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1. Introduction
One of the evolutionary characteristics of the mammalian visual system is the increase of binocular overlap of 
vision as eyes progress from being located on side of the head such as the guinea pig to the frontal position in 
Haplorrhine primates. Concomitantly as the proportion of temporal retina increases the number of uncrossed 
optic neurons at the optic chiasm expands from as little as 1% in guinea pigs to approximately 45% in primates 
including human beings (1, 2). Figure 1 illustrates the approximate distribution of crossed and uncrossed retinal 
ganglion cells (RGCs) in the visual pathways of normally pigmented human beings.

C. L. Sheridan (3) compared the interocular visual pathways in "split brain" ocularly pigmented (hooded) rats 
and albino rats. Sheridan concluded “Perhaps the paucity of uncrossed fibers that characterized rodents in 
general is even further reduced in the albino". That year Lund (4) verified Sheridan's hypothesis anatomically. 
Lund stated albino rats display no organized uncrossed optic fibers. Lund agreed with previous estimates that 
pigmented rats possess up to 10% uncrossed optic fibers. Figure 2 is a diagram of crossed and uncrossed optic 
projections in wild-type rodents.

Mammals with few uncrossed retinal ganglion cell fibers (RGCs) such as rodents and lagomorphs do not exhibit 
the laminated dorsal lateral geniculate nucleus (dLGN) seen in carnivores and primates including human beings. 
Carnivores and Haplorrhine primate dLGN contain up to six monocular layers with point-to-point 
representation of visual space organized in columns through these layers. The 90%+ crossed RGCs at the optic 
chiasm in rodents and lagomorphs fill the contralateral dLGN, with only a pocket of the ipsilateral dLGN 
devoted to the fewer uncrossed fibers. Figure 3 illustrates RGC fiber terminations in horizontal sections through 
the dLGN comparing black and albino rats. The fewer uncrossed fibers in albino rodents are also projected to the 
dLGN in a fragmented fashion as opposed to a close organization in pigmented rodents.

2. Visual learning studies
A retrospective review of visual learning experiments, which isolated uncrossed optic pathways in rats, 
published 1924 to 1966 indicated that ocularly pigmented rats can learn visual discriminations using uncrossed 
optic fibers, whereas albino rats cannot (5-9). This correlation was not noticed until 1965. These studies were all 
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designed similar to depicted in Figure 4 of rat visual pathways. A combination of limiting visual input to one eye 
with ablation of visual cortex restricted visual information in rats to either crossed 90-95% of RGCs or 5-10% of 
uncrossed RGCs. Studies reported pigmented rats can learn visual pattern discriminations using uncrossed 

Figure 1. Schematic of approximate distribution of crossed and uncrossed retinal ganglion cells at the optic chiasm in primates 
including humans.

Figure 2. Schematic of range of crossed and uncrossed retinal ganglion cell fibers at optic chiasm in rodents.
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pathways. The uncrossed terminations in albino rats are minimal. Albino rats do not learn visual pattern 
discriminations when limited to uncrossed visual pathways.

3. Siamese cats
For several years the anatomical anomaly of few uncrossed RGCs at the optic chiasm in albinos appeared to be 
limited to rats and rabbits (10). Guillery (11) described aberrant retinogeniculate organization in Siamese cats, 
but the connection to albinism was not recognized.

The first link between Siamese cats and albinism, and suggestion that reduced uncrossed optic fibers likely is a 
"highly general trans-species phenomenon in albinic mammals" was in 1971 (12, 13). Siamese cats possess a 
tyrosinase-locus mutation that is a temperature sensitive pigmentation defect, i.e. pigment forms only on the 
cold parts of the body similar to Himalayan mice, rats and rabbits. This mutation is sometimes referred to as the 
Siamese - Himalayan temperature effect. Cortical mapping of visual projection areas in normally pigmented and 
Siamese cats demonstrated significant differences in their uncrossed optic pathways. Figure 5 depicts monocular 
visual evoked potentials recorded from a Siamese cat’s cortical visual area showing preponderance of 
contralateral innervation.

These cat studies discovered that a single recording site over each visual cortical projection area could reflect 
differences between pigmented and albino cats (Figure 6). This observation was the basis for testing human 
albinos using scalp-recorded visually evoked potentials (14).

Figure 3. The distribution of pericellular optic fiber degeneration in the dorsal lateral geniculate nucleus (dLGN) of BLACK and 
ALBINO rats in serial horizontal section at three levels of dLGN.
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Figure 4. Illustration depicting functioning optic pathways combining occlusion and visual striate cortex ablation (cross hatched 
areas).

Figure 5. Map of dorsal surface of Siamese cat visual cortex chowing monocular visual evoked potentials via crossed (left) and 
uncrossed (right) optic projections. From Creel, 1971 (12).
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4. Albino animal studies
Many animal studies in the 1970s reported that all albino mammals with oculocutaneous, or only ocular 
albinism, demonstrate reduced uncrossed optic projections (15-17). A review with figures characterizing types of 
visual organization in the Siamese cat is R. W. Guillery's 1974 publication in Scientific American (18). One 
human albino brain (19, 20) and an albino monkey brain were studied verifying similar anomalies in albino 
primates (21, 22). Defects identified in albino mammals encompass a decreased number of photoreceptors, 
foveal/area centralis hypoplasia, misrouting of the temporal retinal ganglion cell axons across the chiasm, 
variation of central RGC terminations, vascular intrusion into area centralis, anomalous cortical organization, 
and fewer cones and RGCs in macular area (23-27).

The organization of the visual system varies considerably among mammals. Haplorrhine primates display well-
defined foveae, foveal avascular zone, and large numbers of uncrossed optic fibers, whereas rodents and even 
carnivores exhibit only a central fixation area in the retina. In the domestic cat there is a trend towards an 
avascular zone with only capillary vessels found in the area centralis. Mammals vary not only in numbers of 
optic nerve fibers that decussate but further in embryonic development and proportion of optic projections 
terminating in various levels of the optic system from suprachiasmatic nuclei, to midbrain, to geniculate nuclei, 
to cortex.

An animal model manifesting dramatic effects of misrouting is the albino cat. Figure 7 is a photograph of a litter 
of albino cats homologous to Type 1 tyrosinase-locus oculocutaneous human albinism (OCA1) with no ability 

Figure 6. Visually evoked potentials recorded by single dural electrode from normally pigmented and Siamese cat showing dramatic 
difference in proportion of ipsilateral optic projections. From Creel, 1971 (13).
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to make pigment. All these cats had observable nystagmus and many strabismus. Figure 8 pictures the optic 
chiasm of an OCA1 albino cat showing almost all RGCs cross at the chiasm.

Figure 9 depicts the geniculate nuclei of a Type 1 albino cat compared to a normally pigmented cat. The dLGN of 
albino cats containing only one small pocket of ipsilateral projections is almost as primitive as a rodent dLGN. 
Four patterns of geniculocortical organization are described in albino mammals (18, 22, 28-30). All forms likely 
exist in human albinos. Abnormal proportions of ipsilateral and contralateral RGCs continue to mid-brain 
nuclei probably providing the basis for atypical optokinetic nystagmus in albino mammals.

Few of the rare forms albinism have been investigated anatomically in carnivores or primates. One rare form 
that has is the Chediak-Higashi syndrome (CHS), which occurs in mammals including human beings and cats. 
Decreased oculocutaneous pigmentation, enlarged cytoplasmic granules, increased susceptibility to infections, 
and hemorrhagic tendencies characterize CHS. Ocular anomalies include pale irides and albinotic fundi. Cats 
with CHS exhibit photophobia and prolonged post-rotatory nystagmus. Figure 10 depicts littermate cats of a 
Blue Smoke Persian strain. The hypopigmented cat on the left is affected with CHS. Visual projections of CHS 
cats misroute at the optic chiasm fragmenting layer A1 of the dLGN into several islands (Figure 11), similar to 
the disruption of A1 outlined in the Siamese cat (31). Visual and auditory anomalies resembling those in albinos 
were described in human beings with CHS using evoked potentials (32).

Phylogenetically older connections are less abnormal in albino mammals. Retinohypothalamic projections 
predate vertebrates, existing in early chordates that possess retinal pigment matching vertebrates (33). 
Melanopsin-sensitive retinal ganglion cells are completely crossed or bilaterally projecting to suprachiasmatic 
nuclei, and not affected (34, 35). The phylogenetically older bilateral projections to suprachiasmatic nuclei in 
albino cat (Figure 8) appear to be unaffected (36). The crossed/uncrossed ratio of approximately 1.4:1 of retinal 
ganglion fibers to the suprachiasmatic nuclei in albino cats corresponds to the ratio reported for normally 
pigmented cats (37).The later-evolving vertebrate rod-cone-RPE-ganglion cell system is vulnerable to alteration 
in albino mammals whereas the phylogenetically older melanopsin pathway is generally not.

5. Genetic mechanisms
Sprinkled through publications since the 1970s are suggestions that genetic effects are paramount. Sanderson et 
al. (38) and Sanderson (15) in the mink and rabbit, and Creel & Giolli (16, 39) in guinea pigs and rats early 
addressed genetic factors modifying expression of anomalies in ocularly hypopigmented models. In the cat 
model there are indications of genetic control including reports of heterozygote effects in pigmented cats (29, 
40). Carriers of the genes for human albinism do not show detectable visual anomalies (41). Up to 90% of 
obligate carriers of X-linked ocular albinism exhibit pigmentary mosaicism in their ocular fundus, a lyonization 
effect, but with no further visual anomalies yet discovered (42).

Many candidate agents, including signaling and transcription factors have been suggested that plausibly control 
targeting of retinal ganglion cells coursing through the chiasm and other visual features associated with 
albinism. Likely many of these conclusions are correct within the model studied, but not a general solution 
within mammals. Each species appear to vary. For example, significant differences between mouse and human 
embryogenesis specific to chiasm formation are described (43). These differences include that the nodal point of 
neurogenesis in the human/primate retina is the fovea, while in rodents it is the optic nerve head. In rodents 
uncrossed cells are born early for their retinal location. This is not the case in primates. Consequently temporal 
patterning of axon arrival at the optic chiasm and their course through the chiasm are different between man 
and mouse. In addition there are no absolutes. The expression of these genetically determined traits has a 
statistical probability of occurrence (16).

Variation can also be seen in the drift of retinal evolution even in Haplorrhine primates. Old World and New 
World monkeys evolved different retinal color vision receptors (44) and different cortical visual organization 
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(45). Another example of variability concerning pigment chemistry is that human tyrosinase-related sequence 
locus on chromosome 11pll.2 is described in gorilla, but not chimpanzee (46). Even minor differences in 
pigment metabolism alter metabolic proteins, which possibly could initiate a cascade of effects on visual 
embryogenesis.

Due to millions of years of divergent evolution the micro mechanisms of axon guidance underlying optic neuron 
decussation and target fate are likely idiosyncratic for each species. Pax2, Pax6, SOX2 appear to be necessary for 
ocular development. Only the most fundamental, ancient, conserved loci such as SOX, ROBO 3 and 4, 
homeobox (VSX2), Sonic hedgehog (Shh) and PAX2/PAX 6 interaction are likely perpetual and contributing to 
guidance and angiogenesis decisions in most mammals (47-51). The conservation of some genes spans hundreds 
of millions of years. SOX21, active in developing retina and inner ear, occupies the same human loci (13q31-32) 
as DCT (L-dopachrome tautomerase), active in melanogenesis and tyrosine metabolism, has maintained 
90-100% identity across species for hundreds of millions of years of divergent evolution (52, 53). Worth noting is 
mutations of ROBO 3 and 4 are associated with non-decussation of the pyramidal motor pathways (54). ROBO 
3 and 4 may affect visual pathway decussation by interacting with tyrosinase loci on the same arm of 
chromosome 11q. Tyrosinase loci 11q13-22 are millions of base pairs from loci 11q23-24.2, but possibly 
communicate by interacting with noncoding RNA target sites close in three-dimensional space such as by 
chromosomal looping rather than linear sequence such as suggested for the X chromosome (55, 56). 
Chromosome 11q possibly contains a domain coordinating tyrosine metabolism and coding for decussation 
(57).

More intra-genome communication is probably taking place than currently credited. In addition to control of 
visual embryogenesis by protein coding, embryogenesis is plausibly affected by contributions from noncoding 
DNA or conserved noncoding portions of the genome. Noncoding DNA sequences are located near or within 
developmental gene loci that likely contribute to modulation or expression, and provide communication to 
bridge the gap between loci (52, 53, 58). Species-specific differences appear to originate more in noncoding 

Figure 7. Litter of Type 1 oculocutaneous albino kittens. All displayed nystagmus and some strabismus.
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space (59). Species likely evolve unique noncoding sequences contributing to variation in embryogenesis 
between species, and presumably are responsible for singular features in human CNS development (60).

The chromosomal proximity of tyrosinase loci and ROBO 3 and 4 is not replicated in most mammalian 
genomes, but primate vision is the most complicated of mammals, and interactive gene control likely is more 
centralized in human beings. In other mammals loci on different chromosomes plausibly communicate to 
coordinate their expression (61). The “ROBO code” is likely a code of gene expression not an environmental 
interaction during embryogenesis (62).

6. Melanin pigment
Melanin pigment is a phylogenetically and genetically consistent metabolic vertebrate pathway dating back to at 
least the evolution of early chordates. The presence of melanin pigment is as fundamental as any characteristic of 
vertebrates. During mammalian embryonic development melanin pigment is pervasive as is its interaction with 
neural crest cell migration, along with ocular and auditory system development. Additionally the chemical 
pathways of melanin pigment, brain catecholamines, liver, thyroid and adrenal gland metabolism maintain a 
delicate balance anchored by tyrosine metabolism (63). Even in phenotypically pigment-less cavefish that 
mutated to not express pigment the ability to produce pigment is preserved in neural crest derived melanoblasts 
(64).

Figure 8. Dark-field autoradiograph of coronal section through the optic chiasm of a Type 1 albino cat after injection of tritiated 
leucine into right eye showing difference between contralateral and ipsilateral RGC projections. Almost all RGCs cross at the optic 
chiasm. Arrows point to projections to suprachiasmatic nuclei. Scale bar 1 mm. From Creel et al, 1982 (211).
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Figure 9. Dark-field autoradiographs of coronal sections through the ipsilateral (A) and contralateral (B) dLGN of a pigmented cat and 
the ipsilateral (C) and contralateral (D) dLGN of a Type 1 albino cat. The arrow in (D) points to small ipsilateral A1 input. From Creel 
et al, 1982 (211).

Figure 10. Photograph of 2 littermate Blue Smoke Persian cats. The cat on the left is affected with Chediak-Kigashi syndrome.
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Melanin’s role in visual function can be traced back to the hydra and jellyfish 600 million years ago (65). Melanin 
pigment’s roles in the eye are different than other parts of the body. Melanin pigment is conspicuously present 
and melanocytes are most active early in vertebrate embryogenesis. Ocular melanocytes are relatively dormant 
after embryogenesis and unlike extra-ocular melanocytes do not secrete melanin. The genetic basis of pigment 
cell development and differentiation is conserved from teleosts to mammals. The melanin pigment chemical 
pathway initiated with tyrosine is expressed similarly from drosophila to primates. The common ancestor of 
drosophila and primate eye was likely an organism similar to a rag worm 500 million years ago (66). The 
molecular sequence leading to eye formation in the fly is recapitulated in the developing human eye (67, 68). In 
general, phylogeny is recapitulated in the embryonic development of the visual system.

7. Human albinos
The features associated with hypopigmented retinae vary between species and individuals. Readily observable in 
most human albinos is anomalous foveal development and lack of vascular sparing of central foveal area of 
retina (24, 69). Less obvious is the predominance of crossed optic fibers at the optic chiasm quantified by visually 
evoked potential, functional magnetic resonance imaging (fMRI) (27), cortical thickening (26) and 
aforementioned anatomical studies. Retinal ganglion cells (RGCs) in pigmented retinae that originate from the 
nasal side of fovea cross at the optic chiasm. RGCs originating temporal side of fovea in pigmented human 
beings do not cross at the optic chiasm. Figure 12 is a schematic approximation of differences between the optic 
chiasm of ocularly pigmented and albino human beings.

Figure 11. Dark-field autoradiographs of sections through the dLGN of a cat with Chediak-Higashi syndrome (HS). Contralateral (A) 
and ipsilateral (B) sections about two-thirds through the dLGN, and contralateral (C) and ipsilateral (D) sections about one-third 
through the dLGN are shown. These sections show fragmented laminae A1 and nearly complete filling of laminae C. From Creel et al., 
1982 (31).
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In mammalian hypopigmented retinae optic nerve ganglion cells that originate from retinae nasal side of fovea, 
and nearly all RGC neurons originating from up to 15 degrees in temporal retina also cross at the optic chiasm 
(Figure 12). The proportion is not known in human beings and likely varies considerably. In many albino 
animals essentially all optic neurons from nasal and temporal retina cross at the optic chiasm. In Figure 12 the 
80% crossed and 15 degree shift of vertical meridian in human albinos was estimated based on animal 
anatomical studies and multifocal visually evoked potential studies (29, 41).

The routing of RGCs through the chiasm of human and other Haplorrhine primates is organized similar to 
schematic Figure 13 in that uncrossed RGCs originate and remain lateral at the chiasm (70), whereas in rodents 
and carnivores the nasal and temporal RGCs mix within the chiasm before routing ipsilateral or contralateral (2, 
71). In marsupials, insectivores and primates the RGCs projecting to either hemisphere remain largely 
segregated with uncrossed fibers located laterally in the chiasm. In rodents and carnivores RGCs mix in the 
caudal nerve.

Figure 14 depicts comparison of optical coherence tomography (OCT) through the foveal area of an ocularly 
pigmented human being (A) and a human albino’s (B) foveal areas. In (A) note the foveal depression and that the 
nerve fiber layer, i.e. red layer on top, is not present across the foveal area. In most human albino retinae the 
nerve fiber layer (B) continues over the potential foveal area. Figure 15 pictures OCTs of four albinos examined 
at the Moran Eye Center. To view more human albino OCTs see Gargiulo et al. (72) and McAllister et al. (69). 
Foveal under development and considerable variability among albino foveae is likely due to amount of ocular 
pigment and genetic background (73). Albino human beings manifest a reduction in cone density in the central 
retina of infants (74) and adults (25). Multifocal ERG studies provide evidence of arrested postnatal development 
of foveae in albino infants (75). Primates are the only mammals with foveae, but in almost all mammals with 
albinism the central retina is underdeveloped (76, 77).

An exception is the albino squirrel (78). Squirrel retinae contain a very large cone population. Rods are 
disrupted in albino development probably because they develop slightly later in retinal development and that cell 
cycle events get out of control when rod production is taking place. Cell cycle control is relatively normal early in 
retinal development when cones are being generated.

Retinal vascularization in human pigmented retinae spares the foveal area, whereas in albino human retinae 
small vessels and capillaries intrude into foveal area. Figure 16 compares the central vascular organization in 
ocularly pigmented and albino human retinae. Retinae of ocularly pigmented human beings exhibit an avascular 
zone surrounding the fovea, albinos do not. There are likely many modifying factors such as extent of 
hypopigmentation specific to the loci tempering phenotypic expression.

The neural retina and retinal pigment epithelium (RPE) demonstrate an intimate embryonic relationship to the 
extent that each can differentiate into the other (79). An interaction exists between melanin pigment in the RPE 
and the development of the fovea and choriocapillaris, the blood supply to the retina, and RGC axon guidance 
(80). The RPE-derived vascular endothelial growth factor (VEGF) is essential for choriocapillaris development 
(81, 82). Additionally, pigment epithelium derived factor (PEDF) was isolated in the developing fovea suggesting 
axon guidance genes presumably accompany early mechanisms determining vascular patterning in macular area 
(83). The PEDF has a major function in development of the foveal avascular area (84).

8. Scalp-recorded VEPs in human beings
In 1974 using scalp-recorded visually evoked potentials (VEPs) four genetic forms of human oculocutaneous 
albinism exhibited electrophysiological evidence of reduced uncrossed optic fibers (14). Similar results were 
published for human ocular albinos (85) and replicated in early studies by Taylor (86) and Coleman et al. (87). 
Reviews of research in this area: Guillery (88), Hoffman et al. (41), Neveu & Jeffery (2) and Bridge et al. (26).
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The best visual stimulus to use recording VEPs from most albinos is a pattern onset/offset with individual checks 
subtending about 1 degree of arc. For individuals with very poor vision and infants, flash stimuli are preferred. 

Figure 12. Schematic of approximate distribution of crossed and uncrossed RGCs at the optic chiasm in albino human beings.

Figure 13. Schematic drawings of two forms of RGC axon projection through the optic chiasm to the ipsilateral optic tract. Ipsilateral 
RGCs of the rodent mix with RGCs from the other eye. Primate and marsupial RGCs maintain a lateral course through the chiasm. 
From Neveu and Jeffery, 2007 (2).
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In some albinos comparing evoked potentials using the International 10-20 System locations O1 and O2 (89) 
demonstrate the misrouting. In most albinos more lateral locations along the same plane about halfway to T5 
and T6 (H3 and H4), marked in Figure 17 as blue area, better demonstrate misrouting. An early finding was that 
with monocular stimulation the “difference” potential comparing 10-20 International System scalp locations O1-
O2, or H3-H4 across the midline is an efficient way to exhibit chiasmic misrouting in albinos (90). The worst 
stimulus is pattern reversal, which exacerbates nystagmus in albinos blurring the image.

To detect misrouting at the chiasm a minimum of two recording sites is required, one positive electrode and one 
negative location in each hemisphere about 3 cm above the inion in an adult and 4 cm or more off the midline. 

Figure 14. Ocular coherence tomography (OCT) through the fovea of a normally pigmented (A) and albino (B) human being. Note the 
absence of foveal pit and the nerve fiber layer (red) coursing over foveal area in albino compared to pigmented (A) nerve fiber layer 
(red) ending before fovea.

Figure 15. Ocular coherence tomography (OCT) of four albinos showing lack of foveal pit and top nerve fiber layer (red) coursing over 
foveal area.
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This bipolar montage records a "difference" potential, requiring no additional reference electrode. The ground 
electrode can be attached anywhere on the person. In ocularly pigmented human beings innervation of visual 
cortex from nasal and temporal retinae is comparable so the "difference" potential recorded between 
hemispheres would be similar in form whether stimulating the left or right eye (Figure 18). In contrast, most 
central visual field retinal ganglion fibers (RGCs) cross to the contralateral hemisphere in albinos so the 
"difference" potential recorded between occipital hemispheres will change polarity across the occipital area when 
VEPs following monocular stimulation are compared (Figure 19).

An important addition to VEP methodology was the development of multifocal visually evoked potential 
(mfVEP) technology by Erich Sutter (91). The first publication of mfVEPs in human albinos was by Michael 
Hoffmann and colleagues (41). This group has continued to publish advances in dissecting the human albino 
visual system using mfVEPs and fMRI studies (26, 92-95).

VEPs are of profound value in detecting the misrouting of the optic nerves in human albinism and revealed that 
an on average a central ±8 degree wide vertical strip in the central is affected by the resulting representation 

Figure 16. Angiogram of choriocapillaris of normally pigmented human ocular fundus (A) showing vascular sparing of the foveal area, 
compared to negative of red-free photograph of human albino ocular fundus (B) showing vascular intrusion into foveal area.
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abnormality (96). The extent of the misrouting varies, depending on pigmentation deficit, between 2 and 15 
degrees. This indicates that RGCs originating up to 15 degrees into temporal retina erroneously cross at the optic 
chiasm. The most important addition of mfVEPs is allowing for a spatially resolved characterization of VEP 
responses. This approach can be combined with the misrouting VEP paradigm (90, 97) to yield visual field 
topography of the abnormal visual field representations typical for albinism as pioneered by Michael Hoffmann 
et al. (41). Figure 20 is a print of mfVEPs recorded from a Type 1 oculocutaneous albino (OCA1). This person 
has nystagmus and exotropia, but exceptional acuity for a Type 1 oculocutaneous albino. His acuity meets 
requirements of visual acuity required for a driver’s license. The central visual field stimulated for these mfVEPs 
extended over 35 degrees horizontally and 30 degrees vertically, similar to the perceptual field of a Humphrey 
24-2 visual field perimeter test. Potentials that reverse in polarity indicate temporal retinal field areas projecting 
RGCs that cross the optic chiasm. MfVEPs require reasonably stable fixation (41, 96, 98), but they are a useful 
extension of the classical misrouting VEP paradigm as they permit the detection of locally confined, i.e. only 
small misrepresentations. Their prime use is to explore the specificity of misrouting for albinism. MfVEP studies 
confirmed the absence of evidence of misrouting in carriers of OA (41).

While fMRI was used to validate the misrouting VEP (27, 92), it further assists in uncovering the organization of 
the human visual cortex in albinism, and higher cortical function (30, 99). These studies indicate that the 
unrepresentative visual input to each hemisphere is propagated to higher processing stages (95) and is 
made available for perceptual (94, 100) and visuo-motor integration (101). Further, structural 
MRI investigations underscore that the anatomy of the visual cortex in human albinism appears to be affected 
more strongly by the foveal hypoplasia than by the misrouting of the optic nerves (26, 102).

Maturation and aging of the visual system produce measurable changes reflected in visually evoked potentials. 
Neveu et al. (103) described dramatic differences in a population of albino human beings ranging from 8 months 
to 60 years. Visual acuity usually improves until adolescence due to physiological maturation, dampening of 
nystagmus, finding a favorable head position, and learning how to manage poor acuity, including perceptual 
cues (104-106).

Acuity is significantly diminished in most human albinos averaging from 20/80 to 20/200 with a wide range of 
20/40 to 20/400. Nystagmus, usually horizontal, pendular or jerky in character is almost always present. A high 
incidence of strabismus is also seen in albinism including both horizontal and vertical misalignment (86, 107).

Contributing to differences in optic tract development are possible differences in axon sizes and myelination in 
the albino mammal’s optic tract (108). When RGC axons go to the wrong side of the brain they may not 
myelinate properly. Myelination changes with age add weight to Neveu et al.’s (103) finding of age-related 
changes in VEP development.

9. Visual perception
Studies demonstrate that albino human beings do not fuse binocular stimuli (104, 109, 110). Few binocular cells 
are located in areas 17, 18 and 19 in Siamese cats and cats with complete albinism, disturbing the underlying 
anatomical connections for stereovision (111-113). Some individuals with albinism manifest coarse binocular 
fusion with some stereovision (114). In addition, while areas 17/18 of the Siamese cat do not contain binocular 
cells, the postero-medial lateral suprasylvian area (PMLS) includes binocular cells (115). The superior colliculus 
(SC) also possesses binocular cells (116). The corpus callosum possibly is an anatomical connection enabling 
some binocular vision (117-120). Stereovision may be accomplished through these cortico-cortical connections. 
Although stereovision is dramatically affected in albinos, spatial perception remains (94).

Adjustments improving perception appear to be made at each level as the anomalous visual information in 
albino visual pathways progress towards the cortex. In the albino cat the disaster at the level of the dLGN where 
only 46% of cells responded normally improves to 84% in cortical area 17, and to 70% of cells in cortical area 18 
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(121). The competence of the albino visual system improves greatly at the cortical level of cats and human beings 
(100) resulting in near-normal visual perceptual abilities within the limits of an individual’s acuity.

Figure 17. Schematic of occipital area indicating 10-20 International System scalp electrode locations highlighting locations H3 and 
H4.

Figure 18. Pattern onset/offset visually evoked potentials recorded across occipital scalp in normally pigmented human being showing 
little difference between monocular RIGHT and LEFT visual stimulation. From Creel et al, 1990 (212).

Figure 19. Pattern onset/offset visually evoked potentials recorded across occipital scalp from an albino showing the significant 
difference between Right and Left monocular simulation.
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In general the level of pigmentation of an albino correlates negatively with severity of expression of visual 
anomalies (73) (122). It is likely that the more pigment present in the retina, the more normally routed RGC 
fibers.

10. Genetic classifications of forms of human albinism
Current classification of forms of albinism is based on genetic locus. Figure 21 is a photograph of an individual 
with Type 1 oculocutaneous albinism. Chromosomal location has been identified for twenty forms of human 
albinism on twelve different chromosomes: oculocutaneous albinism (OCA1-7), ocular albinism (OA1), nine 
forms of Hermansky Pudlak syndrome (HPS1-9), Chediak Higashi syndrome (CHS) and Griscelli syndrome 
(GS) (123, 124). An additional syndromic form of albinism to be added is the rare Vici syndrome (VICIS) 
(125-127). Phenotypic expression varies considerably within genetic forms of albinism, and even between 
siblings (128, 129). Many genes modify expression of albinism (130). For tyrosinase enzymes alone more than 
100 mutations are involved in coding (see Albinism Database (http://www.ifpcs.org/albinism/index.html).

Visual abnormalities reported in albinism do not include disorders of hypopigmentation due to embryonic 
migration defects of neurons and pigment cells from the neural crest such as in Waardenburg syndrome and 
deaf white cat (W gene), vitiligo or piebald spotting, nor other forms of hypopigmentation such as 
phenylketonuria. These conditions do not exhibit the visual anomalies.

11. Exceptions to direct association with albinism
Recently a novel gene mutation on human chromosome 16 was described that is associated 
with foveal hypoplasia, optic-nerve-decussation defects, and anterior segment dysgenesis (FHONDA) in the 

Figure 20. Multifocal visually evoked potentials recorded from a Type 1 human albino reflecting the central 35 degrees of visual field. 
Potentials that reverse in polarity indicate locations in temporal retina that retinal ganglion cells (RGCs) cross at the optic chiasm.
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absence of pigment deficits (131, 132). Current research addresses whether in this condition optic nerve 
misrouting is initiated by a mechanism that is independent of the one that is associated with the pigment deficit 
in albinism. While enhanced crossing of the optic nerves at the optic chiasm was previously viewed to be specific 
for albinism or related only to ocular pigment deficits there may be exceptions. FHONDA may be an important 
exception. A possible site of common determination of visual abnormalities in FHONDA and albinism could be 
the similar influences affecting optic anomalies in both such as genetic control by Sonic hedgehog (Shh), VSX2, 
PAX 2 and PAX 6.

There are reports of optic misrouting in human non-albinos such as some with Kartagener syndrome (133), and 
selected hypopigmented patients with Prader-Willi syndrome (134), with microdeletion at tyrosinase locus 
15q11-13 superimposed on the most prominent albino sequence. The Kartagener syndrome loci, 15q24-25, are 
on same arm of chromosome 15q as the most prominent human albino sequence. Few individuals with the 
Kartagener syndrome show optic misrouting (135). Other exceptions are some individuals with congenital 
stationary night blindness (CSNB) reported to express optic misrouting (136, 137). Genetic loci for forms of 
CSNB range from chromosome Xp11 to Xp22 (138). These mutations are located on the same arm of X 
chromosome located Xp22. Some of these exceptions are possibly due to interaction with albino loci or a 
common feature to both of dysregulation within these sequences. Communication may be enhanced by 
noncoding DNA bridging the gap between nearby loci.

Figure 21. Type 1 oculocutaneous albino (OCA1).
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12. Underlying mechanisms
Many studies were published pursuing a causal relationship between retinal pigmentation and determination of 
neuronal routing at the optic chiasm. No mechanism has been described that can be generalized across species 
and genetic loci. Prominent theories include the role of tyrosinase or its precursor DOPA as critical in the 
synthesis of melanin such as reporting addition of DOPA to albino eyes in vitro normalizes patterns of cell 
production (139). Ocular albinism (OA1) associated with a mutation of the GPR143 (G-protein-coupled 
receptor) gene on the X chromosome (Xp22.3) provides evidence of another possible function of DOPA. The 
GPR143 gene regulates melanin biosynthesis (140). The OA1 GPCR protein encoded by GPR143 gene was found 
to be a selective DOPA receptor, where both Dopamine and DOPA compete to bind at its site (141). DOPA 
function in the melanin pathway may also play a role in the downstream effects that affect the developing retina 
(142).

Other factors influencing ganglion cell targeting at the optic chiasm include, in different species, growth cone 
action, molecules, and regulatory genes including laminin, NCAM, L1 and cadherins (143). Evidence that 
Netrin-1 (144), Slit ligand molecules that are expressed at the optic pathway and their associated axon guidance 
receptors from the Roundabout (Robo) family (145), Sema5A (146), Sonic Hedgehog (Shh) (147), transcription 
factor 2 (Zic-2) regulated by Islet 2 in mice (148, 149), and EphrinB2 (EphB2) (150) are also suggested as 
impacting cell fate. The transcription factor visual system homeobox 2 (VSX2) probably also affects the retinal 
anomalies (151, 152). Many signals likely vary between species.

13. Vision and hearing
Vision and hearing have an ancient history of evolving in parallel traced back to the PaxB gene, which functions 
as a single gene controlling eye and hearing (mechanoreceptors) genesis in box jellyfish predating the later-
appearing separate Pax 2 and Pax 6 genes (153). The continuity of SOX 21 was mentioned earlier (53). There are 
evolutionary connections between eyes and mechanoreceptors of the inner ear to the extent that during 
evolution, “sensory cells can shift their sensory modalities” (154).

There is a history of both functional integration and anomalous syndromes involving the visual and auditory 
systems such as Usher’s Syndrome, which includes retinitis pigmentosa and congenital deafness. In spite of their 
differences in embryogenesis further similarities were recently described in retinal and inner ear hair cell 
physiology. The same Usher protein functions in retinal rod physiology and inner ear hair cell physiology (155, 
156) and ribbon synapses are similar in structure and function in both photoreceptors and hair cells (157). 
Further metabolic roles of melanin in the inner ear, and the similarities of retinal and inner ear physiology are 
yet to be elucidated. Melanin pigment is located in the stria vascularis of the inner ear (158, 159). Figure 22 
depicts a decalcified cochlea of pigmented guinea pig (A) displaying a band of melanin pigment (P) in the stria 
vascularis, and a section through a pigmented guinea pig cochlea (B) showing melanin pigment. Figure 23 is an 
enlargement of an area in a different guinea pig similar to that boxed in Figure 22B illustrating detail of pigment 
deposition. Melanocytes are adjacent to and wrap around capillaries in the stria vascularis.

In most mammals auditory cues mainly tell vision where to look (160, 161). Within each species spatial vision 
and auditory localization evolve in a coordinated manner. Analogous evolutionary and functional relationships 
exist in vision and audition. The second level termination of visual neurons is cortical including synapses with 
binocular cells, the substrate for binocular, stereo, and spatial vision. The second level neuron terminations in 
the auditory system are in the superior olivary complex where binaural cells receive input from each ear giving 
similar spatial information. The auditory space map in the brainstem is strongly related to the cortical visual 
space map (162). Visual and auditory spaces are connected to the extent that in human beings fMRIs depict 
more recruitment of visual cortex than auditory cortex when blind individuals perform auditory echo 
localization (163).
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Albino mammals are not hearing impaired, per se. The auditory and visual deficits in albino mammals are 
connected in that similar anomalies are present in processing the highest-level integration of spatial localization.

Auditory anomalies are reported in albino mammals. The absence of melanin pigment in the inner ear of albinos 
is associated with susceptibility to noise damage (164, 165). In human beings and animal models prolonged 
sensitivity to noise measured as a longer temporary threshold shift (TTS) following exposure to loud sounds is 
documented (166-168). Cell size and dendritic length in the medial superior olivary nucleus is reduced in 
albinos (167, 169). Functionally the reduced cell size in brainstem olivary nuclei was associated with reduced 
binaural cell responses in medial superior olive of albino cats (170). One study demonstrated reduced ipsilateral 
projections from the cochlear nuclei in hypopigmented ferrets (171).

The auditory brainstem response (ABR) is an auditory version of a visually evoked potential except the 
generators measured end at the level of the superior colliculus. Auditory brainstem responses are recorded by 
placing a positive electrode on top of the head at 10-20 International System position Cz. A negative pole 
electrode is placed on ipsilateral earlobe or mastoid. Often the contralateral earlobe or mastoid is used for 
ground location. Click stimuli at one or more intensity approximately 70 dB above hearing level threshold (HL) 
are presented to one ear at click rates of 10 or more per second. Potentials appearing in the first 10 milliseconds 
evoked by about 2,000 clicks are averaged. Audiologists record a more complicated sequence using several click 
intensities, tones bursts, and bone conduction testing to evaluate hearing.

A feature of the ABR is that in addition to anomalies in the auditory brainstem pathways, alterations in adjacent 
brainstem structures such as cranial nerve nuclei IV to VII are often detected. The ABR is of use locating 
etiology of ocular and facial movement disorders such as Duane’s retraction syndrome, Marcus-Gunn ptosis, 
blepharospasm, facial cranial nerve palsies, and is a common site of demyelination in patients with multiple 
sclerosis. Another feature of the ABR is the first five peaks, I – V, are associated with the level of the brainstem 
generating each component.

A sample human ABR is depicted with generators labeled in Figure 24. ABRs of most mammals contain 5 or 
more components in the first 6 milliseconds following click stimuli. ABRs of some rodents include a double 
component III due to separate medial and lateral olivary nuclei generators. A variant in some human ABRs is 
coalesced components IV and V into one wave. In albino human beings and animal models component III of 
ABRs are attenuated. These are generated in region of the medial superior olivary nuclei reflecting the reduced 
neuronal size and dendritic length in albino mammals (32, 167, 169, 172). Figure 25 illustrates sample abnormal 
ABRs in a Type 1 oculocutaneous human albino with components III – IV attenuated in amplitude.

14. Eye Movement: Albinism, Dissociated Vertical Deviation, 
Latent Nystagmus
Adjacent to the brainstem auditory centers are the nuclei integrating sensory input including the superior 
colliculus and other nuclei involved in eye alignment and fixation. Abnormal proportions of ipsilateral RGCs in 
albino mammals include reduced RGCs to mid-brain nuclei that contribute to strabismus, nystagmus, and 
atypical optokinetic nystagmus in albino mammals. In albino guinea pigs, rabbits and ferrets there are no 
ipsilateral optic projections to the ventral lateral geniculate nucleus (LGNv), superior colliculus (SC), pretectum, 
nucleus of the optic tract (NOT) or accessory optic system (AOS) (173-175).

In the normally pigmented cat about 50% of RGCs project via the LGN to the ipsilateral cortex. 24% of RGCs 
originating in temporal retina project to the ipsilateral superior colliculus (176), and about 15% of RGCs project 
to the ipsilateral pretectum (177). The albino cat has very few ipsilateral projections to the pretectum and almost 
no ipsilateral projections to superior colliculus (31). All albino cats have nystagmus and many have strabismus.

20 Webvision



Several types of aberrant optokinetic nystagmus (OKN) are described in human albinos (178-180). The nuclei 
responsible for the OKN are the terminal nuclei of the accessory optic system: the dorsal terminal nucleus 
(DTN), lateral terminal nucleus (LTN), medial terminal nucleus (MTN) and the Nucleus of the Optic Tract 
(NOT). Figure 26 depicts the rat and rabbit accessory optic system showing the connections of the medial 

Figure 22. Decalcified guinea pig cochlea (A) and sagittal section (B) through a guinea pig cochlea show deposition of melanin 
pigment (P) in stria vascularis Red boxed area enlarged in Figure 23.

Figure 23. Red-boxed area in Figure 22 enlarged showing melanin deposition adjacent to capillaries indicated by red arrows. From 
Conlee et al., 1989 (158).
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terminal nucleus (MTN) (181). Figure 27 illustrates the accessory optic system (AOS) projections from the 
lateral terminal nucleus (LTN) of a primate, the Marmoset.

Albinism in mammals is associated with most RGCs crossing in the optic chiasm. Few RGCs project to the 
ipsilateral side ultimately projecting to the cortex and brainstem. The optic chiasm plays a pivotal role in human 
binocularity. Hemidecussation in the optic chiasm dictates the nasal retinal ganglion cells to cross to the other 
side of the brain, and temporal retinal ganglion cells to stay on the same side of the brain. Retinotopy directs 
ganglion cells, one nasal and one temporal from each eye, to pair up at the cortex. In this way each pair finally 
drives one binocular cell in the visual cortex. Besides hemidecussation in the optic chiasm, the corpus callosum 
and commissural connections in the brainstem are essential building blocks of mammalian binocularity. 
Identical binocular retinotopic loci on both sides of the cortex are connected through the corpus callosum. These 
connections facilitate fusion of the eyes, and the right and left visual hemifield (182, 183). Albinism, 
characterized by a substantial reduction in ipsilateral projections of RGCs in the optic chiasm, and poor 
binocularity, results in less coordination and loss of association between the eyes, and infantile strabismus 
occurs. Dissociated Vertical Deviation (DVD) and Latent Nystagmus (LN), both occurring in infantile 
strabismus, are characterized by binocular motor dissociation. The co-occurrence of both DVD and LN in 
albinos suggests a common dissociative origin (182).

There are several theories rooted in the argument that older evolutionary connections dominate during the first 
several months of human infancy before cortical pathways have matured. Michael C. Brodsky and colleagues 
propose atavistic reflexes of the accessory optic system generate the dissociated eye movements associated with 

Figure 24. Auditory brainstem response (ABR) recorded from pigmented human being at click intensity of 70 dB HL and rate of 11.9 
per second.
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infantile strabismus (184-187). They argue that when foveal vision develops slowly in early infancy, the 
phylogenetically older optokinetic system prominent in lateral-eyed vertebrates that is expressed in first 2 
months of infancy continues to be expressed. Monocular, subcortical, nasotemporal optokinetic asymmetry 
normal in lateral-eyed vertebrates is suppressed in human beings with cortical binocular vision. They suggest 
cases of possible infantile nystagmus may be due to genetically determined maturational delay in development of 
cortical binocular vision allowing phylogenetically older pathways to dominate; “[hypothesizing] that the 
oculomotor disturbances of infantile strabismus correspond to subcortical binocular visual reflexes that are 
operative in lateral-eyed animals.”; and that the vestibulocerebellum actively contributes to generating infantile 
nystagmus (184).

Marcel ten Tusscher also proposes a fall back to older evolutionary connections including the corpus callosum, 
lateral geniculate nucleus, lack of normal binocularity at the cortex, and subsequent loss of binocular input to 
the subcortical centers including the superior colliculus (182, 188-191).

The evolution of the eye and the brain provides a possible explanation for both the anomalous eye movements in 
albino mammals, and the dissociation of infantile esotropia and its motor characteristics. In the course of 
evolution, the eyes moved from a lateral to a frontal position. In 300 million years, modern mammals, birds and 
reptiles evolved from a common ancestor, the captorhinidea (192, 193). Consequently, the monocular visual 

Figure 25. Auditory brainstem response (ABR) recorded from a Type 1 oculocutaneous human albino (OCA1) showing attenuated 
component III in contralateral ABR. From Creel et al., 1980 (172).
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fields progressed forward on the head to overlap resulting in a binocular visual field. In lateral-eyed animals, the 
retinae project to the contralateral visual cortices only. These projections are also found in binocular mammals 
and birds with binocular visual fields. In binocular mammals there are also uncrossed projections from the 
temporal retinae to the visual cortex. Partial chiasmal decussation and the corpus callosum provide the 
necessary connections for binocular vision to develop (194). Disruption of normal binocular development 
causes a loss of binocularity in the primary visual cortex and adjacent areas. Outside the primary visual cortex, 
the contralateral eye dominates while the temporal retinal signal appears to lose influence.

Complete motor dissociation between the eyes often results from sensory dissociation between the eyes. In 
human achiasma, where all retinal nerve fibers project to the ipsilateral cortex, saccades are executed 
monocularly. Dissociation with monocular saccades also occurs in animals with lateral eyes, e.g. reptiles. Retinal 
ganglion cells in these species show 100% crossing in the optic chiasm.

Eye movements in animals with laterally-located eyes are intended to stabilize the visual environment. The 
vestibular ocular reflex compensates for body movements and the optokinetic reflex compensates for optic flow. 
Motion sensitive neurons in the retina project to the contralateral brainstem, i.e. the terminal nuclei of the 
accessory optic system (Figure 27) that comprise the afferents of the optokinetic reflex. The nucleus of the optic 
tract (NOT) is one of these nuclei. The right NOT senses horizontal movement to the right, and the left NOT 
senses movement to the left. The major target of the optic tract in lateral-eyed animals, however, is the superior 
colliculus that is responsible for directing gaze movements and sensory integration. Similar neuroanatomical 
pathways and eye movements also exist in human beings. Human beings, in addition, demonstrate saccades, 
pursuit and vergence, all of which are initiated by the visual cortex, not the brainstem. The retinal ganglion cells 
partially decussating in the optic chiasm are one of the evolutionary solutions for combining information from 
frontal eyes, enabling a correlated binocular signal in the visual cortex. The binocular human cortex ties the 
temporal retina of one eye together with the nasal retina of the fellow eye. Binocular visual experience overrules 
the brainstem through an ipsilateral signal directly from the retina, but even more so, via the visual cortex. The 
optokinetic reflex interacts with the pursuit system, while the superior colliculus (SC) interacts with the saccade 
and vergence systems (182).

Newborn children have smooth nasally directed monocular pursuit and impaired temporal-directed pursuit 
(195). At birth, the eye is controlled by the contralateral nucleus of the optic tract (NOT) (196). The right 
nucleus of the optic tract senses movement to the right, the left nucleus to the left. The newer pathways 
(ipsilateral from retina to nucleus of the optic tract (NOT), and the more abundant cortical projection to the 
NOT are activated through binocular visual experience. When the primary visual cortex does not receive 
realistic binocular input from both eyes the crossed older pathway dominates. The corticotectal pathway is 
dominated by the contralateral pathways (196, 197). Van Rijn et al. (198) showed that the same mechanism 
responsible for LN might be true for DVD (Figure 28). DVD combines vertical vergence with binocular torsional 
version. The elevating eye shows excyclotorsion while the fixating eye shows incyclotorsion. Van Rijn et al. (198) 
measured eye movements in DVD and showed that these movements are similar to the eye movements in 
disparity-induced vertical vergence. They suggested that, like LN that likely results from dissociation in the 
optokinetic /pursuit pathways, DVD might result from dissociation in the vergence pathways (190, 198). In LN 
the optokinetic pathway is driven by the signal that originates in the crossed retinal ganglion cells due to sensory 
dissociation, and less so the uncrossed cortical influence on the NOT in the brainstem. DVD likely is a 
supranuclear cortical problem of the pathways responsible for vergence originating in the crossed retinal 
ganglion cells due to sensory dissociation and less binocular cortical influence on the brainstem level (190).

DVD appears as a result of inhibition of the uncrossed temporal retinal signal. Beyond the primary visual cortex 
and the reciprocal connection of the callosum, a biased cortical activation leads to corticotectal stimulation 
dominated by the nasal retina. Figure 28 depicts the neuroanatomical summary of the pathways involved in 
DVD projection from nasal retina of the contralateral eye that dominate the superior colliculi in infantile 
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strabismus. With occlusion of the left eye, the nasal bias in ocular dominance in the visual cortex in a patient 
with infantile strabismus gives rise to dominance of the left visual cortex and the left corticotectal pathway. The 
left superior colliculus (SC) projects to the left interstitial nucleus of Cajal (INC) and the right omnipause (OPN) 
neurons that results in elevation of the left eye and counterclockwise cycloversion. The pathway from the 
superior colliculi (SC) to the interstitial nuclei of Cajal (INC) links the two dimensional cortex and superior 
colliculus to the three dimensional brainstem. A monocular vertical signal leads to torsional vergence, DVD.

Partial decussation in the optic chiasm appears to be only one of the components important for binocularity. In 
rodents, e.g. the rat, with 95% crossing in the optic chiasm binocularity of the visual cortex depends on the 
combination of a signal from the contralateral eye through the geniculate pathway, and a signal from the 
ipsilateral eye to the contralateral geniculate and back through the corpus callosum. But even in cats that have 
substantial hemidecussation at the optic chiasm, transection of all crossing retinal ganglion cell axons in the 
optic chiasm appears not to affect most kinds of disparity (183). In mammals without partial decussation in the 
optic chiasm and without a corpus callosum, like marsupials, e.g., the wallaby, binocularity is still demonstrated 
in brainstem neurons (199). Binocularity appears to depend on commissural connections between both superior 
colliculi and between the nuclei of the optic tract. So, mammalian binocularity includes information provided by 
1) partial decussation in the optic chiasm, 2) the corpus callosum and 3) commissural connections in the 
brainstem (182).

A high percentage of both infantile exotropia (67%) and esotropia (49%) patients were found to have a 
coexisting ocular or systemic abnormality (200). Agenesis of the corpus callosum underlines the importance of 
the corpus callosum for normal binocular fusion. Strabismus is found in 46% of patients with partial agenesis of 
the corpus callosum (201). Moreover, hemispherectomy early in life often causes strabismus (202). 
Hemidecussation in the optic chiasm allows retinotopic matching between the nasal and the temporal retina. In 
albinism, many RGCs originating in temporal retina project to the contralateral LGN then to contralateral visual 
cortex. The border between crossed and uncrossed ganglion cell fibers in most human albinos appears to vary 
from point of fixation to 6–14 degrees into the temporal retina. Besides prominent misrouting in the chiasm, as 
in albinism, or agenesis of the corpus callosum, more subtle misrouting may cause a mismatch between 
temporal and nasal signals or between the direct thalamic and the indirect corpus callosum signal. Also the 
vertical meridian of one retina may not coincide with the overlapping zone of the other eye. In a primate study, 
the retinal vertical meridian in one of three monkeys was found not to coincide with the fovea (203).

Both esotropia induced by prisms or surgery in the sensitive postnatal period, and infantile esotropia change the 
binocular response of neurons in the primary visual cortex dramatically. After early surgically induced 
strabismus, neurons in the primary visual cortex, area 17, of kittens were found to be responsive to one eye only. 
An approximately equal representation of both eyes was found in both hemispheres. These results have often 
been confirmed, although a small bias of the non-operated eye in the ocular dominance columns sometimes 
occurred. Also most cortical neurons distal to area 17, the extrastriate cortex, could exclusively be triggered by 
one eye. An equal representation of both eyes is not found in the extrastriate cortex. The large majority of 
neurons in, for example, area 18, respond to the contralateral eye exclusively. In contrast to this huge 
contralateral dominance, only a slight dominance of the non-operated eye was found. In electrophysiological 
studies cortical neurons representing the temporal retina were found to be unresponsive to a stimulus from the 
squinting eye. In the early postnatal period, crossing nasal retinal afferents were found to be far less vulnerable 
than temporal uncrossed retinal afferents (204).

Crossed retinal dominance beyond the primary visual cortex appears to explain Dissociated Vertical Deviation 
and Latent Nystagmus, however, the cause of DVD is often explained differently. In a 2014 overview of a 
symposium on dissociated vertical divergence (DVD), Christoff et al. (185) discussed two popular theories on 
the origin of DVD: a hypothesis that suggests that DVD results from damping of latent nystagmus (LN), and 
another theory that postulates an atavistic origin: a righting reflex in fish.
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Ten Tusscher argues the co-occurrence of both DVD and LN in infantile strabismus may well suggest a common 
dissociative origin, or perhaps one of these phenomena may be the result of the other. It is postulated to be the 
latter because damping of latent nystagmus occurs after the start of vertical divergence in DVD. However, DVD 
is more frequent than latent nystagmus. Moreover, DVD is a unique binocular cyclovertical eye movement. It is 
suggested to occur in order to suppress a horizontal eye movement and only if this movement is latent. Why 
does it not occur in manifest latent nystagmus and why not in congenital nystagmus? ten Tusscher argues the 
righting reflex observed in fish as the origin of DVD is less likely (190, 191). They argue the righting reflex is a 
postural reflex, not an ocular one and is orchestrated by the torus longitudinalis and the valvula cerebelli, and 
that both of these have no analogue in the human brain. Moreover, during a righting reflex the eye that is 
illuminated most, will move downward and the other upward. In DVD, however, blinding an eye by light will 
cause an upward movement of the blinded eye (the Bielschowsky phenomenon). Also, in contrast with the 
righting reflex, DVD is influenced by blur and by fixation. DVD combines vertical vergence with binocular 
torsional version. The elevating eye shows excyclotorsion while the fixating eye shows incyclotorsion. Early 
research measured eye movements in DVD. DVD characteristics appeared similar to the eye movements in 
disparity-induced vertical vergence (198).

Albinism is an example that sensory dissociation may be the result of a change in chiasmal decussation. 
Dissociated Vertical Deviation (DVD) and Latent Nystagmus (LN), are characterized by binocular motor 
dissociation with a common dissociative origin. Brain pathology may cause sensory dissociation, which may 
subsequently lead to motor dissociation. The binocular link between the cortex and the brainstem nuclei like the 
NOT and the superior colliculus, is a key element in the origin of motor dissociation in infantile strabismus. In 
primates with infantile strabismus, the visual cortex beyond V1 is dominated by the crossed retinal signal. The 
equilibrium between the crossed and the uncrossed signal is not established. The brainstem is deprived of 
normal binocular input. This causes the NOT and superior colliculus to be driven mostly by the contralateral eye 
(Figure 28). If an eye is connected mostly to the contralateral NOT it will be more sensitive to motion directed 
towards the nose. This asymmetry causes latent nystagmus during monocular viewing. Fixation, saccades and 
vergence rely on the information from visual cortex to the superior colliculus. Loss of uncrossed retinal signal to 
the superior colliculus causes the upward movement of the eye. Cortical deactivation of this system causes Bell’s 
phenomenon and the upward movement of the eyes during the early stages of general anesthesia that is related 
to the loss of cortical influence. The two dimensional cortex and superior colliculus are connected to a three 
dimensional brainstem. Vertical eye movements are associated with torsional movements by way of a pathway 
from the superior colliculus to the contralateral interstitial nucleus of Cajal (191, 205). If the contralateral eye 
dominates the cortical information to the superior colliculus, vertical vergence and torsional version (DVD) 
result.

If all features of infantile strabismus can be explained with a general principle based on proven changes in 
primate neuroanatomy, ten Tusscher suggests Occam’s razor applies; and there is no reason to explain one of its 
features with a body reflex with characteristics different from DVD originating from the fish brain that 
phylogenetically bears little relationship to the primate brain, or assume it arises to facilitate viewing during 
occlusion of one eye. It follows that sensory dissociation beyond V1, most likely due to active suppression by the 
older evolutionary crossed pathway (crossed retinal dominance) leads to the eye movement dissociation that is 
typically seen in the infantile strabismus syndrome.

15. Creel theory
The Creel theory proposes that the lack of melanin pigment initiates atavistic expression of visual and auditory 
embryogenesis. In albino mammals’ embryogenesis vision and hearing take an analogous step back. Visual 
anomalies in albino mammals, including human beings, represent a developmental field defect that occurs as a 
normal developmental state in closely related species (206). As pointed out by Meckel (207), primary 
malformations, in this case complete optic decussation, are not aberrant. Complete decussation of retinal 
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ganglion cells at the optic chiasm is a conventional ancestral state in non-mammalian vertebrates, and reduced 
non-decussated optic fibers are the norm in ancestral mammals.

In an embryonic environment, neural stem cells, lacking positive signals to progress, transition into more 
primitive neural precursor cells (208). Melanin pigment in the nascent retina, or likely genetic coding for 
melanin pigment, is the positive inductive signal launching normal retinal development and retinal ganglion cell 
targeting. When retinal melanin is reduced, retinal embryogenesis defaults to the conserved genetic package 
existing when the species first evolved with a cascade of consequences.

The vertebrate genome includes coding of genetic past. Charles Darwin (209) popularized atavism as the term 
for reappearance of ancestral characteristics in future generations. Most atavistic expression is probably not 
random, but due to an error in early embryonic environment triggering expression of genes conserved across 
evolution. Actuating atavistic optic misrouting likely includes several possible events.

Mammals retain the evolutionary base instruction package for complete crossing of the retinal ganglion cells in 
ancestral vertebrates, and little genetic information re area centralis development, foveal, or vascular sparing of 

Figure 26. The efferent projections in the rat and rabbit of the medial terminal nucleus (MTN) are depicted. The plane of this figure is 
horizontal. Arrows depict projections of the MTN. (Re-labeled with permission from Giolli et al., 2006 (181).

Figure 27. Diagram of the projections from the lateral terminal nucleus (LTN) in the marmoset. The illustration depicts a horizontal 
plane. (Re-labeled with permission from Giolli et al., 2006 (181).
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the foveal area. As each mammalian species or subspecies branched off and went their own way the genetic 
control of visual and auditory system development evolved to fit the environment of the species, revising 
embryogenesis that existed at the time the species became independent.

The essence of this theory is that retinal melanin pigment is so fundamental to retinal, vascular, and early retinal 
ganglion cell targeting that insufficient retinal melanin triggers a switch resulting in the conventional genetic 
instructions not to be completed. Mammals with nondecussating retinal ganglion cells are genetically unstable. 
In albinos genetic instruction defaults to the simpler, more entrenched, platform. An atavistic expression of the 
conserved, more stable, genetic platform skewed toward complete crossing of retinal ganglion cells at the 
chiasm, and commensurate visual and auditory anomalies, develops consistent with genetics of each species’ 
evolutionary origin.

A genome is not comprised of independently functioning loci on chromosomes, but an interactive compilation 
of coded instructions that reacts to alterations in the genome. The inductive signals for entirely crossed optic 
fibers are conserved in mammals. The atavistic fallback to this morphology is an easy misstep because of the 
phylogenetically recent development of the temporal retina, vascular sparing in macula, and foveal development 
in primates. As suggested by Gehring (210) regarding early evolution of eyes, morphogenetic pathways are 
progressively being modified by intercalation of novel genes. Phylogenetically late genetic addendums to 
conserved instructions are vulnerable to not being expressed if genetic cues, such as sufficient retinal melanin 
pigmentation, are not present to support variation from highly conserved coding. Coding for reduced pigment 
in the retina also possibly disrupts silencing of ancestral genes, which dictate complete decussation of optic 
neurons and more primitive vascular and retinal development.
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