the mesen­

cephalon (due to diffusion of HRP to the midbrain or to transport 

through damaged retinomesencephalic axons) contributed significantly 

to our results. Our reasons for believing this have been suggested 

above, and are outlined here. First, the entire LGN was always filled 

with HRP after our injections; in spite of this, uptake was confined 

mainly to the upper retina, corresponding to the anterior portion 
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of the LGN where the injections were made. T'nis absence of significant 

transport to the lower retina indicates that the region of effective 

uptake was smaller than the apparent spread of extracellular HRP 

(see also Bunt et al., '75; Jones, '75). Since we did not find signi­

ficant amounts of extracellular HRP in the midbrain nuclei receiving 

retinal input, and since there was little or no uptake from the posterior 

LGN (which was filled with HRP), it is unlikely that there was uptake 

from the mesencephalic visual nuclei. This is confirmed by the lack 

of filling of the small cells in the contralateral temporal retina. 

Stone ( 1 66) has shown that approximately 25% of the ganglion cells 

in the temporal retina project contralaterally and that most of these 

are small cells. Data of Harting and Guillery ('75) as well as of 

Lane et al. ( 1 74) , and Feldon et al. ( 1 70), make it clear that many 

or most of these cells must project to the rostral tip of the superior 

colliculus (see above). If there were direct spread of HRP to the 

midbrain, one would expect uptake to occur first in the rostral tip 

of the colliculus, which is closest to the LGN. Since the smallest 

ganglion cells are capable of transporting HRP after injections directly 

into the superior colliculus (fig. 13, and Kelly and Gilbert, '75), 

the absence of labeling of these small neurons in the temporal contra­

lateral retina thus indicates that there was no significant uptake 

due to direct spread of HRP to the midbrain. The fact that, in general, 

there is no extensive labeling of the smallest cells of the contra­

lateral retina (figs. 4, 5, 6, 8) also indicates the absence of trans­

port from spread of HRP to the mesencephalon. These reasons for 

excluding the contribution of uptake directly from the midbrain also 
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can be applied against the possibility of transport of HRP through 

cut or damaged retinomesencephalic axons. This evidence against 

contamination of our results by ganglion cells sending axons to the 

midbrain is an important control for the following study of the retino­

thalamic pathway in Siamese cats. 

In a way it seems odd that cut axons should not be an important 

factor in this study, since the injection needle did sometimes pass 

through the LGN and penetrate the underlying optic tract. However, 

Halperin and LaVail ( 1 75) have shown that the cell bodies with cut 

axons accwnulate HRP at a different rate from those with intact axons. 

These authors found that by 24 hours after the injection of the enzyme 

marker, perikarya with cut axons began to show significantly lower 

amounts of HRP activity compared to intact cells. It is possible 

that with the longer survival times used here (about two days), most 

of the HRP had disappeared from the cells with cut axons, leaving 

significant staining only in those cells taking in HRP through their 

terminals. Consistent with this suggestion is the observation that 

in some retinae there were several circular zones of non-stained 

or very lightly stained ganglion cells; these zones were centered 

at eccentricities corresponding approximately to the positions of 

the injection needle tracks in the LGN. 

Is the Width of the Median Strip of Overlap Constant? 

The fact that the distance from the most nasal ipsilateral cell 

to the point of maximum ipsilateral density increases considerably 

above the horizontal meridian (fig. 12) suggests that the amount 

of naso-temporal overlap also increases with eccentricity above the 
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area centralis. The implication here is that the displacement of 

the density maximum away from the median edge is due to a proportion 

of the cells close to the median edge projecting contralaterally 

instead of ipsilaterally. We attempted to determine whether there 

was in fact more overlap of the median edges about 3 mm above than 

in the area centralis, and it appeared that an overlap of the contra­

lateral and i psilateral median edges by 400 µm or more gave the most 

satisfactory isodensi ty lin.es. However , the results of this attempt 

were not clear-cut , because in this region 3 mm above the horizontal 

meridian the cell densities change much more slowly with eccentricity 

than they do within the area centralis itself. This made it somewhat 

arbitrary to decide just how much overlap was appropriate, since 

a number of dif"terent amounts of overlap seemed to give rather similar 

isodensity prc:;:'iles. In addition, because of the low dens i ties (relative 

to the area cent:ralis) at this more periperhal eccentricity, the 

cells at the median edges of the nasal and temporal retinae become 

quite. scattered, so that it was difficult to place each median edge 

accurately . ( T'nis was especially true of the contralateral retina, 

where some difficulty was encountered even in the area centralis, 

cf. fig. 6.) Thus the amount of overlap could not be determined 

with confidence at this eccentricity 3 mm above the area centralis. 

The center of the median strip of overlap has been assumed to 

correspond to the zero meridian of the retina (Stone, 1 66). Since 

it also has been assumed that the median strip maintains a constant 

width above and below the area centralis, the median edge has been 

presumed to lie parallel to the zero meridian. But if, in fact, 
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there is more overlap of the median edges above the area centralis, 

then it may be that the zero meridian is actually skewed away from 

the median edge, so that the angle whtch the line between the area 

centralis and blind spot makes with the zero meridian (Bi shop et 

al., 1 62; Stone, 1 66) may be different from that which it makes 

with the median edge. 

The median edge of the retina has also been described physio­

logically in terms of the decussation pattern of X-cells, which is 

sharper than t~at for the other classes of ganglion cells (Stone 

and Fukuda, '71.n:i ; Kirk et al., '76a, b). It is still possible that 

the X-cell decussation line remains distinct at eccentricities above 

the area centralis and that the "fuzziness 11 in the contralateral 

median edge refl ects the decussation pattern of other cell types. 

It thus may be that physiological recordings would show the median 

edges to be sharp even at these eccentricities. In this case the 

width of the median strip of overlap could still be a constant 200 

µmat all elevations. This point cannot be resolved using our material, 

since we have not found it possible to distinguish absolutely between 

X- and W-cells on the basis of soma size. 

Conclusion 

The use of the retrograde transport.of HRP has provided a clear 

and, we feel, aesthetic demonstration of the decussation pattern 

of the retinothalamic pathway in normal cats. It has also allowed 

the construction of density maps describing just the population cf 

ganglion cells projecting to the thalamus. Such maps may be useful 

in comparif-;ons of cortical and retinal magnification. These comparisons 

have been attempted previously using ganglion cell densities obtained 
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from Nissl-stained material (Hughes, '75; Tusa et al., 178) and have 

suffered from the obvious disadvantage of including cells projecting 

to the midbrain. The proper comparison would be one made between 

the cortex and the population of ganglion cells which projects to 

it via the thalamus. An attempt at this type of comparison is currently 

under way (Myerson and Cooper, unpublished observations). 

The results of this study also provide an important control 

for the work reported in the following paper, in which the horseradish 

peroxidase technique is used to examine the retinothalamic pathway 

in Siamese cats ( Cooper and Pettigrew, '78). 
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FIGURE LEGENDS 

Fig.1 Bright-field photograph of HRP-filled ganglion cells in 

far periphery of uncounterstained retinal whole mounts. These profiles 

were obtained after large injections into one LGN of a normal cat (see 

Methods). The dendritic filling in the large,alpha-type cells is quite 

extensive; while the dendrites of the surrounding smaller cells are 

much less heavily labeled. Scale:5O rm· 

Fig. 2 See Fig. 1. 

Fig. 3 Spread of HRP from the injection sites in a typical 

experiment. The vertical stripes represent the. region of high density 

of benzidine. reaction product. The light stippling corresponds to the 

region in which re.action product was confined mainly or entirely to the 

walls of blood vessel C and probably represents the maximum extent of 

HRP spread. See Results.1. Tne thalamic nuclei receiving retinal input 

( LGNd, LGNv, MD.'0 were. all filled with HRP, while. even the lightest 

label was not found extending into the. midbrain nuclei which contain 

retinal terminals ( NOT, NPP, SC). BCI, brachium of the inferior 

colliculus; BSC, brachium of the superior colliculus; CP, cerebral 

peduncle; CSC, commissure of the superior colliculus; RAB, habenula; 

IN, interpeduncular nucleus; LD, lateral dorsal nucleus; LGNd, dorsal 

lateral geniculate nucleus; LGNv, ventral lateral geniculate nucleus; 

LP, lateral posterior nucleus; MB, marnmillary body; MGN, medial 

geniculate nucleus; MIN, me.dial interlaminar nucleus; NOT, nucleus of 

the optic tract; NPA, anterior pretectal nucleus; NPM, medial pretectal 
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nucleus; N III, oculomotor nucleus; OR, optic radiation; OT, optic tract; 

PC, posterior commissure; PN, pontine nuclei; PUL, pulvinar; lli~, red 

nucleus; SC, superior colliculus; SN, substantia nigra; ST, subthalamic 

nucleus; THI, habenulo -interpeduncular tract; ZI, zona incerta. 

Fig. 4 Low power photographs of naso-temporal division of the 

retinothalamic pathway in the normal cat LGN-35. The uncounterstained 

whole-mounts were obtained after the injection of HRP into one LGN. In 

the contralateral reti_na (left), the nasal hemiretina is filled with 

HRP-stained ganglion cells; a few large cells spill into the temporal 

retina. In the ipsilateral retina (right) the vertical decussation line 

is sharp and separates the labeled temporal hemiretina from the un­

labeled nasal hes.iretina. The. optic disk is visible. as a pale disk in 

the lower le.ft o::: the. contralateral retina and the. lower right in the 

ipsilateral retina. The large, alpha-cells stand out particularly well 

in these whole-mounts. N, nasal; T, temporal. Scale: 2 mm. 

Fig. 5 Higu.e.r power photographs of the. same. retinae as in Figure 

4. Note the. higher density of HRP-filled cells in the contralateral 

( left )_ than in the. ipsilateral ( right ) area ce.ntralis. Also note 

how much sharper is the. ipsilateral than the. contralate.ral decussation 

line.. N, nasal; T, temporal. 

Fig. 6 Camera lucida drawings of areae centrales of the ipsi­

lateral ( top ) and contralateral ( bottom ) retinae of LGN-35. The 

median edges of the temporal (top) and nasal (bottom) retinae are 
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indicated by the vertical arrows; the oblique arrows point to the optic 

disk in each case. ( Temporal is to the left in the top figure and 

to the right in the bottom drawing). Note that the most temporal contra­

lateral cells tend to be large. No attempt has been made here to 

represent precisely the diameters of the HRP-filled cells; however, the 

cell sizes are roughly correct. Scale: 200 f'lm. 

Fig. 7 Counts of HRP-filled cells in the region of the ipsilateral 

(top} and contralateral ( bottom 2 retinae of LGN-35. The camera 

lucida drawings of figure. 6 were. ruled off into squares 100 p,m on a side; 

the number of labeled cells in each square. is shown here at the 

appropriate location. Arrows are. the same as in figure 6. Scale: 200 rm. 

Fig. 8 Plots of the changing proportion of ipsilaterally and 

contralaterally projecting retinothalamic cells along the horizontal 

meridian of LGN-35. The cell counts in figure 6 ( and similar counts 

for the large cells alone.) were used to construct these curves. The 

number of cells in adjacent llOO f'm high X 100 rm wide strips ( centered 

on the horizontal meridian) were calculated in the ipsilateral and 

contralateral retinae. The ipsilateral retina was next inverted left-to­

right and the median edges of the two retinae overlapped by 200 /,.__m. The 

number of cells projecting ipsilaterally in each strip was then expressed 

as a percentage of the summed ipsilateral and contralateral densities in 

corresponding strips of the two retinae (i.e., as a percentage of the 

total retinothalamic cell number) ( filled circles). A similar calculation 

was performed for just the large cells themselves ( open circles). In 

addition, the number of retinothalamic large cells in each strip of the 
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contralateral retina was taken a s a percentage of t~1.e total number of 

HRP-filled cells in that strip ( filled triangles). The "median strip 

of overlap" ( see text· ) would lie between 100 f'\m nasal and 100 ~1m 

temporal and would include the 50% decussation point for the total retino 

thalamic population. The 50 % point for the large cells is shifted 

considerably temporally to that for all the cells projecting to the thalamus. 

The filled triangles make it clear that beyond a few hundred micra 

temporally, virtually all of the. contralaterally projecting cells are large. 

Fig. 9 The percentage. of the re.tinothalamic cells in LGN-35 which 

project ipsilaterally at various points along a horizontal line 2 mm 

above. the. h.orizo:ital meridian. The greatest excursion of contralateral 

cells into the temporal retina takes place along this line. ( see fig.10). 

This curve was calculated from the. density maps in figure 10; the ipsi­

lateral map was inverted left-to-right and the median edges overlapped 

by 200 ji1m. The. densities at corresponding points in the ipsilateral and 

contralate.ral retinae. were summed and the ipsilate.ral counts were 

expressed as percentage of the total retinothalamic densities at the 

various points. Note that even along this line of greatest contralateral 

extent, the contralateral projection falls to less than 25% ( 75% ipsi­

lateral) about 600 rm into the temporal retina. Thus, the data here and 

in figure 8 do not indicate the presence of a substantial contralaterally 

projecting retinothalamic population across the temporal retina (cf. 

Stone, '66). 
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Fig. 10 Maps of HRP-filled ganglion cell density in the uncounter­

stained contralateral (top) and ipsilateral retinae of LGN-35.( See 

Methods for details of the preparation of these maps. ). Temporal is to 

the left in the upper figure and to the right in the lower figure. 

Labeled cell densities are expressed in cells/mm2. The line of most­

temporal contralateral cells (top) or most-nasal ipsilateral cells 

(bottom) is marked "l". The stippled circles represent the optic 

disks and the black dots the points of maximum retinothalamic density in 

the areae centrales. Note the rapid fall-off of contralateral density 

beyond the median edge of the nasal retina ( broken arrows in top figure. 

The median edge of the temporal retina is shown by broken arrows in the 

bottom figure.) Densities in the inferior retinae could not be obtained 

due to lack of filling of the ganglion cells. Scale: 1 mm. 

Fig 11 Map of ipsilateral retinothalamic densities in the normal 

cat LGN-36. Orientation and symbols are the same as in figure 10 (bottom). 

( The densities in the area centralis could not be counted because of a 

tear in the retina.) There is considerable similarity in the size and 

shape of isodensity lines in the ipsilateral retinae of LGN-35 and 36. 

Fig. 12 Ipsilateral retinae of LGN-35 and 36. We have shaded the 

region between the line of most nasal ipsilateral retinothalamic cells 

(solid line) and the points (at each elevation) of maximum ipsilateral 

density (black dots). The point of maximum density in the area centralis 
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is shown as a cross; the other symbols are the same as in figures 10 and 

11. It is clear that the distance to the peak ipsilateral density 

increases with distance above the horizontal meridian. The dotted horizontal 

line is drawn through the tips of the isodensity contour lines in figures 

10 and 11. 

Fig. 13 Cell-size histograms after large injections of HRP into 

the thalamus ( top ) and midbrain ( bottom ) . The thalamic injection was 

made in the usual manner described in the Methods; the field of cells 

counted was centered near the horizontal meridian about 4.7 mm into the 

contralateral nasal retina. All the large cells (mean diameter= 27.5 1~m) 

were filled with HRP. There. was also a population of labeled medium-sized 

ce.ll.s (mean diameter= 14. 7 f"ID; range 11 - 19 1-1111) .However, the population of 

smallest ganglion cells was unlabeled (~ean diameter= 10.9 ~m, range= 8-

18 r~n); note particularly the. lack of filling of the ganglion cells in 

the 8 - 11 f'\ITl range. Tl1e bot~om histogram was constructed from measure­

ments made after a large injection into the superior colliculus ( with 

probable involvement of the pretectum as well). The region of data 

collection was centered 6 mm along the horizontal meridian into the 

contralateral nasal retina, and 0.9 mm above this meridian. Only about 

one-half the large cells were filled with HRP (mean diameter= 28.8 ("ffi). 

The medium-sized population was, on the whole, unlabeled (mean diameter= 

14. 5 f"l1l; range= 8-19 rm) . However, the smallest ganglion cells did 

contain HRP (mean= 11.5 ~m; range= 8-18 rm). Note that there is some 

overlap between the upper end of the midbrain size distribution and 

the thalamic distribution. These data thus confirm Kelly and Gilbert ('75). 
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Figure. l 
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CHAPTER 2 

The Retinothalamic Pathway in the Siamese Cat 
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INTRODUCTION 

The developmental processes determining the laterality of retinal prn­

jections are but little understood (see Lund 175 and 178 for reviews). Mechanisms 

whereby the optic axons are directed to one or the other hemisphere are of interest 

not only for their importance in understanding binocular visual function, but also 

because they may relate to the general phenomenon of the decussation of fiber 

tracts (e.g., pyramidal tract, decussation of the brachium conjunctivum). One 

system which seems to hold promise for shedding light on these questions is the 

retinogeniculate pat11way of albino animals. 1'1 these animals, a genetic mutation 

results in the misrouting of optic fibers which me normally directed ipsilaterally, 

so that these fibers instead project to the contralateral hemisphere (see Lund, 175 

for references). The most extensively studied albino animal is the Siamese cat. 

Guillery (t69) and Guillery and Kaas (t71) were the first to describe and interpret 

the abnormal projection pattern of the Siamese retincgeniculate system, basing 

their description of this pathway on degeneration studies and electrophysiological 

recordings (see also Kalil et al., 171). i\Iore recently, Shatz (177) has used the transport 

of tritia ted amino acids to support the original conclusions of Guillery and Kaas 

concerning the input from the eye to the dorsal lateral genicula te nucleus (LG Nd, 

or simply, LGN) in Siamese cats. 

According to these previous studies, there is a vertical strip of Siamese 

retina, extending approximately 20° temporally from the zero meridian, in which 

all of the ganglion cells misproject contra laterally. The pattern of misprojection 

proposed in these studies is outlined in figure 1. The axons of the misrouted cells 

are held to terminate in the "abnormal segment of lamina Al 11 (abAl), while the 

ganglion cells lying temporal to the 20° meridian supposedly project correctly 
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and exclusively to the ipsilateral hemisphere and terminate there in the 11lateral 

normal segment of Aln (LNS). Thus, in effect, this formulation proposes that 

the Siamese defect is a simple shift of the naso-tempor-al decussa tion line to 

a mer-idian lying 20° into the temporal retina. In addition, the descriptions of 

Guillery and Kaas and of Shatz indicate that there is a small region of temporal 

retina immediately adjacent to the zero meridian which is spared the contra lateral 

misprojection and instead sends fibers to the nmedial normal segment11 (1'11NS) 

of ipsila teral Al. This IVINS is supposed to subtend the first 2-3° of temporal retina. 

Since there may also be a small "medial abnormal segment11 in the LGN in addition 

to the MNS, tJ1e possibility is raised that this most medial region of the temporal 

retina projects bilaterally. 

The main purpose of our experiments was to attempt to visualize directly 

foe topography of the misprojecting segments in whole mounts of the Siamese 

retina, since foe previous studies had only inferred the pattern of retinal output 

from examination of the LGN. Our use of the horseradish peroxidase (HRP) labeling 

technique in normal ca ts has enabled us to obtain a clear picture of the naso-te mp oral 

division of thalamopetal ganglion cells over a wide area of retina (Cooper and 

Pettigrew, '78b); it was our hope that the same approach would reveal precise details 

concerning the manner in which the Siamese cat departed from the normal pattern. 

We thought that information about the shape of the misprojecting retinal segments 

would be of value in assessing the various developmental models proposed for the 

albino defect (cf. Guillery and Kaas, '71; Sanderson et al., '7 4; Lund, '75). In addition, 

r,ve wished to use the retrograde transport of HRP to test the previous formulations 

of a 20° strip of misprojection, L1ie predictions of which are schema ti zed 

in figure 1. In the ipsilateral temporal retina, one would expect labeling in a narrow 
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sector near the zero meridian; this sector would correspond to those cells projecting 

to the NJ.NS. One would also anticipate finding a wider vertical strip of temporal 

retina extending from 20° to the retinal margin due to retrograde transport from 

the LNS. On the other hand, in the contra lateral retina the expectation would 

be to find labeling of a vertical strip covering the first 20° of temporal retina. 

The data we have obtained from our HRP injections are not in exact 

accord with the expected results which we have just outlined. Our findings indicate 

that in fact there is bilateral projection to the thalamus from almost the whole 

of the Siamese temporal retina. In addition, we have observed differential effects 

of the Siamese defect on the different classes of retinal ganglion cell.<;. 

While this study was in progress, we learned of the investigations carried 

out independently by Kirk ('76) and Stone et al. ('78a). These two studies were 

aimed at describing the decussation of the total retinofugal pathway in Siamese 

cats and yielded results consistent 1,vith those presented here. 

Abstracts of this work have been presented elsewhere (Cooper and 

Pettigrew, '77a,b). 
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METHODS 

All of the cats used here had blue eyes and typica l Siamese coat markings. 

The alignment of the eyes under paralysis was estimated in each cat. In cats 

LGNS-25, LGNS- 26 , and BCC-3, the visual axes diverged by 5-10°, while in BCC-6 

they diverged by about 15°. In contrast, the axes were crossed by 2-4° in LGNS-20 

and -21, by about 10° in LGNS-19, and by 20° in LGNS-24. In tJ1e normal cat, 

the visual axes a re divergent by about 5° under paralysis (Bishop et al., '62). 

In general, ti'-ie methods of tissue preparation and data collection and 

reduction were the same as those employed in the preceding study (Cooper and 

Pettigrew, 178b). i;,;e describe here just those aspects of our meU10ds which v,ere 

unique to the prex.nt investigation. 

Preparation of the retinae 

We used a method for making relieving cuts in the fundus which was slightly 

different from foa t of the previous study. In the first animals of the present series 

(LGNS-19 through LGNS-21), two horizontal cuts were made along the length 

of the retinae in order to separate them into three strips (Stone, 165). The middle 

strip was centered on the horizontal meridian and contained the area centralis 

and optic disk. For LGNS-25 and -26, a quadrant was removed from the fundus, 

as shown by the dotted lines in figure 1; a vertical cut placed nasal to the disk 

and a horizontal cut placed inferior to the tapetal margin ensured that the quadrant 

contained the optic disk and area centralis as well as the dorsal part of the zero 

meridian separating nasal from temporal retina. 
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Estimation of shrinkage 

Our methods for determining the shrinkage of the retinae are described 

in the preceding report. In LGNS-25, both retinae showed about 1596 uniform 

shrinkage across the retina; these retinae were corrected accordingly. The ipsi­

la ter-al retina LGNS-21 shrank uniformly by about 11 % and was corrected to the 

dimensions of the contralateral retina of the same animal. The shrinkage of the 

other retinae was estimated to be less than 5%, and these retinae therefore were 

not corrected for length or cell density. 

It should be noted that the contralateral retina of LGNS-26 and ipsilateral 

retina of LGNS-25 did not shrink more than their partner retinae, as may appear 

to be the case in figures 5 and 7. The smaller overall length in these two cases 

is due to the loss of part of the temporal edge of these retinae during their removal 

from the fundus. 

Contour maps 

As was done for the animals in the preceding investigation, we produced 

maps of ipsilateral and contralateral ganglion cell density for most of the Siamese 

cats mentioned below. In order to demonstrate the overlap between ipsilaterally 

and contralaterally projecting populations in the temporal retina of Siamese cats, 

we prepared a further map for each cat. In this map, we calculated the percentage, 

for any given point in the retina, of the total retinothalamic population which 

sent axons ipsilaterally. Such 11%-ipsila teral" maps were constructed by summing 

the cell densities at corresponding points of the ipsila teral and contra latera l tempora l 

retinae. The number of ganglion cells which projected ipsila terally at each point 

was then expressed as a percentage of the total numbei of gang·lion cells projecting 

to the thalamus from that point. 
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These rr96-ipsilateral" maps were prepared on t1ie o.ssumption that there 

is no significant branching of ganglion cell axons to both optic tracts. Such bifurca­

tion has been found in the normal rat (Cunningham and Freernan, 177) and Kollil<er 

described three bilaterally branching axons in Golgi preparations of the chiasma 

of 13 kittens (Ko11i~er, 1899). However, Stone (166) has present~d evidence against 

there being significant numbers of branching fibers in the adult cat. This question 

will be addressed further below. 

Electrophysiological methods 

We made single unit recordings in the visual cortex of all of our- Siamese 

cats in order to determine whether they conformed to the 11Boston1
' or 11Midwestern11 

cortical patterns (Hubel and Wiesel, '71; Kaas and Guillery, '73; Shatz, 177). These 

recording sessions s~arted on the morning after the injection of the HRP. The 

ketamine used during the injections had worn off by this time. 

Our recording procedure was similar to that described previously (Pettigrew, 

17 4; Cooper and Pettigrew, 178a). After insertion of venous and tracheal cannulae 

under fluothane anesthesia, we transferred the cats to a stereotaxic headholder 

and started continuous infusion of a paralytic mixture containing Flaxedil and 

d-tubocurarine (Rodieck et al., '67). This paralytic necessitated force-hyperven-

tila tion of the animals with a N
2
0:0

2
:co2 (75%:22.5%:2.596) mixture. The pupils 

were dilated with atropine and the corneas protected with contact lenses of zero 

power. Temperature was maintained at 37-38°C. 

The cats faced a tangent screen placed 57 cm a way. The positions of 

the optic disks and, where possible, the areae centrales, were projected on the 

tangent screen with a reversible ophthalmoscope. In those cases where the areae 
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centrales were not clearly defined (Hubel and Wiesel, 171; Shatz, 177; Stone et al., 

'78b), the zero meridians were taken to lie 15.8° nasal to the projections of the 

optic disks (Nikara et al.,'68). 

We used tungsten-in-glass microelectrodes (Levick, '72) in order to record 

the activity of single units in the visual cortex contralateral to the injected LGN. 

The penetrations were made between HC Al and A4; in each penetration we 

attempted to determine whether there was a systematic representation of the 

ipsila teral hemifield in the region of the 17 /18 border. Electrolytic lesions were 

made in each track in order to facilitate subsequent reconstruction. At the end 

of the recording sessions, the cats were perfused as outlined in the preceding 

report (Cooper and Pettigrew, 178c). Blocks of the visual cortex were cut on the 

freezing microtome at 40 µm, and the sections were stained with cresyl violet. 

Autoradiographic procedures 

In four of the Siamese cats which received HRP injections (LG NS-21, 

-25, -26, and BCC-5), we injected the vitreous of the contralateral eye with 

100-500 µCi of 3H-proline in 30 µl of saline. The cats were perfused 12-20 hours 

later, at the end of the recording sessions. In these cats, the brains were cut 

coronally at 30 µm, and every third section through the LG N was processed for 

autoradiography (Co wan et al., 172). (T'ne other two sections served for the 

determination of the spread of HRP and for cresyl violet staining.) We mounted 

the autoradiographic sections on subbed slides, coated them with Kodak NTB- 2 

emulsion, and exposed them at 4°C in the dark for 4-10 weeks. After this time, 

the slides were developed in Kodak D-19 and lightly counterstained with cresyl 

violet. 
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RESULTS 

1. HRP injections 

A. Individual Siamese cats 

LG NS-2 0: l\'lost extreme displacement of the decussa tion. We began 

these HRP injection experiments :with the hope of demonstra ting directly the 

shape and extent of t he two large strips of exclusive unilateral projection which 

hcd been proposed to comprise the Siamese cat temporal retina (see Introduction). 

Figure 2 shows p11otographs of the retinae from Siamese cat LGNS-20 after the 

filling of one tha1;:; mus with HRP. Here, as in figure 1 and all subsequent figures, 

the ipsilateral retina has been reversed left-to-right so as to allow it to be super­

imposed with its ccntrala teral mate. The contra lateral retina in figure 2 shows 

features common ~Ga ll the Siamese cats studied here. The area centralis (which 

appears as a darker oval region near the center of the retina) is complete, in contrast 

to its appearance in the normal cat, where the vertical decussation line divides 

the area centralis in half (see figs. 4 and 5 of the previous report, Cooper 

and Pettigrew, 178b; and also Stone, 166). Large numbers of contralaterally 

projecting cells spill into the temporal retina across what would normally 

be the vertical decussation line. (Compare fig. 2 with the corresponding fig. 4 

for the normal.) The con trala terally projecting ganglion cells continue uninterrupted 

from the nasal into the temporal retina; indeed, some HRP-labeled cells are found 

at the very temporal edge of the contra lateral retina. Thus, there is no sharp 

cutoff of contralatera.lly projecting cells at a vertical line about 20° into the 

temporal retina (arrow in figure). As in the normal (Cooper and Pettigrew, 178b), 

the large a-type cells sta nd out quite well in this ivhole-mount preparation. It 
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is noteworthy that the most temporally situated contralateral cells are in the 

main large cells; certainly the proportion of labeled cells which are large increases 

toward the temporal margin of the contralateral retina. It is evident, then, that 

in the contralateral retina of LGNS-20, HRP-filled ganglion cells extend across 

the entire extent of temporal retina. 

Figure 2 shows the ipsilateral retina for the same cat, LGNS-20. The 

dashed line represents the line of nasal-most ipsila teral cells. (Dots more nasal 

than this line are small pieces of pigment epithelium which unfortunately adhered 

to the retina during its removal from the fundus.) In spite of the nearby tear, 

it can be seen that the ipsila teral area centralis is devoid of HRP-filled ganglion 

cells; the most nasal ipsila terally projecting ganglion cells are located about 3.5 mm 

(15-20°) into the temporal retina (except for a small tongue of a few cells found 

about 2 mm temporally). Thus, in LGNS-20, there is a strip of exclusive contra­

lateral projection from the first 20° of temporal retina, just as proposed by Guillery 

and Kaas (:71). 

Since the large HRP injections employed here gave such good filling 

of the ganglion cells, it has been possible to construct contour maps for the densities 

of HRP-labeled ganglion cells projecting to the ipsila teral or contra lateral th ala mus. 

Figure 3 shows the density maps for the retinae of LGNS-20. In the contralateral 

retina, the ganglion cell contour lirres continue uninterrupted from the nasal retina 

across the normal vertical decussation line (vertical dotted line in the figure) 

into the temporal retina. The most temporally located contralateral cells are 

at the very edge of the retina. This density map as a whole is very reminiscent 

of the maps constructed for total ganglion cell density on tt1e basis of Nissl-stained 

whole mounts (Stone, '65, '78; Hughes, '75). The peal< density of ganglion cells 

in the contralateralareR centralis is 4531 cells/mm
2
. 
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Special care was taken to determine the line of most nasal cells in the 

ipsilateral retina of LGNS-20 and in all of the other homolateral retinae. (This 

line is marked 1'1'' on the ipsila teral density maps. The most temporal contra-

lateral cells were al.30 mapped ·with care in all of the contralateral retinae.) In 

LGNS-20, as mentioned above, no ipsilateral cells are found central to an approxi­

mately vertical line located about 3.5 mm temporal to the area centralis. The 

densities of labeled ganglion cells in fois ipsilater--al Siamese retina are low compared 

to those in the nor:-nal as a result of the large numbers of ganglion cells misproject­

ing to the contra~;:,teral hemisphere. 

The line of the most nasal ipsilateral larg·e cells is even more temporally 

displaced (by abou ~ 2 mm) than the line for all of the cells. Such a finding is con­

sistent with the already-mentioned observations that the most temporal contra­

lateral cells tend to be large, thus leaving fewer large cells to project ipsilaterally. 

This is evidence u1at the large cells are more affected by tJ1e Siamese defect 

than the rest of tI1e population of retinothalamic cells; this point will be documented 

more fully a number of times below. 

Thus, in some aspects LG NS-20 conforms to the results expected on 

the basis of the descriptions of Guillery and Kaas ('71) and Shatz (177). In particular, 

there is a region of temporal retina from 0-20° which projects exclusively contra-

la terally. The labeling pattern in t'lis cat differs from the expected result, however, 

in that there is no large region of unilateral ipsilateral projection. In addition, 

no filled cells were found near the homolateral zero meridian, as would be expected 

on the basis of the usual idea of a medial normal segment. 

The HRP injection procedures and analyses used in LG NS-20 were also 

employed for the other Siamese cats; and while the contralateral retinae are 
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qualitatively similar in all of the cats, the rest of the cats do differ significantly 

from LGNS-20 in the organization of the ipsilateral projection to the thalamus. 

In addition, none of the other Siamese cats studied shows such an extreme dis­

placement of the decussation, since they all lack the wide strip of exclusive contra­

lateral projection found in the temp oral retina of LG NS-2 0 . 

.:LGNS-26: Less severe d1splacement of the decussation. This cat was 

identified as a "Boston11 cat on the basis of its cortical physiology. Figure 4 shows 

an electrode penetration made in the left visual cortex of LGNS-26. The electrode 

entered the cortex in area 18, and tJ1e first unit encountered had its receptive 

field located about 10° into the left (ipsila teral) hemifield. As the electrode was 

advanced towards the 17 /18 border, the fields moved progressively more ipsilaterally, 

until at the border itself (arrow) unit 8 was found approximately 21° into the ipsi-

la teral visual field. As the track continued medially into area 17, the fields moved 

back towards the midline; the last unit in the track (unit 15) was located near 

the vertical meridian, only 3° into the left hemifield. Thus, LGNS-26 had a well­

ordered representation of the first 20° of homolateral visual field, ·U1ereby conform­

ing to Hubel and Wiesel1s (171) description of the cortical topography in the 11Boston11 

cat. In fact, all of the cats in our study (with the exception of LGNS-19, see 

below) were identified as 11Boston11
• 

The ganglion cell density map for the retina contralateral to the HRP 

injection in LGNS-26 is shown in figure 5 and is similar in most respects to that 

of LGNS-20. The peak density in the arec1 centralis is slightly higher, being 6976 

cells/mm 2, and the line of temporal-most contrala teral cells does not quite reach 

t.}ie edge of the retina. However, here again, as in all of the other contra lateral 

retinae, the isodensity lines continue uninterrupted across the normal zero meridian 
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through the area centralis. Thus, in LGNS-26, as in LGNS-20, there is contra­

lateral output from virtually all of the temporal retina. 

In the contralater-al temporal retina of LG NS-26, the number of labeled 

large cells was expressed as a fraction of the total number of HRP-filled cells 

in several vertically-oriented strips lying various distances from the zero azimuthal 

meridian. (These 4 mm-high strips were located between the horizontal meridian 

and a line ly ing 4 mm above this meridian.) In the 600 µm-wide band centered 

2 mm from the zero meridian, only 7 .596 of the contrala terally-projecting cells 

were large. Furt.'7er temporally, in the band of the same width centered 4 mm 

from the zero meridian, large cells made up 11 % of the total contrala teral popula­

tion. However, in the 4 mm-high strip lying between the temporal edge of the 

retina and a vertical line 5 mm from the zero meridian, fully 2896 of the contra­

lateral cells counted 1,,vere large. These data show that the large cells make up 

an increasing proportion of the contralaterally misprojecting cells as one proceeds 

into the temporal periphery of LGNS-26. 

In contrast to the contralateral retina, the map of the ipsilateral retina 

from LGNS-26 (fig. 5) shows a major difference with that of the previous animal. 

Unlike in LGNS-20, it is evident that in LGNS-26 virtually all of the temporal 

retina projected ipsila terally (as well as contra laterally). However, there do seem 

to be two peaks of ipsilateral density in the map of LGNS-26, one near the zero 

meridian and the other far into the temporal periphery. The point of highest 

density in the central retina (250 labeled cells/mm2) lies on the horizontal meridian 

about 0.6 mm (2-5°) from the zer-o vertical meridian, and thus is displaced from the 

peak of total ganglion cell density in the area centralis (as revealed by Nissl counter­

staining). The other point of high ipsilatera l density (242 labeled cells/mm2) lies 
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near the horizontal meridian approximately 6.1 mm (about 30°) tempera l to the 

area centralis. The central and peripheral density maxima may have given rise to 

the terminals in U1e MNS and LNS, respectively. However, even at the point of 

the lowest labeled cell count on the horizontal meridian, situated about midway 

between the two maxima, the density is still 81 cells/mm 
2

. Thus, in contrast 

to expectations baSed on the proposal of Guillery and Kaas (171), we find in LGNS-26 

no 20°-wide vertical strip of temporal retina which projected exclusively contra­

Iaterally. 

LGNS-21, LGNS-25 and LGNS-19: Least extreme displacement of the 

decussa tion. LG NS-21 and -25 were derived from our Siamese cat colony; their 

genetic relationships will be shown in a subsequent report. 

The density map of the contralateml retina of LGNS-21 shows contra­

lateral projection from the entire expanse of temporal retina, with a peak density 

in t.lie area centmlis of 4685 cells/mm
2 

(fig. 6). The ipsilateml density map is 

similar qualitatively to that of the previously-described cat, LGNS-26; there are 

some quantitative differences, however. The isodensity lines are more elongated 

along the horizontal meridian in LGNS-21 (fig. 6), and although Ulere are again 

two peaks of ipsila teral density, the central peak (218 cells/mm
2

) is shifted 

temporally by 1.7 mm (8°) from the area centralis. Also, the point of low density 

(142 cells/mm2) between the two peaks is relatively higher than that for LGNS-26, 

the ratios being 250:81:242 (3.1:1:3.0) for LGNS-26 versus 218:142:172 (1.5:1:1.2) 

for LGNS-21 (see figs. 5 and 6). This point may be of significance later in the 

interpretation of the autoradiographs from these two cats. However, the main 

point here is that in LGNS-21 virtually all parts of the temporal retina projected 

ipsila terally, as well as contra laterally, to the thalamus. • 
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The maximum density in the contralateralarea centralis is somewhat 

lower in LGNS-25 (fig. 7) than in the other Siamese ca ts, being 3793 cells/mm 2. 

As in the other Siamese, there is considerable extension of contralateial cells 

across the temporal retina; in t1is case, the most tempora l contra lateral cells 

are found about 7 mm (approximately 35°) from the zero meridian. The isodensity 

lines in t1e ipsilateral re tina show pronounced horizontal elongation and less 

development of two peaks than in LGNS-21. Again there is ipsilateral labeling 

throughout virtually the whole of the temporal retina. 

As in the normals, LGN-35 and -36 (Cooper and Pettigrew, '7 8b), the 

density maps for LGNS-21 and -26 do not show good filling of ganglion cells more 

than a few degrees inferior to the horizontal meridian. This indica tes, as mentioned 

in the preceding report (Cooper and Pettigrew, '78b), that the region of effective 

uptake of HRP was confined to the anterior portion of the LG N and was therefore 

smaller than the apparen t maximum ex tent of HRP diffusion from the injection 

site. This makes it unlikely that there was direct uptake from the mesencephalic 

visual nuclei, where no label was seen. LG NS-25 showed more extensive filling 

of the lower retina. Ho1,,vever, even in this cat, the labeling extended only about 

half as far into the inferior retina as into the superior retina . Here again, there 

was no obvious spread of HRP to the midbrain. 

The density maps for LG NS-19 are shown in figure 8 and are simiL<1r 

to those just described. This cat could not be positively identified as 1tBoston'1 

or "Mid westernn because the cortical electrode track passed through the white 

matter near the 17 /18 border. A sixth Siamese cat, LGNS-24, also yielded ganglion 

cell density maps qualitatively ve ry similar to 1J1ose of the ot'ler cats (bes ides 

LG NS-2 O); in particular, both ipsila teml a nd contra la teral cells extended across 
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almost the entire temporal retina. The isoclensity maps are not presented for 

this cat because faint staining of some parts of the peripheral retina precluded 

obtaining reliable density estimates in these areas. The density maps for BCC-5 

will be presented and discussed elsewhere (Cooper and Blasdel, manuscript in 

preparation). 

B. Bilaterally p,ojecting retinal regions 

The preceding section has shown that contralaterally projecting cells 

spread across the :-najor part of the temporal retina in all of our Siamese cats. 

This observation indicates that there is intermingling of the ganglion cells which 

project to the two hemispheres. This intermingling can be quantitatively expressed 

by preparing a density map in which the number of cells projecting ips:ilateraJly 

at any given point is expressed as a percentage of the total number of retinothalamic 

ganglion cells at tl1at point (see Methods). 

The resulting "%-ipsilateralir density map for LGNS-20 is shown in figure 

9. It is evident that there is a smoot'-1 gradient-like increase in Ule percentage 

of cells projecting ipsilaterally as one proceeds temporally from the 20° line marking 

the nasal limit of such cells (11<011 in the figure). The 50% line for the total retino­

thalamic population, at which half of the cells send axons ipsilaterally and half 

contralaterally, is an approximately vertical line located about 7.4 mm (35°) from 

the usual zero meridian forough the area centralis; the other "%-ipsila terar1 lines 

are also vertically oriented. 

The 5 0% line for the large cells alone is shifted temporally from that 

for the total HRP-labeled population. In fact, there were so few large cells re­

maining in the ipsilateral retina of LGNS-20 that the 5096 isodensity line is not 

continuous, but is broken into islands, the regions in between showing less than 
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50% homolater-al projection of large cells. This indicates that a t most points 

in the temporal re tinas of LG NS-20, the percentag·e of the large cells misprojecting 

contralater-ally is greater than that of the total retinothalamic population. 

The 11%-ipsilateral11 map for LGNS-26 (fig. -9) again shows a smooth increase 

in foe percentages of retinothalamic cells sending fibers ipsilaterally as one pro­

ceeds into the temporal retina. At the region of peak total ganglion cell density 

in the area centr2lis, only 0.4% of the retinothalamic cells projected to the homo­

lateral thalamus. The %-ipsilateral isodensity lines again run approximately 

vertically, and foe 5 0% line intersects the horizontal meridian about 4. 7 mm 

(23°) temporally. There is some indication Lhat the lowest density lines (0-20%) 

are not straight, but tend to bulge nasally along the horizontal meridian. 

The sma ll crosshairs in figure 9 represent the point on the retina which 

corresponds approximately to the farthest excursion into the ipsila teral visual 

field found in the cortical recordings in LG NS-26 (fig. 4). This visual field reversal 

point lies on the 40 % ipsilateral line. This may indicate that the area arounc1 

the 5096 line can be considered a region of decussation in the same manner as 

that through the center of the area centralis iJ1 the normal animal. This possibility 

will be discussed further in a subsequent report (Cooper and Blasdel, manuscript 

in preparation). 

The "%-ipsilateral" isodensity map for LGNS-21 (fig. 10) exhibits vertically­

oriented lines with the 50% line located about 4.3 mm (2f') peripherally; the lower 

density lines again evidence a slight nasal buige near the horizontal meridian. 

Only 0.6% of the retinothalamic cells sent their axons ipsilaterally from the center 

of the area centralis, and the map shows a gradual increa se of ipsilateral projection 

moving peripherally from the centralis. 
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The isodensity lines for the 96 -ipsilateral map of LGN-25 (fig. 11), 

although still running more or less vertically, show more of a nasal bulge near 

the horizontal meridian than they do in the other cats. This is particularly pro­

nounced in t.lle 20% line, the difference in a zimuth between a point 0.4 mm above 

'-
the horizontal meridian and a point 0.6 mm below the meridian being 2.2 mm 

(about 10°). The 50% ipsilateralline crosses the horizontal meridian about 

4.2 mm (21°) temporally to the zero meridian; the corresponding 5096 line for 

the large cells alone is shifted up to 2.2 mm even more temporally and in some 

places almost coincides with the 100%-ipsilateral line (which represents the line 

temporal to which a ll cells project ipsilaterally). 

The 11%-ipsilateml11 map for LGNS-19 is sho1,1m in figure 10 a nd is similar 

to those already described. The 5 0% ipsila teral line crosses the horizontal meridian 

about 3.4 mm (approximately 17°) temporal to the area centralis. 

C. Ipsilaterally projecting cells in the nasal retina 

Stone et aL (178a) have demonstrated that in some Siamese cats there 

appear to be significant numbers of ipsilaterally projecting cells in the nasal retina. 

Montero a nd Guillery (quoted in Guillery and Casagrande, 177) report a similar 

result. We have looked for such cells but have found no evidence of any significant 

amount of ipsilateral projection from the nasal retinae of our animals. The fact 

that the ipsilater-ally projecting nasal cells in Stone's tract-sectioned material 

are mainly small and medium in size, coupled with our negative result, suggests 

that these aberrant nasal cells send their axons to the midbra in. 

D. Comparison of total retinothalamic densities in Sia mese anc1 normal cats 

As a check for the poss ible ex istence of s ignificant numbers of bilatera lly 
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branching axons in tl-te Siamese cat, we compared the tota l retinothalamic ganglion 

cell density a t various points in the temporal retinae of normal and Siamese cats. 

This comparison was performed by summing the ipsi1ateral and contra.lateral 

densities at points 3, 4, and 5 mm along the horizontal meridian, and at a point 

1 mm above the 4 mm point. Due to the fact that there are virtually no contralateral 

retinothalamic cells at these locations in normals, we averaged thEnpsilateral 

densities from LG N- 35 and -36 (see preceding study) in order to obtain the normal 

data. Using at e2.c:h point the mean of the densities from all five of our Siamese 

(LGNS-19, -20, - :21, - 25, and -26), we found that the mean densities in the Siamese 

cat are lower t'lan -r_tose in the normal, varying from 7 0-8096 of the normal value 

at each point. 

The caux of this reduction ii'l the retinothalamic density in the Siamese 

cat is unclear, e~eeially since in all but one of their cats, Stone et aL (178b) did 

not notice any great difference in total ganglion cell numbers in Nissl-stained 

material. It is possible that the difference in retinofoalrnic densities between 

Siamese and normal could have been masked in foe data of Stone et al. by their 

including the cells projecting to the midbrain. The density difference noted here 

between Siamese and normals could result from some defect in the transport of 

HRP in the Siamese. Alternatively, it could be indicative of some more fundamental 

difference in the Siamese cat, such as a decrease in the numbers of cells generated 

(possibly X-cells , see Stone et aL, '78b) or cell death due to, for instance, competition 

between the two eyes for terminal space in the LGN (e.g., Landmesser and Pilar, 

'7 4, see Discussion). 

The fact that the total retinothalamic densities in the Siamese seem to 

be somewhat lower than in the normal prevents our using such data to examine 

the question of bilateral branching of axons. However, it is worth noting here 
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that if bifurcation were an important mechanism in Siamese cats, then one 1,,11ould 

expect significant labeling of t1e ipsil.a teral area centralis; in fact, no such labeling 

is found in the Siamese retinae. 

E. Cell-size measurements 

The results for LGNS-20 and -25 indicate that the large-eells are more 

affected by the Siamese defect than the retinothalamic population as a whole. 

This observation is based on the fact that the 50% ipsilateral isodensity lines for 

the large cells are displaced temporally to the 50% lines for all the cells. This 

finding has been ver-ified by making cell-size measurements at equivalent points 

in the ipsila teral and central.a teral retinae of three Siamese cats. (The regions 

in which the HRP-labeled and unlabeled ganglion cells were drawn and measured 

are represented as stippled rectangles on the appropriate 11%-ipsilateral" maps.) 

The cell-size histograms (figs. 12 and 13) show that the large cells stand out as 

a clearly distinct cell population. In LGNS-26 (fig. 12), the cell-size counts were 

made in a region centered 3.9 mm (about 19°) temporally and about 0.8 mm above 

the horizontal meridian. In this region, centered on a point where about 3096 

of the total retinothalamic population projected ipsila terally, only one out of 

52 large cells (2%) was filled with HRP. On the other hand, in the corresponding 

region of the contra la teml retina, where 7 096 of the cells sent axons contralaterally, 

25 out of 26 large cells (96%) were labeled with HRP. Figure 13 shows a similar 

histogram for the ipsilateral retina of LG NS-25. The region of cell size measurements 

was centered 3.6 mm (18°) temporally and about 0.7 mm above the horizontal 

meridian, at which point 53% of the retinothalamic cells sent axons homolaterally. 

In the ipsilatera l retina, four out of 25 large cells (15%) we re labeled , while in 
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the contralateral re tina (not shown), 21 out of 25 large c ells (84) were found ma rked 

with HRP. (The slight difference between the values for the la rge cells presented 

here and those in fi g. 14 below is due to the fact that the da ta for fig. l t1 are ta ken 

only a long th e horizontal meridian, wh ere th ere happened to be no Jarge cells 

at this eccentricity. Because of the small number of ipsilatera l la rge c~lls at . 

any given point, s ma ll variations in t1ie actual number of labeled large cells will 

produce some diffe rence in the calculated 11%-ipsi11 values.) It can be seen from 

the histograms of :;:' i5s. 12 and 13 that there was considerable shrinkage of cell 

diameters in LG i'{S-25 and -26. For instance, the mean diameter of the large 

cells is 22 µm, co rr:;:: ared with 28µm in fig. 13 of the previous report (Cooper and 

Pettigrew, 178b) or :JS µm found by Kelly and Gilbert (175). In spite of this shrinkage, 

the Ll.rge cells st ill comprise a distinct group in the Siamese cat histograms. The 

amount of shrink2.g2 evident in th ese histograms makes it difficult to make any 

de tailed statements about the distribution of the smaller X- and W-cells in the 

retina. However, it is apparent that the very smallest cells (8-11 µm in diameter) 

are not significantly labeled after these large injections in to the Siamese LG N, 

as they are after tectal injections (see fig. 13 of previous report). This is further 

evidence against midbrain contamination from HRP diffusion or transport through 

cut retinomesencephalic axons. (See previous report for more detailed discussion 

of this point.) 

Figure 13 also contains a cell-size histogram for LGNS-19; this shows 

the ipsila teral size distributions for a Siamese cat in which there was not such 

significant shrinkage. Approximately 5796 of the total retinothalamic population 

projected ipsila terally at the center point of the sampling region (located 4.2 mm 

temporally and 1.3 mm above the horizontal meridian). However, in this histogram 

from the ipsilateral retina, only 3 out of 15 (20%) of the large cells were labeled 

with HRP. 



78 

F. Summary of HRP da ta: Siamese vs. normal 

The principal results of our HRP study are summa rized in the graph of 

figure 14, ·which compares the naso-temporal overlap in normal and Siamese cats 

(using LGN-35 and LGNS-25 as exa mples). The graph presents the percentage 

of retinothalamic ganglion cells projecting ipsilaterally at each eccenJr.icity along 

the horizontal meridian. As mentioned in the preceding study, the total retino­

thalamic population in the normal (solid circles) has a rather sharp decussation 

line passing through the center of the area centralis. At the approximate center 

of the area centralis (0 mm eccentricity), 4096 of the retinothalamic ganglion cells 

project ipsilaterally, and by about 0.8 mm (approximately 3.5°) into the temporal 

retina, an of the cells send axons to tile homola teral side. The decussa tion line 

for the large celJs in t1ie normal (open circles) is shifted slightly temporally to 

that for the entire retinofoalamic population, so that the point a t which 50% of 

the large cells project ipsilaterally is found at about 0.7 mm (3°) eccentricity. 

In other words, the large cells tend to project contralaterally for the first few 

degrees of temporal retina. In addition, as mentioned in the preceding report, 

the large cells tend to form an increasingly large percentage of the total contra­

lateral population as one proceeds temporally, so that the most temporal contra­

later-al cells are almost entirely la rge cells (cf. figs. 6 and 8 of Cooper ancl 

Pettigrew, '78b). 

The eurve for the total retinothalamic population in the Siamese cat 

(filled triangles) is radically different from that of the normal. Not only is the 

50% point shifted 4.2 mm (about 21°) into the tempora l retina, but the entire curve 

is stretched out so that the transition from total contrala teral projection to total 

ipsilaternl projection takes pla ce over 2. 7 mm extent of temporal re tina (as compa red 
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to the 0.8 mm extent in the normal LGN-35). As in the normal, the curve for 

the large cells in the Siamese (open triangles) is displaced temporally from that 

for all the HRP-filled cells, but the large-cell curve is also elongated compared 

to its normal counterpart. Figure 14 clearly shows that the Siamese defect is 

not merely a disp1;.:icement of the decus&:l.tion line; it also represents a smearing 

out of the naso-terr.poral decussa tion over a large extent of temporal retina. 

2. Autoradiographic results 

A. Manner of p.::-esentation of autoradiographic data 

We ·were ;:- uzzled by the presence in our whole mounts of contralateral 

• cells temporal to 20° and by the relatively large numbers of ipsila teral cells central 

to t.17 e 20° meridi2.n, since, according to the descriptions of Guillery and Kaas (r71) 

and of Shatz (177), such cells should not have been found. In order to study the 

termination patte rns of these unexpected cells, we administered an intraocular 

injection of tritiated praline to some of the cats which had also received thalamic 

injections of HRP. The autoradiographic results of some of these intraocular 

injections are shown in figures 15-20, which contains darkfield photographs of 

coronal sections through the midportion of the LG N of four animals. In these 

photographs, the autoradiographic silver grains (representing accumulations of 

radioactive tracer in Ule retinal terminals) appear as light spots against the dark 

background. 

Due to the manner in which the visual field is mapped onto ti'1e LGN, 

the C-laminae at most coronal levels correspond to somewhat different elevations 

than t'le A-laminae. There is only one coronal level in the LGN, about 4.5/10 

of the total length of the LGN from the caudal pole, in which the A- and C-laminae 

correspond to the same elevation (Sanderson, '71). We have taken care to ensur-e 
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that all of the photographs presented here are from this particular coronal level, 

which contains the representation of the horizontal meridian. 

In most of these autoradiographs, we have included the approximate 

azimuth values at various points along the medio-lateral extent of each Siamese 

LGN. These values are based on Sanderson's ('71) map for coronal level 5 and . 

are included simply to give an idea of how the visual field magnification changes 

across the LGN. Guillery and Kaas ('71) have shown that the representation of 

azimuth in the Siamese cat LGN is approximately normal, so we feel justified 

in using the data from Sanderson's map. Of course, the exact value of visual field 

azimuth for any given point will vary from cat to cat; thus, the eccentricity values 

in figure 15 should be considered only as rough guides to the representation of 

horizontal eccentricity. 

,ve confirmed the approximate correctness of our placement of the azimuth 

marks by comparing them to the position of the optic disk discontinuity in nearby 

sections (Guillery and Kaas, '71). The center of the optic disk is known to Ee 

at an eccentricity of about 15° (see for example, Bishop et al., '62; Nikara et al., 

'68; Hughes, '76); in our sections, it always fell somewhere between the 10° and 

20° azimuth marks (although often rather closer to the 10° line). 

The approximate laminar boundaries in each LGN have been determined 

by camera lucida tracing of cresyl violet counterstained sections a nd are included 

in each photograph. 

B. Normal LGN 

All of the sections in figures 15-20 come from the LGN ipsilateral 

to the injected eye. The ipsila teral LG N of a normal cat (fig. 15) shows the expect­

ed labeling across the entire med ia-la te ra l extent of la mina Al, as well as the 
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usual somewhat patchy labeling of Cl (Hickey and Guillery, '74; Shatz, '77). Auto­

radiograph grains are also present in the l'1IIN. 

c. Confirmation of ipsilateral projection from central retina in Siamese cat 

The Sia mese cat later-al genicula tes are noticeably different from the 

normal. In the section from cat LGNS-26 (fig. 16), ipsilateral labeling· is very 

much reduced compared to the normal. Lamina Al is broken into a number of 

islands, with mos: of ipsilateral Al devoid of terminals (which instead have been 

routed contralate~2ily to the abnormal segment (abAl) of Al). The label in the 

ipsilateral Al-lami;1a appears as two separate islands which can be identified 

as the rrmedial nor2al segment" (MNS) and "lateral normal segment" (LNS) (see 

fritroduction and :fig. 1). As expected from the previous reports (Guillery and 

Kaas, '71; Shatz, :-;-'j"), the ipsilateral label in t'le LNS is confined to eccentricities 

peripheral to about 20°. However, the pattern of retinal termination in t.1ie Cl­

lamina of LGNS-26 is strikingly different from that in the Al-lamina; ipsilateral 

retinal terminals spread across a much greater extent of Cl than of Al and cor­

respond to eccentricities well within the central 20° of temporal retina. Thus, 

in cat LG NS-26, many of the HRP-filled cells found within the central 20° of 

the ipsilater-al tempor-al retina probably sent their axons to lamina Cl. It is likely 

that these central ipsi lateral cells were W -cells, since it appears that the 

exclusive input to lamina Cl is from the W-cells of the temporal retina (Wilson 

et aL, '76; Cleland et al., '76). 

The Siamese cat BCC-6 was used for the cortical recordings in another 

study and was not injected with HRP. A section from the ipsila teral LG N of this 

cat is shown in figure 17 in order to present another example of a labeling pattern 
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similar to that found in LG NS-26. In BCC-6, the ipsila teral labeling in Cl is again 

much more extensive than that in Al and includes eccentricities well within the 

central 20° of temporal retina. In t'lis cat, as in LGNS-26, the pattern of retinal 

terminals indicates that the ganglion cells projecting to lamina Cl (probably W -cells) 

maintained their proper ipsilateral projection in regions of temporal retina where 

cells sending fibers to lamina Al misprojected contra laterally. This more extensive 

labeling of Cl persists throughout most of the rostro-caudal extent of the LG N 

in both LGNS-26 e.nd BCC-6. 

In LGNS-21 (fig. 18), the ganglion cell terminals in the ipsilateral LGN 

again extend throughout most of the media-lateral extent of lamina Cl, once 

more indicating projections from W-cells lying within the central 20° of ipsila teral 

temporal retina. However, the labeling pattern in LGNS-21 is different from 

tria.t in LGNS- 26 or BCC-6 in that abAl is smaller and the LNS is correspondingly 

much larger. In fact, the LNS of LGNS-21 reaches across virtually the whole 

of lamina Al. This result indicates that, in addition to the cells terminating in 

Cl , there were also ganglion cells projecting to Al from almost the entire extent 

of ipsila teral temporal retina. 

The size of the LNS in LG NS-25 (fig. 19) is intermediate between that 

for LGNS-21 and -26. The labeling in Cl is as extensive as that in Al, if not 

slightly more so. 

Like BCC-6, BCC-3 (fig. 20) was a cat from our colony used for a study 

to be reported elsewhere; this animal was not injected successfully with HRP. 

An autoradiograph from BCC-3 is included here because it supports our finding 

of ipsilateral projection from much of the central 20° of temporal retina . In BCC-3 

lamina Al is still broken up into t1ie MNS and LNS, but the LNS is so Jarge that 
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the overall labeling pattern in the LG N is almost normal. The terminal labeling 

in Cl, although patchy, is also found at regions of the LGN corresponding to much 

of the central temporal retina. Thus, even in the absence of HRP data, one is 

led to conclude that significant numbers of cells from the central 20° of temporal 

retina sent axons to the ipsilateral LGN of BCC-3. 

The autoradiographic findings described here confirm the HRP result 

that there is ipsilateral output from the central 20° of the Siamese temporal retina. 

Furthermore, these patterns of labeled retinal terminals show that many of the 

central ipsilateral cells must project to the LGN. (This makes it unnecessary 

to invoke mesencephalic contamination as the source of the unexpected ipsilateral 

HRP-fillecl cells.) 

D. Comparison of ganglion cell density maps with pattern of retinal terminals 

in LGN 

It is interesting to compare the ganglion cell density maps for the ipsi-

la teral retinae of LG NS-21 and -26 in light of the autoradiographic data for foese 

cats. As mentioned above, in LGNS-26 there is a relatively deep "valley11 of ipsi­

lateral density lying between the two density peaks near the horizontal meridian. 

The density ratios of the central maximum:minimum:peripheral maximum are 

250:81:242 (3.1:1:3.0). The central and peripheral peaks may have projected to 

the IVINS and LNS, respectively, and the nvalley11 of 81 cells/mm 2 (at an eccentricity 

of about 3 mm) might have corresponded to the region of the LGN in which terminal 

labeling is found only in lamina CL In contrast to the results in LGNS-26, the 

labeled ganglion cell density profile is relatively flat along the horizontal meridian 

of LGNS-21, with central maximum:minimum:per-ipheral maximum ratios of 
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218:142:171 (1.5:1: 1.2). In LG NS-21, there is heavy labeling of Al as well as Cl, 

and it may be that the density "valley" in the ipsila teral retina of LG NS-26 was 

11fillecl in1
' for LGNS-21 by the addition of cells projecting to the homolateral 

lamina Al. 
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DISCUSSION 

The nature of the abnormality in the Siamese retinothalamic pathway 

The initial studies of the retinogeniculate pathway in Siamese cats led 

to the assumption that the Siamese retina is divided into two vertically-oriented 

strips of exclusive unilateral projection; these strips were thought to be separated 

by a sharp decussation line located about 20° temporal to the zero azimuthal 

meridian (Guillery, '69; Guillery and Kaas, '71; Shatz, '77). Our study is the first 

published work to show that, in fact, there is bilateral projection to the thalamus 

from virtually the entire extent of temporal retina. We have found ipsilaterally­

projecting cells central to the supposed 20° decussation line and contralaterally­

projecting cells peripheral to this line. The 11%-ipsilateral" maps show that there 

is a. smooth change across the tempor-al retina in the relative proportions of cells 

projecting to the two thalami; these maps reveal a gradient-like increase in the 

percentage of ipsilateral retinothalamic cells as one proceeds temporally. Thus, 

as shown in figure 14, t'le Siamese defect is not simply a shift of the decussation 

line to a new position 20° into the temporal retina; not only is the line of equal 

projection to both hemispheres displaced far temporally, but the zone of transition 

from total contralateral projection to total ipsilateral projection is greatly spread 

out compared to the normal. Our demonstration of a smeared-out retinothalamic 

decussation pattern stands in strong contrast to the previous assumptions of a 

sharp boundary between the regions of ipsila teral and contra la teral projection. 

The intermingling of contralateral and ipsilateral cells found here was raised as 

a possibility by Lund (175), however, and has been found independently by Kirk 

('7 6) and Stone et al. ('78) in their studies of the tota l re tinofugal population in 

Siamese cats. 
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Projections of unexpec tec11y labeled ganglion cells 

We must thus ask why the results of our study are so different from what 

would be expected on the basis of the previous work of Guillery and I(aas (171). 

The main problem here is to try to determine the site of termination of the contra­

lateral cells peripheral to 20° and of the ipsilateral cells central to 20°. One 

explanation for t1e difference between our results and those expected from previous 

findings might be that the ipsilateral and contralateral cells unexpectedly labeled 

here are actually retinomesencephalic nemons, whose terminals took up HRP 

diffusing to the rnidbrain, or whose axons were cut during the injection of HRP 

into the thalamus. It is known that damaged axons can transport sufficient quanti­

ties of HRP to give good staining of cell bodies (e.g., Bunt et aL, '75; Halperin 

and Lavail, '75; Adams and Ware, '76; Kristensson and Olsson, '76). If contamination 

fr0,n axons projecting to the m idbrain were involved here, it rn ight still be possible 

that the projection to the LG N follows the pattern suggested by Guillery and Kaas 

('71). The reason for rejecting t'le contribution of retinomesencephalic neurons 

to our results have been outlined above and in the previous paper (Cooper and 

Pettigrew, '78b); they include the absence of significant filling of the lower retina 

and of the contraJateral temporal retina in normals, as well as the lack of staining 

of the smallest ganglion cells. In addition, as mentioned below, the autoradio­

graphic evidence in this study confirms that much of the ipsila teral projection 

from the central 20° of temporal retina does indeed go to the thalamus (and, more 

particularly, to the LGN). 

Finally, although this was not described above, we used a recording micro­

pipette to inject lamina A in one Siamese cat (BCC-4) without the danger- of cutting 

optic tract axons. In this case, we found HRP-18.beled cells in both temporal retinae 
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at eccentricities from 0° to at least 6" along the horizont.ql meridian. This experi­

ment again demonstrates bilateral retinothalamic projection from the central 

retina of Siamese cats. 

If axons routed toward the midbrain clo not seem to be the explanation 

for the unexpectedly labeled cells in our material, then where do these cells project? 

As far as the cont,ala teral filled cells are concerned, it has already been noted 

that large cells make up an increasing proportion of the labeled contralateral 

cells beyond 20°. Likewise, the 5096 decussation line for large cells is displaced 

temporally to that for the retinothalamic population as a whole. In the normal, 

it is also the case t.'7at the large cell decussation line is temporal to that for the 

rest of the retino·c.;.1alamic cells, and it has already been pointed out (Cooper and 

Pettigrew, '7 8b) that these temporal-most large cells probably project to t'le l.\HN 

(ses Sanderson, 171; Dreher and Sefton, '7 4; Mason, '75). Thus, it seems reasonable 

to suppose that many of the large cells peripheral to 20° in the Siamese cat likewise 

send axons to this thalamic nucleus. In fact, although Guillery and Kaas!s formula­

tion of the Siamese retina was based only on t.i'le examination of the pathway to 

the LGN, they did notice that the fvIIN was also affected by the Siamese defect. 

However-, this cannot be the entire explana tion for the demonstration of HRP­

labeled cells in tlle contra lateral temporal periphery, since except for the most 

tempora l cells, which were almost invariably large, there were many small cells 

beyond the 20° line (see fig. 2A, for example). Lt the cell-size histograms centered 

at 15-20°, only 10% of the contra lateral cells were Jaege (9.196 for LG NS-26 and 

12.496 for LGNS-25); also, as mentioned above, only 28% of the contralateral cells 

located more than 5 mm (about 25°) temporally in LGNS-26 were large cells. 

Since input to the MIN appears to be almost exclusively from Y-cells (Mason, '75), 

th ese small cells temporal to 20° presumably project el'3ewhere. 
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One possible site of termination for the contralateral cells temporal 

to 20° may be indicated by the fact that in the Siamese cat, the LNS of Al often 

appears to be rather thinner than the overlying lamina A (e.g., LGNS-25, BCC-3, 

BCC-6, and cat 179 of Shatz (177)). It may be that many of the contralaterally 

projecting fibers from the peripheral temporal retina fuse with the region of lamina 

A overlying the LNS. Since the aberrant temporal fibers would be from the same 

(contralateral) eye as the axons normally innervating A, they would be indistin­

guishable in autoradiographs from foe normal fibers, but would contribute to an 

increased thickness of lamina A at the expense of the LNS of Al. 

It is necessary also to consider the site of termination of the ipsilateral 

HR P-filled cells central to the 20° meridian. The autoradiographic evidence sug­

gests foat many of these ipsilateral cells do indeed send their axons to the LGN. 

In i,GNS-21 and BCC-3, there is labeling of the ipsilateral LGN across virtually 

the entire extent of both lamina Al and lamina Cl. In LGNS-26 and BCC-6, the 

normal input to Al is more restricted, but the ipsilateral terminals in Cl extend 

across most of the representation of the central and paracentral temporal retina. 

Such autoradiographic evidence is of importance for a number of reasons. First, 

it confirms and extends the results of the ERP experiments by showing ipsila teral 

projection to the LGN from most of the temporal retina. fr1 fact, even in the 

absence of the HRP data, one would still be led to conclude that there was sub­

stantial ipsilateral projection from the central temporal retina in our Siamese 

cats. Secondly, some of the autoradiographs indicate that there is at least a rough 

correlation between t..1-ie shape of the ipsilateral cell density maps and t'ie distribution 

of retinal terminals in the LGN. It will be remembered that in LGNS-26, the 

ratios of central peak:valley:periphera l peak were 3.1:1:3.0, while in LGNS-21 
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they were 1.5:1:1.2. In LGNS-26, the label in the homolatera l LGN extended 

across the representation of the central retina in Cl but not in Al; however, in 

LG NS-21, most of the lamina Al was labeled as well. It is as if the addition of 

ipsila teral cells projecting to Al in LG NS-21 went to "fill in" the "valley" formed by 

the baseline of cells projecting to Cl in LG NS-26. 

Ganglion cell classes and the Siamese abnormality 

The autoradiographic data point to possible differential effects of the 

Siamese defect on the different ganglion cell classes. In LGNS-26 and BCC-6, 

it appears that the axons projecting to the Cl-lamina maintain their proper ipsi-

la teral projection over regions of retina in which axons directed toi.,vard the Al­

lamina mi:sproject contralaterally. (This trend is evident throughout most of the 

rost::-o-caudal extent of the LG N of both cats.) Of the eight Siamese cats receiving 

intraocular injections (LGNS-21, --25 , -26 and BCC-2 through -6), none has shown 

significantly more extensive labeling of the LNS of Al than of the Cl-lamina. 

That is, Cl always showed as much or more normal ipsilateral input than the LNS. 

(In LGNS-26 and BCC-6, Cl was more widely labeled; while in the other cats, 

both laminae sho,Ned about the same extent of normal input.) Guillery and Kaas 

('71) likewise found that the proportion of Cl receiving proper ipsilateral input 

often seemed to be greater t11an the proportion of Al. This tendency also appears 

to a certain extent in autoradiographs presented by Shatz (177). The degree of 

normal labeling of Cl and the LNS of Al is approximately equal in three of her 

cats (5R6, 179, and 6C2), while Cl receives substantially more normal input th an 

Al in two cats (6U5, fig. 6C, and especially WRl). In only one of Shatz1s animals 

(7D2) was the norma l input to the LNS somewhat more extensive than that for Cl. 

.. 
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It should be emphasized that these comparisons between Cl and LNS of Al must 

be made from coronal sections taken through the region of the horizontal meridian 

representation, since a s one proceeds rostrally or caudally in L'le LG N, the curva­

ture of the nucleus introduces radical differences in elevation between the Al 

and Cl laminae in foe same section (Sanderson, 171). (Also, as Guillery and Kaas 

('71) painted out, the posterior part of the LGN (corresponding to non-tapetal 

retina) may process retinal information differently than t'le rest of the LGN.) 

Since lamina Cl is supposed to receive only W-cell input (see above), the auto­

radiographic data suggest that the W-cells often preserve U1eir normal ipsila teral 

projection to a greater degree than do the X- and Y-cells, which send axons to 

Al. Consistent with this suggestion is the fact that the 50% decussation line 

in the study of Stone et aL ('78a) tends to be shifted less temporally (1. 7 to 3 mm) 

tr. .::. :1 that in our- s'cuc;y (3.4 to 7 .4 mm). Stone et aL ('78a) used tract-sectioned 

material to examine the total retinofugal population and thus included in t'leir 

study W-cells projecting to the midbrain (Fukuda and Stone, 174); such cells would 

have been excluded from our- study. This seemingly greater pre servation of the 

normal ipsi1ateml projection in \V-cells would appear to be only a tendency, however, 

in light of U1e exception in Shatz1s cat 7D2, and more work ·will be needed to deter­

mine the proportion of cats in which the normal Cl labeling exceeds that in Al. 

In addition, the possibility of loss of X-cells in some Siamese retinae (see above and 

Stone et al. '78b) or of compression in the retinal projections to ipsila teral Al 

(see below) must also be considered when evaluating this apparent tendency. 

However, our cats LG NS-26 and BCC-6 definitely show that there can be striking 

differences between the pattern of termination of the normal projections to Cl 

ancl Al. 
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A c1ifferential effect of the Siamese defect on the three ganglion cell 

classes is especially apparent in the case of the large cells; the data in the present 

study clearly show that these cells tend to misproject in higher proportions than 

the rest of U1e retinothalamic population. Of course, as previously noted, it is 

possible t1iat many of the most temporal contra1ateral large cells project to the 

MIN. However, this differential effect must certainly involve the large cells 

sending axons to foe LG N as well, since virtually all of the large cells at eccentricities 

less than 20° misproject contralaterally (see for example, figs. 2 and 14 or the 

cell-size histograms), and since Kelly and Gilbert ('75) have shown that at most 

eccentricities, all of the large cells project to the LGN (see also fig. 13 of the 

previous study). Because large cells presumably correspond to Y-cells (Boycott 

and Wassle, 174; F'...tl-<uda and Stone, '74; Kelly and Gilbert, '75; Cleland et al., '75), 

these data indicate foa t the Y-cells projecting to the thalamus are more affected 

by the Siamese defect than are the other cell classes. A similar result has been 

found independently in the studies of Stone et al. ('78) and Kirk (176), which compared 

the Y-cells to the entire retinofugal population (retinothalamic and retinomesen­

cephalic). It is interesting to note here that Lund (175) proposed this g-reater 

susceptibility of Y-cells before any of these data were available. 

Bilateral projection from some retinal regions 

At this point, one must ask why the intermingling of ipsilateraland contra­

lateral cells in the temporal retina was not noticed by previous investigators 

(Guillery and I(aas, '71; Shatz, '77). In the first place, it should be mentioned 

that U1ere is evidence for some bilateral overlap between abAl and the LNS of 

Al in a number of Shatz's ('77) autoradiographs (although she does not mention this). 
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In these sections (figs. 6D, 7F, 8A, SB, 9A, 13A), there are regions in which the 

lateral end of abAl overlaps the medial end of the LNS; this indicates the existence 

of both ipsilateral and contralateral projection from the section of temporal retina 

corresponding to the region of laminar overlap in the LGN. In terms of visual 

field, the amount of bilateral representation could be substantial in some 

cases (e.g., fig. 8A and 8B), since, owing to the magnification factor in the LGN, 

small distances in the region of laminar overlap could correspond to several degrees 

of visual field (Sanderson, '71; Guillery and Kaas, '71). Secondly, as shown above, 

the bilateral overlap is not always in the A-laminae, but often corresponds to 

over lap between a contra lateral projection to abAl and an ipsila teral projection 

to the Cl-lamina. Guillery and Kaas ('71) and Shatz (177) based their formulation 

on the retinal input to the A-laminae and thus ignored this often substantial pro­

jection from the central 20° to ipsila tera l Cl. Thirdly, much of the data of Guillery 

and Kaas (171) \.Vere derived from multiunit electrophysiological recordings from 

the LGN. Such recordings could have been biased toward sampling large, Y-type 

cells (Fukuda and Stone, 17 4; Rowe and Stone, 176). vVe have shown that the large 

(presumably Y-) cells tend to misproject more than the rest of the retinothalamic 

cells. Thus, the recordings of Guillery and Kaas may have been biased toward 

the population of cells which shows the greatest defect across the temporal retina. 

It is also likely that these recordings did not include a significant sample of W-cells, 

which are rather difficult to record and which were not even known to exist at 

the time of the experiments (Stone and Hoffmann, 172; Cleli:lnd and Levick, 17 4). 

Finally, there does seem to be a genuinely large amount of variability in the pattern 

of the retinogenicula te projection in Siamese cats. For instance, there were no 

HRP--labeled cells in the ipsilateral centra l retina of LGNS-20. On the other 
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hand, the a mount of ipsila teral autoradiographic label in la mina Al of LGNS-21 

and BCC-3 is so great us to be almost normal. (Indeed, Montero and Guillery 

('78) have found a Siamese cat in which the rostral half of the LGN is entirely 

normal.) Except for Sha tz's ('77) Sia mese 6C2, in which the LNS and IVINS almost 

fuse to give a con t inuous Al, none of the cats in the studies of Guillery and Kaas 

('71) or Shatz (Ti) snowed ipsilateral labeling in Al as extensive as that found 

in LGNS-21 or BC C-3. Thus, while we assume that the basic.: mechanisms under­

lying the chiasma~ defect in Siamese cats are the same for all individuals, it appears 

tha t these mechar:isms can be expressed to varying degrees in different cats. 

T- '. echanisms of the chiasmal error in Siamese cats 

The ques:ion of the mechanism underlying the la terality err-ors in the 

s ;am ese cat na tu.r2.Uy arises here. One explanation that has been discussed by 

Guiliery and Kaas ('71) is a simple mechanical block: deflecting some axons to 

fo e wrong hemisphere. Guillery and Kaas have rejected this possibility. They 

state that, given "L'le relative imprecision in the retinotopic ordering of the axons 

in the optic nerve and chiasm (Overbosch, '27; Lashley, '34; Guillery and Kaas, 

'71), a simple mechanical block could not result in the rerouting of axons within 

a discrete, well-defined segment of temporal retina. But as shown in our study, 

the rnisrouting of optic axons to the t,1alamus is not in fact confined to a discrete 

strip, but occurs in a gradient-like fashion across the entire temporal retina. 

These new results could thus revive the possibility that a mechanical block is 

responsible for the chiasmal defect in the Siamese cat. However, the finding 

of a differential effect of the Siamese defect on different ganglion cell classes 

makes this possibility by itself rather unlikely, unless fibers of different cell classes 
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tend to follow rather different paths in the chiasm. Differential rates of outgrowth 

in combination with some sort of transient block could also provide a means of 

' explaining these differential defects with a partly mechanical hypothesis. 

One other type of data also tends to make a simple mechanical explanation 

unlikely. In the mink, there are a number of mutant gene combinations which 

reduce retinal pigment and also decrease the amount of ipsilateral projection 

from the retina (Sanderson et al., '74). Some of these gene combinations do not 

involve the C-locus, which is the site of mutation in the Siamese cat and other 

albino animals. From this evidence, Sar.derson et al. (174) concluded that the loss 

of retinal pig·ment per se must underlie the laterality defect in animals with hypo­

pigmented retinae, since the mechanism of direct gene action is presumably dif­

ferent :for the different gene combinations. The finding that the loss of retinal 

pigment itself is involved in the mis-specificiation of 1.1 terality aga in seems to 

make the mechanical block hypothesis unli!-<ely (unless some chiasmal structure 

composed of melanin is involved). 

Experiments in mice (Guillery et aL, '73) and mink (Sanderson et al., '7 4) 

implicate long-range intercellular interactions in the specification of the la terality 

of optic axons. Our results from the Si a mese cat ind icate that these interactions 

affect the various classes of retinothalam ic retinal ganglion cells differently. 

This point is also demonstrated by the fact that the different classes have different 

decussation patterns in normal cats (Stone and Fukuda, 174; E:irk et al., '76a,b; 

Cooper and Pettigrew, '78b). The smooth change across the Siamese te mporal 

retina in the percentage of cells sending axons ipsila terally may indicate tha t 

a gradient in the concentration of some 1atemlity-specifying signa l determines 

U1e crossed/uncrossed distribution of the re tinal axons in normal ancl Siamese 
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cats (cf., Sper-ry, 163). Differential effects according to cell type might then result 

from differential sensitivities to the specifying signal. Alternatively, one might 

postulate that the distribution of the specifying signal changes with time during 

prenatal develop ment and that the various ganglion cell types develop at different 

times. The finding in mice that the large ganglion ce11s tend to be 11born11 earlier 

than the other g.e.r:glion cells is consistent with this latter type of hypothesis 

(Sidman, 161). According to either of these hypotheses, the Siamese defect could 

result from er-rors such as mis-specification of rrbirthdatesrr of the cell classes, 

changes in the se!lsi tivity of the various cell classes to the laterality-specifying 

signal, or errors h distribution of the signal itself. Sanderson et aL (t7 4) state 

that their finding ,,fa variable distribution of retinal terminals in the LGN of 

hypopigmented rr:in.i< makes it unlikely that a simple modification of a normal 

la terality-specif:_,' i.:-.g gradient could be responsible for the albino abnormality. 

However, the possibility of compression of the retinal terminals in the LGN (or 

other redistributions of these terminals, see below) could result in a patchiness 

in the mink LGN which would not reflect exactly the positions of the misrouted 

retinal cells. 

It is noteworthy that in all of the autoradiographs of the ipsilateral 

genicula tes included in this study (as well as in those published elsewhere), there 

is a gap between the retinal terminals in the IVINS and those in the more laterally 

placed LNS or Cl. However, we never saw a corresponding gap in the distribution 

on HRP-labeled cells in our ipsilateral retinae. In most of our cats, the gap in 

the LGN is rather small (LGNS-21, -26, BCC-3, -6) and may correspond to a suf­

ficiently small area of retina to be missed in our cell counting. (We think this 

is unlikely, however.) However, in cat LGNS-25, there was a more extensive 
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space between t11e MNS and the other segments of ipsilateral label in the LGN, 

in spite of the lack of a corresponding break in the distributions of ipsila teral 

ERP-filled ganglion cells. The retinal cells corresponding to u'lis gap in the LG N 

could represent either cells projecting to other thalamic visual centers or retino­

mesencephalic neurons with cut axons. (The reasons for discounting this last 

explanation are gi11en above.) Alternatively, these autoradiographic results may 

indicate foat there is some compression of the ipsilateral retinal terminals in 

the LGN, so that terminals usually bound for regions of the LGN where there 

is a gap may be routed to the nearby MNS or LNS. The possibility of compression 

of t17e retinal map in the LGN (especially the MNS) has already been suggested 

by Stone et aL (173a). Such compression could result from a number of mechanisms. 

Results from prena tal eye enucleations in monkeys (Rakic, personal communication) 

SJ'"iovv that the normal laminar distribution of the retinal terminals in the LGN 

depends on the presence of terminals from both eyes, which could indicate some 

interaction between the fibers from the two eyes. In addition, as mentioned by 

Stone et al. (178a), foe overlap of the ipsilateral and contra lateral populations 

in the Siamese retina does not seem to result in intermingling in the LGN of the 

terminals from the two eyes. Rather, these terminals segregate into discrete 

laminae, as in ti11e normal. (LGNS-21 seems to show this particularly well; the 

medial section of the LNS is a narrow, tongue-like projection below the abAl, 

the narrowness presumably being due to the misrouting to the opposite LGN of 

most of the axons from the central temporal retina.) It seems possible that 

competition for terminal space between fibers of the two eyes could result in 

contraction of the less numerous ipsila teral fibers into discrete islands in the 

LGN. Alternatively, there may be some minimal number of retinal fibers that 
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is required to define a region of domination by one eye. In this case, fiber-fiber· 

interactions (Cook and Horder, '77) might cause coalescence of retinal terminals 

in to patches of at least the requisite size. Compression of the ipsila teral eye's 

map in the Siamese LGN (especially in t.1ie MNS) might then be a consequence 

of the retraction or coalescence of the reduced number of ipsila teral fibers. Such 

mechanisms might also underlie U1e patchiness of t.'1e normal projection to lamina 

Cl. It is of interest here that Guillery and Kaas (fig. 18, '71) found some evidence 

that the ipsilater-a.l and contralateral visual field maps are not always in precise 

register in the Siar71ese LGN. More detailed recordings in the future may reveal 

a pattern of compression superimposed on L1ie grossly normal topographic map 

in LGN of the Siamese cat. 
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FIGURE LEGENDS 

Fig. 1 Schematic of expected results of our large HRP injections 

based on the previous formulations of the Siamese retinogeniculate pathway 

(Guillery and Kaas,'71; Shatz, '77). The shaded areas represent regions 

of anticipated HRP labeling. See Text for explanation of labeling patterns. 

The dotted lines show the location of the cuts made in some of the retinae. 

The vertical dashed line represents the supposed 20° decussation line. The 

ipsilateral retina has been inverted left-to-right to a llow it to be 

superimposed with its contralateral partner. 

Fig . 2 Uncounterstained whole mounts of contralateral (top) and 

iusilateral (bottom) retinae of the Siamese cat LGNS-20. Arrow in upper 

figure lies approximately 20° into the temporal ret ina. ( The distance is 

calculated using 5.05°/mm (Hughes, '76).). Ipsilateral retina has been 

inverted in this and all subsequent figures so that both retinae lie in 

the same orientation. N, nasal; T, temporal. Cross 

Scale: 2 mm. 

area centralis. 

Fig . 3 Maps of HRP-filled ganglion cell density for LGNS-20. Dotted 

vertical lines represent approximate loca tions of decussation lines in the 

normal. The arrows at 20° are calculated using 5.05°/mm (Hughes,'76). The 

isodensity lines are in l abeled cells/rnrn2 . Here, as in all subsequent 

density maps, the ipsilateral retina has been inverted l ef t-to-right, so 

that temporal is to the left fo r bo th the ipsilateral and contralateral 

retinae. 
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Fig. 4 Electrode track through left visual cortex of LGNS-26. The 

representation of the ipsilateral visual field near the 17/18 border 

( arrow ) shows that this was a "Boston" cat. 

Fig. 5,6,7 , 8 Maps of retinothalamic cell density for LGNS-26,-21, 
J> 

-25, and-19, res pectively. Symbols are.'iin figure. 3. 

Fig. 9 - 11 Isode.nsity maps of percentages of retinothalamic ganglion 

cel ls which pro j ect ipsilate.rally. 

Fig. 12 Ce.!\ -size. histograms for corresponding points in the ipsilateral 

( t op ) and con:::::-alate.ral ( bottom ) temporal re.tinae of LGNS-26. The 

l ocation of the region of cell counts is shown by the shaded rectangle 

in figure 9. Note change. of scale. for large cells. 

Fig. 13 Ce.11-size. histograms for the. ipsilateral re.tinae. of LGNS-25 

(top) and LGNS-19 (bottom}. The. regions of the cell counts are shown by 

shaded rectangles in figures 11 and 10. 

Fig. 14 Change. in percentage. of re.tinothalamic cells projecting 

ipsilaterally as one proceeds temporally along the. horizontal meridian in 

normal and Siamese. cats. The. normal data is the. same. as in figure 8 of 

Cooper and Pettigrew, 1 78b. 
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Fig. 15 Dark-field autoradiograph of retinal terminals in normal LGN. 

Medial lies to the left. Scale: 1 mm. 

Figs. 16-20 Similar autoradiographs for various Siamese cats. Scale: 

1 mm. 
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Figure 15 
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Fi.gure- 16 
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Figure 17 
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figure. 18 
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Figure 19 
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Figure 20 
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CHAPTER 3 

A Neuroph_ysiological Determination of th_e Vertical Horopter 

in th.e. Cat and Owl 



130 

T'ne horopter is defined as the locus of all points in space which 

stimulate corresponding points on the two retinae. Since each eye views 

space f rom a s lightl y different position, the correspondence r evealed 

by the horopter' s shape has a lways been of considerable interest, the re 

being three appro:':.c '::'.es to its dete:rmination--theoretical (e. g ., Aguilonius, 

1613 ; Yieth , 1818; rflller , 1 826 ), psychophysical ( see Ogle, '32 , '50 , '62), 

and neurophysiolo6 icel (Barlow, Blakem.ore a nd Pettigrew, 1 67; Nikara, 

Bishop and Pettigrew, 1 68 ; Joshua and Bishop, '70; Bishop , '73). 

In the case c: t:C.e horopter determined. in the hori zontal plane, all 

three approaches :C. 2..·:e led to reasonable agr e ement . Purely geometrica l con­

side:cations give r i se to a horopter in the shape of the Vieth-Mliller circle, 

which passes thro'..:._;:"1 the nodal points of both eyes and through the fixation 

point . PsychophysicaJ. studi es ( where the horopter is established by finding 

a se::- i es of points e'.:!.ch of which is seen as lying in the same direction 

when vi e0..red by each eye separa tely) yield a similar, but slightly flattened 

curve. Thi s s light fJ.2.ttening , called the Her ing- Hillebrand deviation fro m 

the Viet h-M-1.lller circle , probably r eflects the way in which the wiring pattern 

from e2.ch retina onto binocula r cor t ical neurons departs from the geometrica l 

ideal. 

Since , a s pointed out by Shipley and Rm-rlings ( '70), "corresponding 

points are such, ultir:1.ately, b y virtue of a cort i cal correspondence," one 

might hope that single unit recordings from cortical n eurons could b e used 

tc: defi ne the horizontal horopter physiologically. Indeed, J oshu a and Bishop 

( '70) have perform.ed thi s physiological experiment in the cat and report 

a r e sult very s i milar to the Hering-Hillebrand deviation described psycho­

physically for h umans (Hillebrand, 1 893 ; and see Ogle, '50, 1 62 ). 
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In spite of the agreement as to the general form of the horopter in 

the horizontal dimension, there is dispute concerning the shape of the vertical 

horopter. Helrn110ltz 's measurements led him to conclude that the vertical 

boropter in the mid-sagittal plane is a straight line tilted away from the 

observer (Helmholtz, 1867, '25). This analysis has been rejected by more 

recent authors (Ogle, 1 62; Shipley anu. Rawlings, 'TO) who have assumed 

that this horopter is oriented in the fronto-parallel plane. In spite of 

·this, a new series of Deasurements in hum.a..ri.s tends to support Helmholtz's 

original formulation (ITakayama, Tyler and Appelman, '77; lfakayarn.a, Appelman 

and Tyler, MS in preparation). 

We were led in-so a physiological study of the vertical horopter by trying 

to reconcile some appe.:-ent contradictions in the literature of the visual 

physiology of the cat. A previous study in the LGN has shoi:m that the represen­

tation of the zero (azimuthal) meridian in this structure is indeed vertical 

in the paralyzed cat (Sanderson, tT2). However, it has been shown that, 

at the time of paralysis, the eyes cyclorotate about an antero-posterior 

axis so that the twelve o'clock position of each eye is about 5° more medial 

than its normal position. (Hencefonrard this rotation will be referred to 

simply as "intorsion" and its opposite as "out-torsion" (Bishop, _et _al ., 1 62; 

Hubel and Wiesel, 1 62; Nelson, Kato 2.nd Bishop, '77).) It vas difficult 

to see how ocular intorsion under paral.ysis could leave the neural represen~ 

tation of the zero meridian as vertical. However, this problem can be resolved 

by a consideration of the projection of each eye' s zero meridian into three­

dimensional space, rather than by analysis in the fronto-parallel plane 

of the tangent screen where the da:t. 2. are collected. If it were assurned that 

the cortical representations of' the two eyes ' zero meridians were out-tarted 

with respect to each other in the al-2rt, unpar alyzecl cat, such out-torsion 
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would imply that cortical binocular units with receptive fields on the upper­

field zero meridians would have uncrossed disparities with respect to the 

fixation point, while lower-field units would have crossed disparities. 

Assuming that binocular units with fields on the two zero meridians are the 

neural substrate for binocular correspondence in the mid-sagittal plane, 

the presumed out-to:csion would result in a vertical horopter passing through 

the fix2.tion poL1t an.d tilted away from the cat. A schematic representation 

of such a horopter is shown in figure 1. 

In order to -test this hypothesis, we have recorded binocular cortical 

uni ts at vario1.1.s ele,,-2.tions on or near the 17 /18 border, which represents 

the zero meridia~ in the cat. After correction for the eyeball cyclotorsion 

induced b~r paral;;rsis, ou:c results indicate that the vertical horopter is 

indeed ti:Lted 2-',;2.y fron the cat, as Helmholtz first proposed :for humans. 

A similar r;iethod of ar:.2.lysis applied to data on binocular neurons recorded 

from the -v-isuai ;,,:ulst of Speotyto cunicularia leads also to a tilted vertical 

horopte:r f or this terrestrial owl species. A preliminary report of this 

work has been presented elsewhere (Cooper and Pettigrew, 1 78) . 

METHODS 

Cat Preparation 

The main objective of each experi ment was to map the representation 

of each eye ' s zero meridian in the cortex of the paralyzed cat. This was 

done by plotting the receptive fields of binocular cortical neurons at various 

elevations near the zero meridian. 'The general outline of the recording 

procedures has been. described elsewhere (Nikara et al. , ' 68; Pettigrew, '711) 

and will be reviewed here. 

Six normal adult cats were used in this study. For four of the six 

all phases o:f the expe:.:-i:ment were successfully completed and a vertical horopter 
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constructecl. Surgict:.l anesthesia was incluced with 51~ fluothane in a mixture 

of nitrous oxide and o:qgen ( 2: 1) and maintained with 1% fluothane. Af ter 

tracheal and I.V. cannulation, the fluothane was discontinued; the cats were 

then transferred to a stereotaxic head-holder and paralyzed with 4o mg of 

Flaxedil (galla..r;J. ine triethiodide). T'ne cats were force-ventilated (minute 

volumes 40% greater than those recoI!l..~ended on the Harvard App. Chart) with 

a mixture of nitrous oxide, oxygen, and carbon dioxide (80%:20%:0% initially 

and 75%:22.5%:2.5% during recording). Infusion at 4.3 ml/hr of a paralytic 

solution containing Flaxedil (l.2 mg/~~) and d-tubocurarine (0.12 mg/kg/ml) 

in 0.3% saline/8% dextrose began shortly after initial paralysis and continued 

until the end of the experiment. T'nis paralytic mixture was chosen to maximize 

ocular stability (Rod.ieck, Pettigrew, Nikara and Bishop, '67). The corneas 

were protected with contact lenses of zero power with radii of curvature 

chosen to produce sharpest focus of the projected fundus (see below). 

Dual Recording 

After opening the scalp, two craniotomies were made in order to uncover 

the visual cortex of the left hemisphere (except in LGJIT-33, in which the 

right cortex was used). T'ne anterior craniotomy exposed the 17/18 border 

from approximately HC Al5 to P5, while the posterior opening was made far 

laterally at about PS in order to uncover the upper fielcl zero meridian 

representation (Tusa:, Palmer, and Rosenquist:, '78). In an effort to eliminate 

systematic errors due to slow eye drifts during the course of the experiments, 

we recorded simultaneously from two tungsten-in-glass electrodes (Levick, '72) . . 

One electrode was placed far anteriorly in order to record uni ts at approximatel: 

-30° in the visual field; the o~her track wa s used to map the zero meridian 

at about +10°. Each electrode was angled so as to remain on or near the 

17/18 border for as long as possible during the course of the track. In 
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acldition to this check on eye position provided by the near-simultaneous 

comparison of upper- and lower- field units, the absolute position of the 

eyes was also determ.ined regularly by the projection technique described 

below. In two 2.nimals , after a sufficient number (at least five) of reliably 

plotted binocular units was recorded from one track, a third electrode track 

was placed. bet,.;-een t~e first two in order to map zero meridian units at 

approxiw.ately -10 to -15° in the visual field. All receptive field data 

for each cat were collected within a 24 hr period, the first two tracks 

usually being completed in one 12-hr session. In LGN-36, all o:f the data 

were cc,llected ~,ithin "" period of two hours. Receptive fields f'or binocular 

units were plotted on a tangent screen 57 era from the animal. Conventional 

stimulation and. Y"::cord.ing techniques were used (Nikara et al.,t68; Pettigrew, 

:Monitoring Dre Position 

As indicated above, eye movements were minimized by continuous infusion 

of para lytic 2.gents. In addition, one animal (LGN-36) was bilaterally sympath-

ectomized. We ,,,ere able to measure residual eye movements by positioning 

a fiber optic light pipe in front of the cat's eyes. The bright fiber optic 

light, being reflected from the cat's tapetum, was focused by the animal's 

mm optics onto the tangent screen. In this way a clear image of the fundus 

was obtained on the same screen used for plotting units (see fig. 3). Eye 

movements were monitored by noting the drift in certain retinal blood vessel 

intersections. Generally, two or three pairs of intersections symmetrically 

placed on both sides of the area centralis were traced on the tangent screen. 

Each pair served as a baseline to determine residual torsions of the eye 

(Nelson et al ., '77). In addition, lateral or vertical eye movements c011-ld 

be determined from the corresponding displacements of the landmark inter­

sections. With good optics, this light pipe method allows very accurate 
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monitoring of eye pos i tion. The vide extent of fundus projected by this 

method usually allmrs all the retinal l anilinarks to be drawn at the same 

time (see fig. 3). If care is taken to replace the light pipe in the same 

position for each measurement, torsiona_l movements can be measured to within 

0.3° and translational displacements to 0.2° or less. In later experiments 

a modification enabled a bent fiber optic to be left in place in front of 

each eye for the duration of the experiment without affecting receptive 

field plots (Pettigrew, Cooper and Blasdel, MS in preparation). With this 

modificati on it becai.--ne a routine matter to check each eye 's position i mme-

diately upon plotting each unit's .receptive fields. 

Besides ease of 2easuring torsion and of drawing a wide area, our 

method of projecting the fundus has two other advantages, the first being 

that it allows accurate focusing of the cat's eyes on the tangent screen. 

This is done by testing contact lenses of various curvatures until the blood 

vessels are in sharp focus on the screen. Secondly, the area centralis 

can be plotted easily, since it appears as a darker green area against the 

yellow background of the tapet1.rn1 and since a large number of blood vessels 

are visible simultaneously as they converge towards the area centralis. 

Thus the position of the area centralis can be determined to within 1° at 

the time of the experiment and with even greater accuracy post mortem, when 

the extensive drawing of retinal blood vessels can be related to the vessels 

on a retinal whole mount in which the area centralis is stained (see below). 

Once the proper contact lenses were in place, they generally were not 

disturbed during the course of the experiment . This avoided any changes 

in eye position due to eye toilet ( Nelson et al. , '77) . The short dura tion 

of the recording sessions insured maintenance of clear optics without the 

need for periodic cleaning of the eyes. 
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Estimation of the Visual Pole_ 

In a study such as this, where accurate determination of receptive field 

elevation is important, it is necessary to have a good estimate of the position 

of the horizontal meridian passing through the area centralis. In order 

to verify and refine the estimate of the area centralis position made by 

projection of the fundus, the right lateral geniculate nucleus of each animal 

was :filled with horseradish peroxidase (HRP) on the day bef ore the recording 

session. Forty to fifty hours later, after the completion of the cortical 

recordings, the experimental aninal was perfused and both retinae removed 

and reacted with benzidine in order to reveal the HRP retrogradely transported 

to the retinal ga:ciglion cells. 1faole mounts of these retinae allowed direct 

demonstration of -the n.aso- temporal decussation of the retinothalan1ic pathway, 

as well as clear visue.lization o f the area centralis. Each whole rrtOl1.i."'lt 

was :photographed while still wet. Not only do the retinal blood vessels 

stand out clearly in such photo6raphs ( see fig. 2), but use of hydra:ted 

whole mount s avoids e rrors due to tissue shrinkage . Color transparencies 

of the whole mounts were projected on a screen at approxim.2.tely 50X raagnification: 

and the position of the area centralis with respect to various blood vessel 

intersections was noted . By relating the blood vessel pattern on the whole 

mounts to that of the detailed t angent screen drawing of each fundus made 

in the living animal, it was possible to dete:rrnine the position of the area 

centralis on the tangent screen to within 0.5°. In this way we were able 

to estimate accurately the position of the horizontal :meridian during our 

recording sessions. A more detailed description of the }IBP injection pro­

cedure, as well as a quantitative description of the decussation of the 

retinothale.mic pathway in normal and Siamese cats, will be published elsewhere 

( Cooper and Pettigrew, MSs in preparation). 
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Estimation of Torsion 

The conclusions of this study depend not only on the accurate deter­

:rnination of the cortical representation of the zero meridian in the par2.lyzed 

cat, but also on r eliable measurement of the a.mou:-it of ocular intorsion 

induced by paralysis. Our method of determining eye-rolling takes advantage 

of the fact that the cat's pupil has a slit shape. Before the HRP injection, 

photographs of each cat's eyes were ta.~en in moderately bright light in 

order to obtain a neasure of the normal position of the slit pupils. Miniraal 

restraint without d:r-ugs was used to obtain these photographs. On the day 

of the recording session (after the ketamine used in the previous dayts 

HRP injection had 0..:orn off), the experinental cat was placed in the stereotaxic 

head-holder, and the paralyzing infusion was started.. We then waited for 

at least 2-3 hours before photographing the pupils of the paralyzed animal. 

This delay was included in order to let the eyes stabilize after the compara­

tiYely large drifts vhich occur during the first two hours of paralysis 

( Nelson et al. , '77) . Immediately after the photographing of the eyes, 

the pupils were dilated with a f2_st-acting anti-rnuscarinic agent ( cyclopentolate 

hydrochloride) or intravenous atropine, and the blood vessel pattern of 

each eye was drawn on the t2,ngent screen. As little time as possible was 

allowed to elapse between the photographing of the pupils and the drawing 

of the fundi in order to make sure that the eye position did not change 

between the two procedures. T'nese initial fundus drawings thus provided 

a baseline of known eye position, and all subsequent residual cyclotorsions 

or translations were corrected to this initial determination of eye position. 

The eye torsion induced by paralysis was estimated by projecting the photo­

graphs of the eyes on a screen (5X magnification) and measuring the angle 

between the pupils before and after paralysis. Care was taken to use only 
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photographs which were directly frontal to the animal so as to avoid errors 

due to a tilt of the cat's head. Each of the authors determined the eye 

torsion independently, without any previous agreement on a convention for 

doing so. Tn.e tT,w authoYs' values for mean eye torsion agreed to within 

10% for every cat, showing that this simple method for determining eye­

rollin6 is suite"bl:r precise. Nelson et al. ( '77) have questioned the accuracy 

of this photographic technique. However, our mean value of 8.7° net intorsion 

for both eyes agre"'s well with the 10° value obtained with the sarne method 

by Bishop et al. ( 1 62), and with the 9.2° value found by Nelson et al. ('77) 

using mean interoc ~lar orientation disparity of cortical units (see table 

l). (Our conventi0::1 has been to use positive angles for intorsion and negative 

angles for out-torsion .) 

We have col2.ected. other data indicating the accuracy of our photographic 

techniq_ue . In t 0..;-o experiments (LGN-34 and 36), the cyclopentolate was allowed 

to ",.;-e3,:r off; thus ~he pupils had again assumed a slit shape by 1 T to 20 

hours after the initial detennination of eye position~ At this time we photo­

graphed the pupils 2.nd then redilated them in order to plot the positions 

of the landmark blood vessels. In this way we obtained two independent 

estimates of the amount of residual torsion occurring subseq_uent to the 

estimate of eye position at the beginning of the recording sessions. In 

the case of LGN-34 (table l), the residual torsion was determined to be -l.8° 

by the_slit-pupil photographic method and -1.9° by use of retinal land.~arks. 

In LGN-36, use of the slit pupils gave a residual rolling of -l.4°, while 

a value of -1.6° was obtained from the fundus drawing. Thus, these two 

diff·erent and independent methods of measuring residual torsion of the eyes 

yielded very similar estimates of this torsion. We therefore feel that our 

photographic method is both valid and precise. 
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In ·making our corrections for eyeball rolling during paralysis, we 

have assumed that this torsion occurs about the visual axis of the eye. 

Measurements from the pupil photographs show that the axis of eyeball rotation 

runs approximately through the center of the slit pupil, since the tops 

of the pnpil converge by about the sa.'rre ar::tount as the bottoms diverge. 

In addition, use cf the fundus projection technique allowed small amounts 

of residu2.l torsio:1 around the area centralis to be measured in some cats 

• after par2.lysis (e.g. , LGN-3 4 and LGN-36, see table 1) . Both of these 

measu.rel:).ents shmr t'::a:t. it is at least approximately correct to treat the 

area centralis as lying on the axis of rotation during paralysis. 

Owl Prena.ration 

In addition to o:..:.r experinents in cats, we have also attempted to deternine 

the forn of the ve:.:-ti:::al horopter in a terrestrial, diurnal owl, the burrowing 

owl ( S.:; eotyto cw--iicula!'ia). The burrowing owl is a small bird; our specimen 

had a height (ground-to-eyes) of about 15 cm when erect. The owl, weighing 

185 gm, was anesthetized with an i.m. injection of 2.5 mg ketamine hydrochloride. 

We iillElobilized the bird ts head by cementing the beak to a rigid metal bar. 

After removing the cro;,;n feathers and parting the scalp and temporalis muscles, 

we used dental cement to fix the back of the skull to two metal bars which 

were attached to the frame from which the owl was painlessly suspended. 

After making the appropriate craniotomies, we inserted two electrodes into 

the right visual Wulst; one penetration was placed anteriorly and the other 

posteriorly, in an effort to record simultaneously from the zero meridians 

in the upper and lower fields. We switched frequently from one track to 

the other; as in the cats, this was done in order to avoid systematic differences 

in mean field separation between the two tracks due to the slight eye movements 

in the unparalyzed owl ( see below). 'I'he owl faced a tangent screen placed 57 cm 
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in front of its eyes; recording and stir.mlation procedures were identical 

to those used above for the cats and for owls in previous studies (Pettigrew 

and Konishi, '76; Pettigrew, '78). 

Due to the small degree of eye movement in the owl ( Steinbach and Money, 

'73; Pettigrew and Konishi, 1 76), it was not necessary to paralyze the 

bird during the recording session. After fixing the owl's head, we observed 

the eye mov~ments with an ophthaJ.moscope for a period of one-half hour. 

These eye movements consisted of occasional fast flicks of about 0.5° in 

amplitude, after which the eye returned to the starting point. In addition 

we noted slow drifts, also of about 0.5° amplitude, which occurred over 

the order of minutes. We did not observe any larger movements in response 

to attempts to startle the owl (approaching objects, noises, rapping the 

beak ). After this observation period, the positions of the foveae and pecten 

tips were plotted on the tangent screen by means of a reversible ophthalmoscope. 

We measured the effect of ketamine on eye position in the owl by leaving 

an ophthalmoscope fixed in front of each eye while administering a 2.5 mg 

dose of ketaiuine ( this after the original dose had worn off). By 5 min 

after the injection of the ketarnine, each eye had diverged by about 0. 5°. 

We did not notice any significant net torsion between the two eyes as a 

result of the administration of keta:m.ine, although our accuracy for monitoring 

torsion between the eyes was only to within about 3°. ·we could not observe 

any effect of the ketamine by l.5 hrs after the injection; at this time 

the eyes had returned to their pre-injection positions. The return of the 

bird I s responsiveness to external stimuli also indicated that the keta..'O.ine 

was no longer effective by this tiine. All of the units used in this study 

were plotted after this test dose of' keta..rnine had worn off ; no more anesthetic 

was neecled during recording. T'nus it is possible to discount any effect 
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of anesthetic on the results of this e:<periment. ~i:ne owl was recovered after 

the experiment. 

RESULTS 

Cat 

As mentioned above, our ma.in experimental objective was to determine 

the posi t ion of the zero meridian for each eye, since we have assumed that 

the zero meridian. i3 the physiological substrate for the horopter in the 

mid-sagittal plane. Our procedure has been to record binocular units at 

several H-C levels close to the 17 /18 border. In this way we have recorded 

the receptive field positions of binocular units at several elevations on 

or near the zero IJ.eridian. Table l contains a summary of our data base 

of binocular units. We have recorded a total of 129 well-isolatecl binocular 

units from. 11 tr:::.c:i:--:s in 4 cats. Our calculations of the .zero meridians 

are bas eel on TO u2"1.i -:::.s; the others were discarded because they were too far 

fro:rr t:C1e vertic2-l :t:r!eridian or because they did not give a sufficiently reliable 

receptive field plot in one of the eyes. All of the units selected for 

analysis were within 5° o:f the zero meridian in order to avoid the systematic 

changes in field separation which occur with increasing horizontal eccentricity 

(Joshua and Bishop, '70). T'ne only exception to this was LGN-36, in which 

the placement of the electrode tracks necessitated using fields in the 

5°-strip from 3°-8° azimuth. 

Binocular Receptive Field Senaration at Different Elevations 

Figure 3 is a drawing of those receptive field plots used for analysis 

as they appeared on the tangent screen for LGN-34. There were four clusters 

of receptive fields on the tangent screen, each cluster corresponding to 

one of the cortical penetrations. As would be expected from previous descrip-

tions of the topography of the cat visual cortex, the most anterior track 
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corresponded to the unit at the lowest visual field elevation, while the 

most posterior track corresponded to the fields at the highest elevation 

(Talbot, tlio; Hubel and Wiesel, 1 62; Bilge , Bingle, Seneviratne and Whitteridge, 

167). Because of the fact that the eyes diverge slightly under paralysis 

(Bishop et al., '62), the areae centr2.les and receptive field pairs were 

somewhat separated on the tangent screen. However, it is evident from the 

figure that all of the tracks gave un.i ts lying quite close to the zero meridian. 

T'nis figure also :m.a.1<;:es it clear that the receptive field separation o:f binocular 

pairs ~as roughly the same at all elevations. In other words, despite the 

cyclorotation which had occurred during paralysis, · the zero meridians of 

each eye appeared to be parallel. T'ne angle between the zero meridians 

was next determined ~ore precisely, as described in the following section. 

Formal Calculation of ·the Zero Meridian 

In order to c2-lculate the zero neridian we have adopted the method 

developed by Bishop and his colleagues, which makes use of the separation 

of receptive field pairs for binocular units (Nikara et al., 1 68; Sanderson 

and Sherman, '71; Joshua and Bishop, '70). Figure 4 demonstrates the manner 

in which we have calculated the two zero meridians from. the positions of 

the binocular receptive field pairs (all corrected for residual eye movements, 

both translationa.l and torsional). Tne parameter of · interest here is Q, 

the distance on the tangent screen between the two zero meridians at each 

elevation. However, since we do not have a direct ,-ray here to determine 

the absolute position of each eye ' s zero meridian at every elevation, we 

must instead determine B, the dist2.nce (at each visual field elevation) 

from the vertical line through one eye's blind spot to the zero meridian 

of that eye . (The vertical throug:i the blind spot is taken as the perpen-

dicular to the line passing through the centers of the t,.w optic disk projections·.: 
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!f ve assume that the two eyes are syrsuetrical, then it is evident that 

21?. + Q_ = A, where A is the distance on the screen between the centers of 

the two blind spots. Rearranging the equ2.tion gives B = (A - D) /2. In 

the absence of an estimate for Q, we must calculate the separations (c1) 

of the receptive field pairs for the binocular units; we then ass"lli'rle that 

the mean value of d for each elevation will equal Q, the separation of the 

zero !ite:cidians at that elevation. That is, we assume that the average field 

s_eparation gives tl-:.2: separation of corresponding points on the tangent screen. 

It the::1 becomes possible to calculate a value of B for ectch receptive field 

pair , i . e • , B 

Figure 5 is 2. of (A - d)/2 versus elevation for each binocular 

unit of LGN-34. ·I':.>:is :figure is thus a plot of the distance from the vertical 

throug::: the blind 2::;:ot to the estimated zero meridian for each data point. 

The li:::.ear regressic-:-_,_ line ( solid) through the data points therefore is 

the e:(::::;erimentally c:.eterminecl zero meridian for one eye . ( By syrnmetry, 

the other eye will h2.ve a z,ero meridian which is the mirror image of this 

plot. T:.r1e dotted lines in the figure represent the 95% confidence limits 

for the linear reg-ression estimate of the zero meridian.) In the case of 

cat LGN-34 under pe.r2.lysis, the angle between the experimental zero meridian 

for one eye and the ve:c:-tical through that eye's optic disk was found to 

be +0.75 + 0.95°, the positive value indicating that the zero meridian in 

the lower field is slightly farther from the line.through the blind spot 

than i s the upper field meridian. Table 2 gives the estimates of 0P, the angle 

between one eye's zero meridian and the vertical, for all of the experimental 

cats under paralysis . Tne value of 28 equals the net angle of shearing 
p 

between the two zero meridians in the paralyzed animals. 'l'he aosolute value 

of this shearing is never greater than 1. 5°, and the mean value is +O. 21.f O 
_ 
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(Tbe positive angle means that the two vertical meridians are slightly crossed 

i n the l ower field) . The above data thus confirm Sanderson ( 1 7 2 ) , who used 

a di fferent method but also found that the zero meridians for t he two eyes 

are parallel and (by symmetry) vertical in t he paralyzed cat . 

Torsion 

We have found, in support of the results of others , that under paralysis 

each eye cyclorotates inward from i ts position in the alert , unparalyzed 

·cat. Table 1 g i ves the measured values for 0 , the net torsion between the 
n 

two eyes induced by paralysis . T'nese data show that there is an average 

net intorsion of +S.7° (S.D. = 4.7°) due to paralysis . T'nis value i s in 

good agreement with the esti mates of cyclotorsion obtained by others 

(10°, Bishop et al ., 1 62 ; about 10°, Hubel and Wiesel , ' 62 ; 9 . 2° , Nel son 

et al . , ' 77 ) . ?f'.e cat we have used for illustration, LGN- 34, showed a 

net intorsion of +l.h .1° + 2. 0° . The error of 2° is the 95% confidence limit 

for t :ie difference between the inter-pu:;iillary angle before paralysis (ll 

photographs ) and this angle after paralysis (6 photographs) . 

Estimation of Zero Meridians in Life 

Because of.the intorsi on produced by paralysis, it becomes necessary 

to correct the v2.lue of 20 for each cat in order to obtain the value for 
p 

t he angl e between the two zero m.eridi2.ns in the unparalyzecl state . :t:f it 

i s assumed. that the axis of rotation corresponds to the visual axi s through 

the fixation point~ out - torsion of the eye wi ll shi ft the upper retina tem­

poral ly and thus will shift the lowe:c portion of the · zero meridian nasally 

( i . e ., away from the blind spot) on the tangent screen . This correction 

thus corresponds, for the right eye , to rotation by an angle of (8 /2) in 
. n 

the clockwise direction as one faces the tangent screen . Figure 6 shows 

the zero meridians for the two eyes of" LGN-3h ,:1,f'ter correcting for the intorsion. 
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induced by paralysis. In order to construct this figure, the data points 

in figure 5 were rotated around the fixation point by 0 /2 = 7.05°. The 
n 

2 • f. ,,: 1 ~-parameter r in igure o is the square of the corre avion coefficient for 

the linear regression estimate of the corrected zero meridian. 

T'ne value of r
2 

= 0.93 indicates that the experimental data for each zero 

meridian are approximated q_uite well by a straight line. After correction 

for torsion, the net angle between the zero meridians in LGN-34 is +15.6° 

+ 3.9° . T'ne calculated values for the angles between the two eyes' zero 

meridians in the u.nparalyzed state are given in table 2 for all our cats; 

the nea.,.~ angle is +10.0°. All of the experimental cats except LGN-28 had 

zero 2eridians iw"i°th a s•ignificant degree of such shearing, and all except 

LGII- 28 had r
2 >0.9, indicating that the zero meridian is indeed a straight 

line over the r2.Dge eccentricities studied here. In LGN-28 the zero 

meridians were sheared by an angle of +2.0° with respect to each other in 

the alert cat, but the large error lirait of 5.3° makes it unlikely that 

this degree of shearing was significant. T'ne small value of r 2 in this 

animal does not indicate that the experimental data points did not fall 

on a fairly straight line (which, by inspection, they did), but rather reflects 

the fact that r
2 

becomes a poor index of the straightness of a line as that 

line approaches vertical or horizontal. 

Spatial Implications of Sheared Zero Meridians 

As is evident from figure 6, the correction for torsion under paralysis 

implies that the zero meridians in the lower visual field are crossed with 

respect to the fixation point, while the upper field meridians are uncrossed. 

That is, a point on the lower field zero meridian for one eye is farther 

from the vertical through the optic disk for that eye than a point on the 

upper field zero meridian. Since points on the two zero meridians are assumed 
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to be corresponding points (in the stereoscopic sense of the word), this 

result indicates that corresponding points in the lower field are crossed 

with respect to the fixation point, and corresponding points in the upper 

field are uncrossed. 

As schematized in figure 7, receptive fields on the tangent screen 

which are crossed relative to the fixation point correspond to depths in 

front of the plane of fixation. On the other hand, uncrossed points correspond 

to depths behind the fixation plane. Because points on the zero meridians 

are assumed to be corresponding, and because the vertical horopter is the 

locus of correspo~di~g points in the mid-sagittal plane, it should be possible 

to calculate the vertical horopter for each of our experi mental cats by 

projecting corrected data points like those in figure 6 onto the mid-sagittal 

plane. By virtue of the finding that the two zero meridians are crossed 

in the lower field, the vertical horopter in the lower visual field will 

be closer to the animal than the fixation point . Conversely, since the 

zero meridians are found to be uncrossed in the upper field, the horopter 

in the upper field will be farther away from the animal than the fixation 

point. 

The finding that the zero meridians on the tangent screen are themselves 

straight lines implies that their projection into space will yield a horopter 

which is also a straight line (see Appendix). 

Determinat ion of a Vertical Horopter for a Particular Animal 

The experimentally determined vertical horopter for LGN-34 is depicted 

in figure 9. This horopter has been calculated using a pupillary separation 

of 3.8 cm (as measured from photographs of LGN-31.); the fixation point has 

been set arbitrarily at 57 cm, the distance between the animal and the tangent 

screen. It can be seen that the experiCTentally determined horopter for LGN-34 
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is a straight line tilted approximately 13° from the hori zontal. The line 

is closer to the anir:12.l in the lower visual field and farther away in the 

upper field; the horopter line reaches the aninal at a point about 13.5 cm 

below the eye. Thus, for the assumed fixation distance of 57 cm, the vertical 

horopter is far fro8 being a fronto-parallel line and is in fact considerably 

tilted frora ver~ical. 

By virtue of the significant crossing of the vertical meridians in 

LGU-33 and LG:N- 36 , these cats would also be found to have tilted horopter 

lines in the un:;:e.ralyzed, alert state. 

Dual Recording 

We made t 0,r0 '2lectrode penetrations into the right visual Wulst of the 

burrowing owl, S05 . One track was placed near the posterolateral margin 

of the Wulst and the other near the anterolateral margin in an effort to 

r ecord units at elevations on the zero meridian equally spaced above and 

below the hori zontal ueridian (see Pettigrew and Konishi, '76; Pettigrew, 

'78). In fact , however , the posterior track yielded units whose fields 

fell almost exactly on the horizontal meridian, the fields of the anterior 

track lying an average of 16° below. The fields on both penetrations clustered 

around an azimuth of 10° . 

A total of 27 units was studied in the owl, of which 19 had binocular 

plots reliable enough to include in the data analysis . The nine units on 

the posterior track h ad a mean azimuth of 10~6° (range 7.2° to 12.1°, 

S.D. = 1.6°) and a mean elevation of -1.0° (range +0.1° to - 2.1° , S.D. = 0.8°). 

All of the receptive field pairs in this penetration were uncrossed on the 

t angent screen and had a mean separation of +1.3° (range 0.6° to 1.8°, 

S .D . = 0.3°). There was no systematic vertical separation between members 
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of the receptive field pairs in this posterior track; the mean vertical 

separation between the f ields for the nine binocular units was -0.1° (negative 

•"-c.. 
indicating thatVipsi field was higher than the contra field) . . The range 

of vertical separations was from -0.4° to +o.4° with a S.D. of 0.3°. 

The anterior track yielded ten reliably plotted binocular units, with 

a mean azimuth of 8.7° (range 7.2° to 10.2°, S.D. = 1.0°), and a mean elevation 

of -16.1° (range -13.5° to -20.9°, S.D. = 2.5°). All of the receptive field 

pairs for this penetration were crossed on the tangent screen, with a mean 

receptive field sepc.ration of -1.0° (range -0.4° to -1.8°, S.D. = o.4°). 

The mean vertical separation for the fields of the ten binocular units was 

0.0°, with a range fr-om -o.lr 0 to +o.8° and a S.D. of 0.3°. The mean for 

this track is not significantly different from that for the posterior tra ck 

(p >0.05 for a two-tc.iled nt"- test). 

Calculation of Zero i,ieridians and Horopter 

The linear re5 ression analysis for the zero meridians of S05 is shown 

in figu.re 8. The data in this figure a r e represented in a manner slightly 

different from that used for the cat data in figure 5 , (for which (A-d)/2 

is graphed against elevation). Figure 8 is a plot of the receptive field 

separation, d, versus elevation for each binocular unit. T'ne slope of this 

regression line yields directly the angle between the two zero meridians. 

(For the plot of (A-d)/2, the slope yields one-half this angle.) We have 

found that the net angle between the zero meridians in the unparalyzed burrowing 

owl is +8.3° + 1.5°, and that, as in the cat, receptive fields on the lower 

part of the zero IQ.eridian 2.re crossed -wit h respect to fields on the upper 

part of the zero meridian. 'Yne experbental data for the owl's zero meridian 

a.re fit f a irly well by a stra i ght line, as demonstrated by the value of 

2 r == 0.89. 
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T'ne experimental vertical horopter for the owl S05 has been calculated 

in the same manner as for LGN-34, that is, by projecting the receptive fields 

for each binocular unit into space. This experiinental horopter is shown 

in figure 9. (Tne fact that the owl fields do not lie on the zero meridian 

does not invalidate their use in calculating the angle between the zero 

meridians, since bot h penetrations were at about the same azimuth. However, 

in order to depict the horopter here we have assumed that there is no change 

in mean field separ2.tion with horizontal eccentricity. This assumption 

can be q_uestioned in light of the horopter deviations mentioned above for 

man 2_nd. cat.) Tb.e ::::s.~or result of this calculation is clear, viz., that the 

vertical horopter i~ the burrowing owl is not fronto-parallel, but rather 

is tilted quite far from the vertical. This result is implicit in the finding 

that the vertical ::eridians are tarted with respect to each other, with 

the u~per-field meridians being divergent compared to the lower-field meridians. 

DISCUSSION 

Position of cat's eves in naralysis 

Our finding fron cortical recordings in the paralyzed cat that the 

zero meridians are parallel and vertical (by syrmnetry) both confirms an 

earlier conclusion based upon geniculate recording (Sanderson, '72) and 

reaffirms Bishop's view that one can· specify with considerable accuracy 

and reproducibility the position of the cat's eyes in.paralysis (Bishop 

et al. , '62; Vakkur et aL, '63). In four cats we found that angle between 

the zero meridians under paralysis was 0.24° + 0.96° (mean and standard 

deviation of the raean). In other words, if there has been no interference 

with the eyes, if eye-bars and other paraphernalia which might displace 

thera have been removed, and if a non-depolarizing neuromuscular block has 

been instituted for some tirne, it may now be safe to assume that the zero 
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meridians of each eye are parallel and vertical in the normal cat (within 

the conf idence limits specified), in addition to being somewhat divergent. 

Position of c at's eves in life 

Inter-subject variability; Having established that the zero meridians 

are pare,llel and vertical in paralysis, it is possible to estimate their 

relationship ir.. life provided one has information about the amount of intorsion 

which occurs with ps.ralysis. The value which we have .obtained for torsion 

(mean= 8.7°, S.D. of mean= 4.7°) is in good agreement with those obtained 

in a Ul;JJ2ber of other studies (e.g. Bishop et al.,'62, 10°; Nelson, Kato 

a nd Bishop, '72, 9.2°). The two findings in paralysis of a net intorsion 

and of parallel vertical zero meridians indicate that. in life the zero 

meridi2.ns are rc.eit h2::- parallel,, nor vertical. Rather, when seen on the 

tangent screen they are crossed, or out-tarted, with respect to one another. 

I~ crt}:er words , hypothesis of a tilted horopter for the cat is confirmed 

( see below). 

It should be noted, however, that there is considerably more variance 

in the data pertaining to the amount of ocular torsion occurring under paralysis 

than there is in the data on the angle between the zero meridians in paralysis. 

One cat (LGN-28) out of the four that we studied showed very little torsion 

with paralysis, so we are not entitled to conclude that it would have had 

a significantly tilted horopter in life. We cannot be certain why this par-

ticular cat should be so different from the other three, all of which would 

show highly significant tilts in life, but there are a number of possible 

explanations. For example, it may be that cats exert active control over 

counter-rotatory torsional eye movements and that LGN-28 was maintaining 

its eyes in a n extreme position when the pre-paralysis photos were ta};:en; 

we did not attempt to control for this possibility. 
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On the other hand, some subjects just may not have tilted vertical 

horopters. This appears to be the case in man, since Helmholtz found a much 

smaller angle betveen the zero meridians of myopic subjects than between 

those of normals-(Hering, who was myopic, had an angle close to zero; p. 413, 

Helmholtz, 1925.) Using the insights provided by this study, Cynader (personal 

corr.n:mnication) has been able to deduce from analysis of slit-pupil data 

that visually deprived cats probably lack tilted vertical horopters. 

T'ne t ilted vertical ho?onter and psychonhysics 

On the basis of simple psychophysical experiments, Helmholtz (1867, 

'25) proposed over one h~ndred years ago that the vertical horopter is a 

tilted line passi~g through the observer's fixation point and his feet. 

Helrr.holtz based his suggestion on data concerning the divergence of the 

upper ends of the ap:;;srent vertical meridians for the two eyes. T'nese data 

had been obtained in no~ocular measurements by Volkmann and in Helmholtz's 

mr:n measurernents using the criterion of single vision. Subsequent investigators 

have rejected the results of both Volkmann and Helmholtz as being due to 

"idiosyncratic excyclotorsions of Volkmann' s and of Helmholtz' mm eyes 

about the anterior-posterior axis" (Shipley and Rawlings, '70; Ogle, '62). 

These authors have implied that the vertical horopter is fronto-parallel. 

However, recent experiments in man using the nonius method have confirmed 

Helmholtz' original result and show that the zero meridians for the two 

eyes are indeed crossed. These experiments further show that this top-outwards 

divergence of the zero meridians is not due to eyeball cyclotorsion (Nakayama 

_et al., '77, and MS in preparation). Breitmeyer, Julesz and Kropfl ( '75) 

and Julesz, Brei traeyer and· Y..ropfl ( 1 76) have also obtained psychophysical 

data which support the hypothesis of a tilted horopter. These workers have 

found that random-dot stereogra..'1ls with crossed disparities are fused at 
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shorter durations in the lower visual field, while stereogra.ms with uncrossed 

disparities have shorter required durations in the upper field.These data 

indicate that the stereoscopic mechanisms of the hl117lan visual system are 

biased toward greater distances in the upper visual field. 

Our principal finding supports and extends Helmholtz's s_uggestion con­

cerning the vertical horopt er. We find that the vertical meridians for 

the two eyes are extorted with respect to each other (i.e., divergent at 

the top, convergent at the bottom) in both the cat and the burrowing owl. 

This result implies that the vertical horopter is tilted away from the animal 

in both of these species. It is interesting to note that although our con­

clusions are novel for both the cat and burrowing owl, our raw data for 

the cat merely confi~m the previously published observations of others. 

Indeed, we could hacre drawn our main conclusion concerning the cat from 

data already present in the literature (although we have done our own ex­

periments in order to ascertain whether the error in.i.'1.erent in our physiological 

methods is sufficiently small so as not to obscure the proposed phenomena). 

As mentioned above, our estimate of the a.mount of inward cyclotorsion under 

paralysis in the cat is in good agreement with other findings. And the 

observations that the zero meridians are parallel in paralysis also has 

been noted already (Sanderson, '72). However past investigators have tended 

to see a conflict between the physiological results for the zero meridians 

and the suggestions of eye rolling during paralysis. For instance, Sanderson 

('72) argued that there could be no significant rolling of the cat's eyes 

because of the fact that the zero meridians are vertical under paralysis. 

We have combined these seemingly contradictory data and have tried to show 

that they are in fact not conflicting . 'I'he apparent conflict arises from 

restric ting one's considera tion to t he fla t t angent screen, wh en in :fact 
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the visual system of the cat (o.nd owl, and man) is des igned to operate in 

dep ·t'.n. lf one nroJ-· ects the cross""d zero meridi· a ·.ns ( ' • ' l'- f t" _ ~ wnicn res u ~ rom 11 e 

combine.tion of our physiological and photographic <lat.a) from the two- dimensiona_l 

tangent screen into three-dimensiondl sp2"c e, one can appreciate that the 

data for the physiological mapping of the 7,ero meridians and the photographic 

cor:cection for t orsion are not in conflict, but rather co:nplement each other 

to give a behaviorally neaningful construction for the vertical horopter. 

Adaptive signifi:::2.nce of ·a tilted vertical horopter 

"ive have fou::.d. that the vertical horopter is tilted in both the cat 

and bUYro,-ring rn..; ~i.. 1-·ihy would it be of advantage to these animals to have 

such a horopter lirre in place of the fronto-parallel line which is usually 

pro:;:osecl for h'-Jc.'22.n.s? Inasmuch as the horopter is the locus in space of 

corres:90:nding points, it is also the locus of points around which stereoscopic 

proces sing of visc:2.l information is possible. Stereoscopic mechanisms operate 

over oD.ly a relsti-rely narrow range o:f depths in front of or behind the 

ho:co_;:iter curve . ( T'nis range may be determined by the spread of optimal 

dispariti es o:f single neurons around the mean (Bar lo~ ... et al., 1 67; Nikara 

et al., 1 68; Joshua 2-nd Bishop, '70; van der Heydt, Adorjani, HHnny and 

Bawu.gartner, '78 ) . ) Thus the position of the horopter in space indicates 

the region in which the animal is able to use stereopsis, which is the most 

accurate mechanism of depth discrinina,tion. 

Both the cat and burrowing owl are small terrestrial predators. In 

these species, given a fixation point on or near the horizon, most objects 

of interest (e.g., prey) will be on the horizon or in the lower field closer 

than the horizon. If the horopter were fronto-parallel, the animals would 

be denied the use of stereoscopic processing in the lower field, which is 

just the region where precise depth judg::;ients would be of greatest usefulness. 

A horopter line passing near the feet and sln.nted toward the fixation point 
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would. allmr the stereoscopic mechanism to operate in the behaviorally s igni­

ficant region of lower visual field between the animal and its horizon. 

For a given angle eu between the zero meridians, the point at which 

the horopter intersects the coronal plane through the animal 's eyes depends 

on the pupillary distance (]:, see .Appendix) and is given by (P/[2 tan (8/2)]). 

For a cat with the average pupillary separation of 3. 8 cm ( Bishop et al. , 

1 62) and an angle of +10° between the zero meridians ( see table 2), the 

horopter would intersect the coronal plane at a point about 22 cm below 

the eyes . This com.pc.res favorably with the height of a cat , which can vary 

from. about 10 to 30 cs , depending on whether the cat is crouching or standing 

erect. In the burrovir:g owl SO 5 the eyes were about 15 cm above the ground 

in the normal postl::.re; we estimate the horopter for S05 to pass somewhere 

between 16 and. 23 C"' below the eyes,using E == 2.8 cm and 6 == 8.3? + .1.5°. 

I, .. ilic.::1, according to Helmholtz ( ' 25), the angle between the a pparent vertical 

corres9onding r:1eridi2,ns is about 2 . 5°, which for a pupillary separation 

of 6.5 cm (reasonable for an adult) means that the horopter line should 

pass somewhere about 150 cm (5 ft) below the eyes. These calculations show 

that in all three of these species the horopter line intersects the vertical 

plane through the eyes at a point near the observer's feet . We do not wish 

to make too much of the exact numbers resulting from these calculations, 

since the data used are obv.iously approxima:t.e, and the calculated horopter 

is therefore subject to error . (For instance, a change from 2.5° to 2° for 

the angle between zero meridians in the human will shift the intersection 

point from 150 cm to 190 cm below the eyes.) However, these rough calcula.tion.s 

do indicate that the horopter line indeed passes in the vicinity (loosely 

def:i.ned) of the observer 's feet, just as Helr:L.'-loltz proposed. 
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Of possibly greater interest. than the exact point of intersection with 

the coronal plane is the angle which the horopter line makes with the hori­

zontal. Figure 10 shows the vertical horopter lines calculated for a cat 

with P = 3.8 cm and 0 = +11° as fixation distance varies from 25 to 50 u 

to 100 cm (all of which are reasonable fixation distances for a cat). It 

can be seen that as fixation distance increases, the horopter becomes flatter, 

and its angle with the horizontal decreases. In the limit of fixation at 

infinity, the horoyter will itself be horizontal. The large range of con­

vergent eye movenent possible in the cat and man (Hughes, 'T2; Stryker and 

Blakemore, '72) t::.us implies that the horopter angle in these species may 

vary over a consi::.erable range. On the other hand, in the burrowing owl,· 

with its relati,.rely restricted range of eye movements, the horopter angle 

probably varies relatively much less as a result of changes in fixation 

distance, altho:.:.e;::. it could conceivably be varied by counter-rotatory cyclo­

torsional eye :mover::ents . We do not have any direct evidence bearing on this 

point, but Steinbach, Angus and Money ( '74) have measured cyclo-rotatory 

eye movements in one eye of an owl subjected to tilt. 

As might be expected from the Results section, the slope of the horopter 

depends critically on the angle between the two eyes' zero meridians. The 

experimental errors in estimating the net angle between the zero meridians 

in life thus place limits upon the accuracy with which we have been able 

to determine the slope of the horopter for our experimental animals. Since 

in all of our animals (except LGN-28) the net angle in life between the 

zero meridia.>1s has been greater than the 95% confidence limits (see table 

2), we can validly conclude that the vertical horopter would be tilted in 

all of these animals. However, the large amount of eye movement in the 

cat raises the possibility that this animal can vary the slope of its vertical 
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horopter not only by changing fixation distance, but also by actively cyclo­

rotating its eyes. For instance, by keeping its fixation point constant 

while increasing the angle between the zero meridians (by out-torting the 

eyes to make the zero meridians even more divergent at the top), the cat 

would be able to flatten its horopter line. This could be a mechanism for 

adjusting for varying height above the ground, although we have made no sys­

tematic attempt to determine whether in fact the cat does have active control 

of cyclotorsional eye movements. This possibility is schematically illustrated 

in figure 11 and is supported by the data of Table l, in which the angle 

between the slit-pupils shows a greater variance (both inter- and intra-animal) 

before paralysis. It is known that in ~an convergence is accompanied by out­

torsion of the eyes (.Ail en, '54). 

Corrrparison with rels.ted physiological studies 

Joshua and Bisnop _.( '70) found that the mean field separation for midline 

binocular units lying 16-30° below the horizontal meridian was 2-3° smaller 

than the separation for units in the central region. However, we did not 

find any great difference between the mean separations of far inferior fields 

and those closer to the horizontal. One reason for this discrepancy may 

be that Joshua and Bishop's ('70) data for the far inferior field consisted 

of only a few area 17 cells from 2 out of 19 cats. In contrast, some of our 

recordings were from area 18. Another factor involved here may be the small 

residual torsions during the course of an experiment; these movements would 

affect the separation of far inferior fields considerably. We took special 

care to monitor and correct for these torsions. However, it should be noted 

that even if more extensive studies were to confirm the finding of a significant 

decrease in mean separation for the far peripheral lmrer field, this would 

only indicate that the zero meridians in the lower fi.eld were already crossed 

in the paralyzed animal. Thus, in this case, a tilted horopter would be indicated 
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even before correction for eye rolling. T'ne correction for torsion uncler 

paralysis might then result in a horopter even more tilted than that in the 

animal with parallel zero r:ieridians under paralysis. It is worth mention­

ing in this regard that the experimentally measured field separations on 

the midline might have two components, one corresponding to the actual anatomy 

of the retinocortical pathway, and the other representing the exact amount 

of eye rolling which has occurred under paralysis. 

ft.n ade~uate account of ocular torsion, in conjunction with the pre$ent 

find.ings
1

may also help to explain discrepancies in the literature.concerning 

the precise values for receptive field disparity variation in area 17. For 

example, Nikara et 2.l. ('68) obtained a standard deviation of 0.5° for receptive 

fields close to t:-1.e '✓-isual pole, whereas Barlow et al. ( '67) found a value 

of 1.5° for fielcs with eccentricities between 5° and 15°. Joshua and Bishop 

( '70) observed a s~fstematic increase in disparity variation with increasing 

horizo!'ltal eccentricities and thought that this would be sufficient to account 

for t~is difference in values. However, while the increase in disparity 

variation with horizontal eccentricity is in the right direction to help 

make up the discrepancy, it is not sufficient, according to a recent study 

by van der Heydt et al. ( 1 78). Perhaps the remaining difference can be accounted 

for by the fact that Barlow et al . ( 1 67) corrected for cyclotorsion back 

to the pre-paralysis state and therefore would have introduced systematic 

changes in receptive field disparities with changes in vertical eccentricity 

as well. (This would result because the zero meridians are crossed if one 

corrects back to the unparalyzed state.) Since the data of Barlow et al. ('61) 

are pooled from quite a wide range of eccentricities, it seems possible that 

correction for the syst6~atic changes occurring along both axes would bring 

about even closer agreement with the other studies. 
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The horizontal meridians 

The finding that the zero azimuthal meridians are out-tarted in the 

unparalyzed cat raises a Question concerning the horizontal meridians in 

the paralyzed and unparalyzed conditions. During a physiological experiment 

on a paralyzed cat, the horizontal meridian is usually taken simply as the 

perpendicular to absolute vertical, or as the parallel to the line between 

the centers of the blind spots (Bishop et al~, 162). In this case, out-

torsions of the eyes to correct for the effects of paralysis would induce 

vertical disparities between the receptive fields of binocular units on the 

horizontal meridian. However, if it is assumed that the units on the horizontal 

meridian should have no net vertical disparity in the unparalyzed animal, 

then the intorsion under paralysis should result in measurable vertical sepa­

rations for horizontal meridian units plotted on the tangent screen; in par-

ticular, the receptive field for the contralateral eye should be higher than 

the receptive field for the ipsilateral eye. This prediction has been verified 

by van der Heydt et al. ( '78), who have found a progressive change in vertical 

disparity with increasing horizontal eccentricity, a cha.nge exactly accounted 

for by the photographically measured ocular cyclotorsion. 

Hughes ( 1 77) has pointed out further evidence that the horizontal 

meridian of the cat's eye is not in the horizontal plane during paralysis. 

In a paralyzed cat the angle between the horizontal plane and the plane through 

area centralis and blind spot (ljJB of Bishop et al., 1 62) is greater than 

the angle in a retinal whole mount between the horizontal visual streak and 

the line through area centralis and optic nervehead (24.4°, Bishop et al.,'62; 

22.2°, Vakkur et al ., '63; 25.2°, Hanm1ond quoted in Hughes, '75, versus 16.6°, 

Hughes, '75; 16.2°, Hassle et al., '75). In other words, in the paralyzed 

cat the horizontal visual streak of each eye is tilted approximately 7° from 
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true horizontal, close to the amount needed if the 4-5° out-torsion of the 

unparalyzed state were to bring the visual streak in alignment with the horizon. 

Helmholtz ( 1 25, p. 411) showed that even though the angle between 

apparent vertical corresponding lines was 2° 40 1 
( in one human observer), 

the angle between the retinal horizons was only 0° 18 1 • A similar result 

has been obtair.ed by Hakayama et al. (MS in preparation). This indicates that if 

the apparent ved;i cal and horizontal meridians were projected onto a tangent 

screen, they would not be exactly perpendicular (although the meridians them­

sel7es would be seen as perpendicular in space). The same situation would 

presu:::iably ap~ly to the cat, so that the out-torsion of the zero meridians 

in the unparalyzed animal need not imply a relative rotation between the 

horizontal meridia~s for the two eyes. T'nis implication that the horizontal 

meridian of the eyecall and the eyeball's zero azimuthal meridian are not 

at rign.t angles is one reason that we have carefully avoided equating the 

terrr!s "zero meridian" and "vertical meridian" in this paper. The important 

question of the relationship between the various major meridians of the cat's 

eye has been taken up by Mcilwain ( '77) and will be addressed more fully 

by us with reference to the naso-temporal division (Cooper and Pettigrew, 

MS in preparation). 

In the burrowing owl we have found a result · similar to that of Helmholtz; 

the vertical meridians for the owl's two eyes were tilted by 8.3° with respect 

to each other, yet there was no significant net vertical separation for fields 

in the posterior track. These fields were centered around an azimuth of 

l0.6° along the horizontal meridian. T'nis result, incidentally1 is an internal 

control against the possibility that our finding of tilted zero meridians 

in the owl is due to torsion of the o'..rl' s eyes. If there were a net torsion 

of 8.3° between the two eyes, then fields lying l0.6° along the horizontal 
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meridian should have the ipsilateral receptive field about 1.5° higher than 

the contralateral field. In fact, calculation of the mean vertical separation 

for the units on the posterior track showed that, on the average, the ipsi­

lateral field was higher than the contralateral field by only 0.1° (S.D. 

= 0. 3°, see Results); in no case was there more than O. 1. 0 of vertical separation 

between the two fields of a binocular unit. Furthermore, the mean vertical 

separation for the anterior track was not s_ignificantly different from that 

of the posterior track, and there was no significant vertical disparity between 

the projections of the two areae centrales of the owl. These findings confirm 

our contention th2.t our result in S05 was not due to rolling of the owl's 

eyes during our recording session. (A net rotation of 8.3° would seem unlikely 

in any event, give:2 the small amount of movement possible for the eye of 

the burrowing owl. ) 

Conclusion 

During the last two decades, single unit recording techniques have 

been used extensively in the study of the function of the visual system. 

T'ne ultimate aim of this application of recording methods is to try to under­

stand the physiological mechanisms underlying the wealth of psychophysical 

data which has been accu,~ulated. In this paper we have presented physiological 

data bearing on a psychophysical construct, the vertical horopter. Our results, 

based on the simple application of electrophysiological recording methods, 

reveal an underlying connectivity of extraordinary precision and give hope 

that these methods will contribute much more concerning the physiological 

basis of perception. 
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APPEf'IDIX 

The geo:netric2.l relationships which deter.mine the slope a.ncl position 

of the vertical horopter are made explicit in figure 12 ancl the equations 

belmr. 

In figure l2A the zero meridiens of the right (RE) and the left (LE) 

are out- tort-2::l with respect to each other by angle 8, and the eyes are 

fixating point F . Consider 2 planes; one, LEFLE ' B, inclined to contain the 

zero neridian of the left eye, and another , REFRE'B, with a different in-

clination to contain the zero meridian of the right eye. The intersection 

of these two plar:.es with each other in the midsagittal plane (BF), is the 

vertical horopte::-, ,ihich can be seen to be tilted away from the subject~ 

When these two i r:'.::2-ined planes intersect a coronal plane, such as a tangent 

screen, the proj e•::t i ons of the zero meridians of each eye can be seen to 

intersect with 2.ngle 0. 

Consider t he coronal plane containing both eyes ( f i g . 12B). T'ne point, 

B, at which the vertical horopter intersects this plane can be determined 

from the pupill2.ry separation, P, and the angle of shear between the zero 

mer i dians, 0, in the following way: 

p 
tan (8/2) = 

2H 

p 
H = 

2 tan (8/2) Eq_. l 

Note that His independent of the fixation distance, f. When applied to the 

burrowing owl, for which P = 2.8 cm and 8 = 8.3°, this equation g ives a 

surprisingly good estimate (19.3 cr.1 ) of the owl's actual ground-to-eye dis-

tn.nce (which varies, according to posture and head bobbing, from 15 cm, 

standing quietly, to a.bout 20 cm, at the height of a 11bob") . 
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The inclination of the vertical horopter (¢), can be derived by consider­

ing the midsagittal plane containing the points li._ (the midpoint between the 

eyes) , .£_ ( the fixation point) , and E.. ( the point where the vertical horopter 

intersects the coronal plane through the eyes): 

tan ¢ = !!. ( from fig. 12c) 
f 

=--P-~_ 
2f t an (8/2) 

¢ = arc tanbft!n(e/2)j 

(from Eq. l) 

Eq. 2 

It can b e seen that if 0 is constant, .!i is also constant (from Eq~ l), 

and¢ is inversely proportional to the fixation distance. The change in¢ 

which occurs with va:ciation of .f.. and constant 0 is depicted in figure 10 

for a cat with .E... = 3.8 cm, 0 = 11 ° &'1d .f. = 25, 50, 100 cin. 

On the other hand , if .f is kept constant and 0 is varied? then both 

Hand¢ vary inversely with 0. This situation is illustrated in figure 11 

where the same ca~ is shown for f = 50 and 0 = 0°, 2°, 5°, 10°. 
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Cat 

1mr-28 

LGH-33 

LGN-34 

LGN- 36 

TABLE 2 

e 28 

+0.75° + 0.95° 

170 

8 
p u 

2 
r 

0.93 

0.93 

Mean+ S.D. of mean +0 .12° + o.48° +0.24° +10.0° 

8 is the angle i n the paralyzed cat between the linear regression estimate of 
p 

the zero seridian of o:c.2 2ye and the vertical through the blind spot for that eye. The 

error value shown for S
0 

is the 95% confidence limit for the angle obtained from this 

regression calculation ,:,:,:~ the zero meridian. 

e 
u 

den.ates the " + oel.,T,.reen the two zero meridians in the unparalyzed cat and is 

calculate,:: from the e;;.~..1.2..tion 0 = 20 + 8 , where 0 is the net torsion between the 
u p n n 

- two eyes induced by p2.r:::.lJsis ( see Table 1) . The error value for 8 is the sum of 
u 

the 95~,; confidence li:J.its for 28 and for 8 . A positive angle for 8 indicates 
p n u 

tha·e, the zero meridians are crossed in the lower field. 

T'ne par2..meter r 2 represents the sq_uare of the correlation coefficient for the 

linear regression esti~ate of one eye's zero meridian in the unparalyzed state. For 

LGN-34, this zero meridian was determined by rotating by an angle of 8 /2 = 7-05° all n 

of the data points obta ined in the paralyzed state (see fig. 5); the center of 

rotation was taken as the presumed fixation point. The estimated zero meridian for one 

eye was then the linear regression line through the corrected data points (see fig. 6). 

A similar calculation was performed for the other cats. 
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FIGURE LEGENDS 

Fig. 1 Diagra..rn to show ho,r it is possible for the zero meridians of both 

eyes to be out-torted with respect to each other ancl yet for the neural r epre­

sentation of both zero meridians, considered together, to re:o.ain vertical. 

If binocular ne~ons have receptive fields upon each zero meridian, then 

binocular correspond.errce will be defined by the locus of points in space where 

the projections of tbe t-wo zero meridians intersect. The nature of this inter-

section is shown i~ t~is figure. 

The proj ectior:. o:~ the zero meridian from the left eye into space is repre­

sented by the incli~ed plane, LEFLE'B. A similar plane, REFRE'B, with a dif­

ferent inclination, cac2 be drawn for the right eye. The intersection of these 

two planes in the :cidsagittal plane (assuming syrr..rnetrical fixation of both eyes 

upon I' ) ::.. 3 6iven by the line BF, which is therefore the vertical horopter. Note 

that this line is tilted away from the subject and is totally contained within 

the midsagittal plane. 

The angle of shea.ring between the zero meridians, 0, becomes apparent when 

one considers a coronal plane, such as the tangent screen, upon which the pro­

jections of the zero meridians are seen to cross over one another, with diver­

gence in the upper field and convergence in the lower field. For the sake of 

clarity in the figtrre the angle, 0, has been exaggerated from the values likely 

to be found in life. 

Fig. 2 Fresh retinal whole-mount, just following reaction for horseradish 

peroxidase (HRP) retrogradely transported t~ ganglion cells, but prior to de­

hydration and mounting. Combined dark-field and light-field illumination has 

been employed to improve the visibility of the blood vessel pattern, which is 
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(Fig. 2 legend continued) 

used to estimate the projection of the area centralis in relation to the 

blood vessel pattern in a drawing of the projected fundus (see fig. 3). 

This retina was ipsilateral to an injection of HRP into the lateral 

geniculate,and ganglion cells (particularly the large ~-cells) stained with 

reaction product can be seen to the temporal side of the naso-temporal 

decussation. 

This monochroBe was prepared from a color photograph actually used for 

estimations in these experiments. 

Fig. 3 Raw data from one experiment to determine the zero meridians in a 

paralyzed cat. 1'he receptive fields of binocular neurons are shown as they were 

plotted on the screen during recording, before small corrections were applied for 

residual eye movements occurring during the experiment. Eye movements were moni-

tared by projecting the tapetal fundus of each eye onto the screen with the 

fiber-optic technique described in Methods. This projection technique also 

allowed detailed drawings to be made of the blood vessel pattern on th_e sarne 

screen where receptive fields were plotted. (For clarity, only part of the pattern 

drawn for the right eye during the experiment is shown in the figure. ) These 

drawings could then be related, after the experiment, to the blood yessel pattern 

in retinal whole mounts in which labeled ganglion cells marked the area centralis 

and naso-temporal decussation (fig. 2). By triangulation from a number of blood 

Vessel intersections the position of the area centralis on the whole mount could 

be related to its position on the screen (shown by crosshairs) with an accuracy 

of about O. 5° 

Four electrode tracks in f,rea 18 near the 17 /18 border yielded four pairs 

of receptive fi eld clusters at a variety of vertical eccentricities close to the 

(legend continued) 
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(Fig. 3 legend continued) 

~idline. The zero neridians are obviously close to parallel and yertical. This 

is analyzed more qu2.ntitatively in the following figures. 

Fig. 4 Figure illustrating our method for calculating the positions on the 

tangent screen of the zero meridians (vertical lines) for the two eyes. It is 

desired to determ.ir:.e the distance,.!?_, between the zero meridians at each eleya,tion. 

However, since there is no a priori way here to estimate the position of each 

zero r2eridian at e2.ch elevation, we instead calculate ~,, the distance on the 

tange!'lt screen bet•,;een. the zero meridian of one eye and the vertical line through 

the blind spot (sti:;;~2.ed circle) of that eye. In practice we have cleterminedB 

for e2.ch binocular li:lit by using the separation, d, of the unit 1 s two receptiye 

fields. If one uses A to denote the distance on the tangent screen between the 

cente:r-s of the two blind spots, it can be seen that, for each unit, B :::; (A _ __: 9:) /2, 

'i'he crosses in ·:his figure represent the projections of the visual poles of 

the bro eyes. 

Fig. 5 Figure depicting the zero meridian for the right eye of LGN-34 in - . 

the paralyzed state. This meridian was calculated according to the method outlined 

in figure 1~ and is shmrn lying in the plane of the tangent screen, The stippled 

circle represents the projection of the blind spot of the right eye, while the 

vertical axis corresponds to the vertical through the blind spot, The vertical 

solid line is the linear regression estimate of the zero meridian and is dravn 

through the calculated data points (filled circles) for the binocular units; 

the dotted lines represent the 95% confidence limits for the slope of this regres­

sion line. Under paralysis, the zero meridian made an angle of +0,75° with the 

vertical and intersected the horizontal meridian at a point 16.1 cm :('rom the 

line through the blind spot. 
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Fig. 6 Diagram showing the zero meridians for the two eyes of LGN-34 

after correction to the unparalyzecl, alert state. As in the preceding figure, 

this drawing is made in the plane of the tangent screen. The corrected zero 

meridian for the right eye was determined by rotating the data points in figure 5 

around the fixation point by an angle of 0 /2 = 7.05°, where 0 denotes the net 
n n 

torsion between the two eyes occurring under paralysis. In order to correct for 

the paralysis-induced intorsion, each eye must be out-tarted, which corresponds 

to rotating the points in figure 5 in a clockwise direction. The zero meridian 

for the left eye has been drawn as the mirror image of that for the right eye. 

We have assumed. in our calculations that cyclotorsion occurs around the 

visual axis (see Methods for partial justification of this assumption). Note 

however that sheared neridians will result from any axis of cyclotorsion which 

produces a coronal rotational component visible in frontal photographs of the 

slit-pupils. 

The value of~ in this figure gives the horizontal distance between each 

corrected data point and the midsagittal plane. It can be seen that the two eyes~ 

zero meridians are crossed in the lower field, the net angle between them being 

15.6°. The dotted lines represent 95% confidence linits for the corrected zero 

meridians; r 2 is the square of the correlation coefficient for the linear regression 

line through the data points in the unparalyzed animal. 

Fig. 7 Figure illustrating how one can translate into space the tangent 

screen positions of a u.~it's receptive fields. The fields for the left eye are 

shown in broken lines, while the fields for the right eye are shown unbroken; 

the depths in space at which each pair of fields superimpose are shown by stip­

pling. The line joining stippled and unbroken fields is the intersection of the 

(legend continued) 
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(Fig. 7 legend continued) 

horizontal and midsagittal planes. 

The fields of the horizontal unit are crossed with respect to the 

fixation point on the screen; when projected onto the midsagittal plane, they 

correspond to a depth in front of the fixation plane. Conversely~ the vertical 

unit, with uncrossed fields, translates into a depth beyond the plane of 

fixatio::1. 

Fig. 8 Diagr21:1. demonstrating the calculation of the angle between the zero 

meridians for the u~;2.rtlyzed burrowing owl S05. The separations on the tangent 

screen of the recept i -c;-e fields of binocular units are plotted _against elevation on 

the screen. (A negeti-:e value for the field separation indicates that the recep­

tive fields were crossed. on the screen.) The slope of the linear regression line 

(solid) through the d.ata points yields directly the angle between the meridians 

of the two eves (+8 .3°). The dotted lines represent the 95% confidence limits 

for the slope of the regression line. It is apparent that, as in the cat, the 

zero meridians for the owl are crossed in the lower field. 

Fig. 9 Data points for individual binocular neurons from owl S05 and c~t 

LGN-34, projected into space. Each point shows the distance at which the recep­

tive fields of a given binocular neuron would be superimposed. Upper field units 

have more divergent receptive fields, and therefore more distant· points of 

superimposition, than lower field units. 

T'ne points have been treated as if they all fell in the m:ldsagittal plane 

(i.e. , they all had zero azimuth}; al though this is not strictly correct :for S05, 

Whose sample of units was collected at a horizontal eccentricity of around 10°, 

(legend continued} 
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(Fig. 9 legend continued) 

In the case of the cat, five 1mi ts had.receptive field separations which 

were too divergent (and therefore points too distant) for them to be included 

in the figure. 

The sloping line for the owl is the regression line through the points 

in space. The line for the cat is the regression line through the projections 

into space of the average field position of each of the f,our data point clusters 

in figure 6 . These sloping lines thus correspond to the experimentally calcula;t.ed 

vertical horopters for S05 and LGN-34. 

Fig. 10 Effect of varying fixation distance upon the tilt of the vertical 

horopter, other para.=ieters bei.ng helcl constant. The calculations for the f.igure 

are based upon an "average cat" with a pupillary separation of 3.8 cm;, an angle 

of 11 ° out-torsion bet,-reen the zero nericlians, and an eye height ( nodal point~ 

to-ground) of 20 cm. Vertical horopte:rs 2.re shown for fixation di.stances of 

25, 50, and 100 cm. See the Appendix for the basis of the calculations and 

for demonstration that only the slope of the horopter varies with changing dis­

tance if other para.rneters, such as the angle of out-torsion between the zero 

meridians, are held constant. See also Nakayama ( '77) . 

Fig. 11 Effect upon the vertical horopter of changes i.n 8 ~ the shearing 

of the zero meridians, when fixation distance is held constant at 50 cm. Sa.me 

"average catY as figure 10 with R = 3.8 cm. 

irnen the zero meridians are parallel (8 = 0°) the vertical horopter is 

fronto-par allel, at right angles to the visual axis . With increas ing amounts of 

out-torsion of the zero meridians, the vertical horopter b ecomes increasingly 

tilted. 
(legend continued) 
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(Fig. 11 legend continued) 

While it is known that cats can change fixation distance (see text), it 

has not been shown that cats actively colL"1ter.:....cyclorotate their eyes to produce 

changes in shearing of the zero r,1eridians. However, this possibility see:c1s yery 

likely, in view of the large variance we have obtained in our estimates of 

cyclotorsion in the 1.L-:paralyzed cat ( see Table 1). We have illustrated the 

conditions of changir_g eye-to-ground height in vhich we would hy-pothesize active 

cyclotorsion would. be :s.ost useful to the cat in adjusting the vertical ho;r:-opter, 

See f._p:pendix for d2'.'ivation of the relation between -0 and eye-to-ground 

height: 

Fig. 12 S,=,p t=:c:::-;:,....,,.:li x for explanation. 
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Figure 7 
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