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EARLY OBSERVATIONS OF THE PATHWAY 
ABNORMALITY 

It is now 30 years since Lund 1 first described the 
abnormally small uncrossed retinotectal pathways of 
albino rats. The subsequent discovery of a similar 
abnormality in the retinogeniculate pathways of 
Siamese cats2 was broadened in 1971 by CreeP into 
a generalisation about all mammals homozygous for 
a mutation at the albino locus. He based his 
generalisation on the fact that Siamese cats are 
homozygous for an allele at this locus. This proposed 
generalisation was rapidly confirmed for several 
different mammalian forms, including rabbits,4 
mice,s mink,6 ferrets? guinea pigs,S monkeys9.l 0 

and tigers.ll Strictly speaking it was only one tiger, 
one of the 'white' tigers that can now be seen in 
several zoos, and it was not an albino tiger, but a 
chinchilla tiger. That is, this animal, like the Siamese 
cat, was homozygous for an allele at the albino locus, 
and its lateral geniculate nucleus showed an abnor­
mal lamination that was comparable to an abnorm­
ality of geniculate lamination previously described 
for Siamese cats2 and there readily ascribed to the 
abnormally small uncrossed pathway. 

CHARACTERISATION OF THE GENETIC 
BASIS OF THE PATHWAY ABNORMALITY IN 

HUMAN AND OTHER ALBINO MAMMALS 

This early research led in two different directions. 
One, perhaps of primary interest here, concerned the 
occurrence of the abnormality in albino humans. 
Evoked potential studies early demonstrated the 
reduced uncrossed pathway to the visual cortex,12,13 

Correspondence to: R. W. Guillery, Department of Human 
Anatomy, South Parks Road, Oxford OXl 3QX, UK. 

and since the tiger had shown that post-mortem brain 
sections could be used to demonstrate the character­
istic abnormal fusions of geniculate laminae, it was 
not long before the abnormal structure of the lateral 
geniculate nucleus in human albinos had also been 
demonstrated.14 

At first sight it seemed that the occurrence of the 
abnormality of the optic chiasm in mutants homo­
zygous for a well-characterised gene might reveal a 
developmental chain of events that would take us 
from the gene through the enzyme (tyrosinase for the 
albino locus) to the mechanisms controlling axonal 
pathways at the optic chiasm. This hope has been 
sadly, but as I shall show, not surprisingly, dis­
appointed. Stent15 wrote a thoughtful analysis of the 
Siamese abnormality as a model of developmental 
studies. He pointed out that even though we know 
the gene, and know the enzyme, we have no idea at 
all about how the abnormal pathway at the optic 
chiasm is produced. And that remains true today. 
The passage from gene action to developmental 
mechanisms is rarely simple. It can be complex and 
difficult to analyse, and has proved so for the 
chiasmatic abnormality of albinos. 

Some clear evidence about the complexity of the 
situation was already present in earlier literature 
about the human condition. Witkop and colleagues16 

had shown that genetically there was more than one 
type of albinism, which Witkop had called tyrosinase 
positive and tyrosinase negative albinism since one 
form had essentially normal levels of tyrosinase 
which the other lacked. Both showed essentially the 
same visual abnormalities, suggesting that the visual 
abnormalities associated with albinism could not be 
simply ascribed to the lack of tyrosinase demon­
strable in the albino animals that had an abnormal 
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chiasmatic structure. The human brains that showed 
the abnormal geniculate lamination were from 
tyrosinase positive patients,14 and evoked potential 
methods showed the reduced uncrossed pathway not 
only in tyrosinase negative and tyrosinase positive 
subjects but also in other hypopigmented mutants 
that have been defined.12,13 

A study of hypopigmented mink6 showed much 
the same situation as did the human studies. These 
mink were readily available, and genetically well 
defined since mink ranchers put particularly high 
value on the pelts of the hypopigmented animals. It 
was found that any hypopigmented animal shows a 
reduced uncrossed retinofugal pathway provided 
that the hypopigmentation includes the melanin of 
the retinal pigment epithelium. The melanin of the 
rest of the body is not relevant to the production of 
the abnormality, a conclusion that receives support 
from the earlier observation that ocular albinism (an 
X-linked form of albinism that affects the melanin of 
the eye only) shows the same visual abnormalities 
and the same evoked potential patterns as the full 
form of (oculocutaneous) albinismP 

This evidence is further reinforced by observations 
of several genetically distinct hypopigmented mice 
which also showed the reduced uncrossed pathway.5 

These observations, which also indicated, as did the 
mink studies, that the size of the misrouted retino­
fugal component was related to the severity of the 
retinal melanin abnormality, took attention away 
from the albino gene it elf and from the tyrosinase. 
Instead, it now seemed necessary to focus on the 
melanin abnormality. Any mutation, no matter what 
its locus, that produces an abnormal level of 
synthesis, an abnormal packaging, or an abnormal 
distribution of melanin in the retinal pigment 
epithelium seems also to produce the chiasmatic 
abnormality. The recent description17 of the produc­
tion of normal central pathways in albino mice by the 
introduction of a functional tyrosinase transgene 
confirms the relationship between the albino gene 
and the pathway abnormality, but has so far added 
nothing to our understanding of the relevant devel­
opmental mechanisms. 

Although it is possible to propose developmental 
mechanisms that might link the melanin abnormal­
ities to the pathway abnormality, we have no hard 
evidence at all about what may actually be happen­
ing. In large part this may be because we understand 
so little about the way in which the optic chiasm 
develops in normal or in abnormal animals.The early 
development of the optic chiasm is a complex issue18 
in itself, and the ways in which this may possibly be 
related to hypopigmentation of the retinal pigment 
epithelium remain a mystery and will not be explored 
further here. 
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OTHER ABNORMALITIES IN ALBINO AND 
HYPOPIGMENTED MAMMALS 

In addition to the abnormality of the retinofugal 
pathway, albinos show an abnormality of the 
distribution of retinal cells, including the ganglion 
cells and the photoreceptors.19,20 In the human retina 
this presents as an absence of a well-formed 
fovea,21,22 and is generally seen as a reduction in 
the number and the packing density of cells in the 
central parts of the retina. It is reasonable to expect 
that the developmental mechanisms responsible for 
the pathway abnormality also influence the develop­
ment of the retinal receptor cells, but neither 
developmental mechanism is understood, nor is any 
hint available how the two may be related to each 
other. 

The abnormalities of the central visual relays that 
characterise albino mammals, particularly in the 
geniculo-cortical pathways, have been studied in 
some detail, and can be seen as a developmental 
consequence secondary to the chiasmatic abnorm­
ality. A first important step in understanding the 
chiasmatic abnormality is the recognition that in the 
abnormal individuals there is a shift in the 'line of 
decussation',23 the line that separates the nasal 
retina, which has a pure crossed pathway in all 
mammals, from the temporal retina which gives rise 
to a pure uncrossed pathway in primates (and fruit 
bats) and gives rise to mixture of crossed and 
uncrossed components in all other mammals that 
have been studied from this point of view. This line is 
shifted towards the temporal periphery in all the 
abnormal hypopigmented forms,2,10,23-25 and this 
produces a reduction in the uncrossed component 
with a corresponding increase in the crossed compo­
nent. That is, it appears that some of the ganglion 
cells that would send their axons ipsilaterally in a 
normal animal, take a crossed pathway in the 
abnormal animals. It has been shown that in Siamese 
cats the junction between these two segments of the 
retina lies about 20° temporal to its normal position 
at the midline vertical meridian2,24 (the cat has a 
binocular visual field that extends out to about 45°). 
In fully albino cats, which have a more severe 
melanin deficit than the Siamese cats, and corre­
spondingly more abnormal visual pathways, the 
segment having abnormally crossed retinofugal fibres 
(the so-called abnormal segment) is larger, and the 
normal segment correspondingly smaller.26 

Whereas in the normal pathway the right lateral 
geniculate nucleus receives fibres from the right 
temporal retina, which is looking at the binocular 
part of the left visual field, in the abnormal animals a 
part of the right lateral geniculate nucleus instead 
receives from a part of the left temporal retina, which 
is looking at some of the binocular part of the right 
visual field? This abnormal crossed pathway thus 
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brings an abnormal part of the visual field (a part of 
the ipsilateral visual field within 20° of the midline 
vertical meridian) to each lateral geniculate nucleus. 

Detailed fibre tracing and physiological recording 
experiments have shown that the abnormal crossed 
fibres end in an exact copy of the normal laminar 
distribution and central/peripheral order,2 However, 
since the left temporal retina is a mirror reversal of 
the right temporal retina, the abnormal pathway 
brings a visuotopic order to the relevant geniculate 
laminae that is a mirror reversal of the normal order 
and that is, of course, also a mirror reversal relative 
to the normal order in the crossed pathway still 
coming from the nasal retina. 

The geniculate layers that receive a normal crossed 
input from the nasal retina are essentially normal in 
the abnormal animals, but the layers that receive 
from the temporal retina can be divided into two 
distinct parts. One part (the abnormal segment) 
receives a mirror reversed visual input from the 
central parts of the ipsilateral visual field through the 
contralateral temporal retina, and the other part (the 
normal segment) receives an apparently normal 
input from the peripheral parts of the contralateral 
visual field through the ipsilateral temporal retina. 

Several interesting functional and structural con­
sequences follow from this abnormal arrangement of 
the retinofugal pathway. At a basic level one finds, as 
indicated above, that the geniculate laminae show an 
abnormal structure,z,6,7,9-ll Where the abnormal 
crossed input produces segments in two adjacent 
laminae that are innervated by the same eye, those 
two segments tend to fuse. Also, where one lamina 
receives inputs from both eyes, the two segments 
tend to separate from each other on the basis of their 
ocular input. So far as has been determined, in spite 
of this abnormal laminar arrangement, the response 
properties of geniculate cells are essentially normal, 
except of course for the fact that many receptive 
fields are in the ipsilateral visual field.2,10,24 

In the visual cortex the situation is more com­
plex,z4,27 It has been found that in some Siamese cats 
the geniculocortical projection has an essentially 
normal topography. In these cats it appears that the 
cortex is unable to process the afferent messages that 
are bringing two mirror reversed, contradictory 
projections from the lateral geniculate nucleus. 
There are but few cells in the cortex of such cats 
that respond to images falling on the temporal retina, 
and behaviourally these cats are blind in the whole 
temporal retina,z8,29 not just in the segment that is 
abnormally innervated. There is no evidence for any 
binocular vision in area 17 of these cats and, in 
accord with this, it has been shown that Siamese cats 
lack stereopsis?O However, there is evidence for 
binocular cells in extrastriate visual cortical areas,3l 
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and some evidence for stereopsis in some albino 
sUbjects.32 

In other cats, the geniculocortical topography is 
modified, so that the pathway that arises from the 
abnormally innervated segment of the lateral geni­
culate becomes reversed, and goes to its own 
segment of area 17 where it forms an essentially 
continuous topographic sequence with the normal 
segment of the geniculocortical projection innervated 
by the nasal retina.24 These cats show no behavioural 
evidence for any loss of vision in the temporal 
retina,29 but do show some interesting cells that 
receive a dual input from roughly corresponding 
parts of the two visual hemifields, suggesting that the 
geniculocortical pathways have a mixed topography, 
partially normal, partially with the inversion of the 
abnormal segment. 

There are other abnormalities that are of con­
siderable interest for understanding the develop­
mental controls of normal and abnormal central 
pathways, and for understanding some of the 
functional deficits associated with albinism. The 
cortico-cortical and corticothalamic fibres that arise 
from the abnormally innervated cortex are them­
selves abnormal,33.34 as though the abnormal activity 
patterns in the geniculocortical pathways had influ­
enced an abnormal development of the corticofugal 
projections. Other retinofugal pathways, such as the 
one to the superior colliculus, also appear to be 
abnorma1.35,36 Since the mirror reversed representa­
tion of the visual field will be carried in each of the 
retinofugal pathways coming from the ipsilateral 
temporal retina, it is not surprising that eye-move­
ment controls are abnormal,37-39 and that a hor­
izontal nystagmus is an abnormality commonly found 
in albino and hypopigmented subjects.13,38 

Classical views about the structure of the optic 
chiasm in mammals assumed that the brain could 
only function adequately if it receives an orderly 
projection from each eye, and if these two projec­
tions are brought into register somewhere in the 
brain for a visual image to form.4o-42 The abnorm­
alities described here give this view some credence 
for the cerebral cortex. It appears that where some 
degree of sequential visuotopic order is not created 
in the cortex, behavioural evidence of vision is 
absent.29 It is of considerable developmental sig­
nificance that the thalamocortical pathways of some 
Siamese cats (and mink43) appear to have the 
capacity to recreate visuotopic order from the 
disorderly geniculo-cortical input. In contrast to 
this, lower brain centres appear to lack this capacity, 
and the abnormal eye movements that tend to 
characterise albino subjects are one of the relatively 
common results. Recently, these abnormal eye 
movements have helped to draw attention to an 
entirely different abnormality of the optic chiasm. 
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This is a complete absence of any crossing,44.45 which 
is described elsewhere in this issue.46 Although the 
developmental mechanisms producing the albino and 
the achiasmatic abnormality are almost certainly 
quite different, the central consequences are likely to 
be very similar and each can help to illuminate our 
understanding of how the central visual pathways 
operate to produce a smoothly functioning system of 
perception and motor controL 
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