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ABSTRACT 

 
THE ALBINO MOUSE VISUAL SYSTEM: HOW PERTURBED RETINAL 

DEVELOPMENT LEADS TO ALTERED BINOCULAR PROJECTIONS 
 

Punita Bhansali 

Albinism is a heterogeneous disorder that occurs when one of several genetic defects 

causes a disruption in melanin synthesis in the hair, skin, and eyes. Every form of albinism 

results in hypopigmentation in the retinal pigment epithelium (RPE), the monolayer of epithelial 

cells surrounding the neural retina. All albino mammals that have been studied display a variety 

of optic abnormalities, one of which is a reduction in the ipsilateral retinal ganglion cell (RGC) 

axon projection. This thesis addresses the question of how the disruption of melanin synthesis in 

the RPE leads to abnormal chiasmatic decussation by using a mouse model that has a mutation in 

the gene encoding tyrosinase, an enzyme required for melanin synthesis.  

Previously, our lab has shown that Zic2, a zinc-finger transcription factor that is 

expressed in ventrotemporal RGCs from E14.5-E17.5, directs the ipsilateral projection. Zic2 

regulates several programs of gene expression important for axon guidance and synaptic 

connectivity. Zic2 is expressed in fewer RGCs in the albino retina, coincident with the decrease 

in the ipsilateral RGCs and indicating that cell subtype specification is altered in the VT retina of 

albino mice. This thesis further characterizes perturbations in RGC genesis and specification in 

the albino mouse.  

Analysis of retinogeniculate targeting in the albino mouse revealed a population of 

contralateral VT RGCS that forms an abnormal patch of terminals in the dorsal lateral geniculate 

nucleus (dLGN) of the mouse, suggestive of misspecification of RGCs in this region. Further, as 

revealed by expression of Islet1/2 as a marker of differentiated RGCs, the number of 

differentiated RGCs in the VT retina is lower in the albino compared to pigmented retina, 



parallel to the reduction of Zic2+ cells. The decrease in Zic2+ and Islet1/2+ cells was explained by 

birthdating studies, which demonstrated a delay in the wave of RGC production in the albino VT 

retina at the time when the ipsilateral projection is established. Thus, this thesis provides a link 

between neurogenesis and specification in the albino retina.  

To further elucidate the role of melanin synthesis in VT RGC specification, I tested the 

effects of L-Dopa treatment of embryonic mice on retinal development and found that L-Dopa 

ameliorated the defects associated with the reduced ipsilateral projection in the albino mouse by 

regulating cell proliferation and production.  

The studies in this thesis contribute to an understanding of the mechanism that underlies 

the disruption of binocular pathways in the albino visual system, and should illuminate how the 

pigment pathway in the RPE contributes to development of the neural retina in wild type mice.   
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Chapter 1: INTRODUCTION 

 The retina is a multi-layered sheet of neurons located in the inner surface of the eye (Fig. 

1.1a). Light is initially received by the photoreceptors in the deepest layer of the neural retina, 

and converted into visual information. This signal is transmitted to the retinal ganglion cells 

(RGCs) via the interneurons of the retina. The RGCs then send this information via their axons 

through the optic nerve and project to various targets in the brain to begin the process of visual 

perception.  

A number of perturbations in the retina cause disorders of vision.  Prominent among 

these disorders is strabismus, glaucoma, retinitis pigmentosa, macular degeneration and albinism. 

In albinos, the disruption of melanin synthesis in the retinal pigment epithelium surrounding the 

neural retina leads to an abnormality of the visual projections to the brain. This thesis focuses on 

the underlying cellular and molecular processes that are disrupted in albinos during development, 

in the hopes that principles of normal visual system development may be illuminated. 

  

Divergence of visual pathways at the midline is the basis for binocular vision 

RGCs establish binocular vision by projecting their axons either contralaterally, to the 

opposite side of the brain, or ipsilaterally, to the same side of the brain, such that higher visual 

centers receive information from both eyes (Fig. 1.1b). The size of the ipsilateral projection in an 

animal is correlated with the extent of binocular overlap of the visual field ;(Petros et al., 2008; 

Williams et al., 2004). The position of the eyes on the head is also related to binocularity and the 

size of the ipsilateral projection. Animals whose eyes are more frontally positioned have a 

greater degree of binocular overlap and a higher percentage of uncrossed fibers than animals 

whose eyes are positioned more laterally (Fig. 1.2). In humans, 40% of RGCs project 
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ipsilaterally, whereas in mouse, only 3-5% of RGCs project ipsilaterally. Fish and birds have 

exclusively contralateral fibers. Across all species that exhibit retinal axon divergence, the 

ipsilateral fibers arise from the temporal region of the retina (Fig 1.2). In mice, where the 

proportion of the retina that projects ipsilaterally is relatively small, the ipsilateral RGCs reside 

specifically in the peripheral ventrotemporal (VT) crescent of the retina (Petros et al., 2008). The 

crossed and uncrossed RGCs are separated by what is referred to as the line of decussation.  

The projections from the retina diverge into two distinct pathways at the optic chiasm 

midline in the ventral diencephalon. The contralateral fibers exit the eye through the optic nerve 

and traverse the optic chiasm into the optic tract on the opposite side of the brain. The ipsilateral 

fibers, on the other hand, approach the chiasm midline, but are then repelled by the chiasm and 

project into the ipsilateral optic tract. 

After the chiasm, visual pathways project to the lateral geniculate nucleus (LGN), the 

superior colliculus of the midbrain, pretectal nuclei, and the nuclei of the accessory optic tract. 

The primary target that underlies most of visual perception, however, is the LGN, in the dorsal 

thalamus, the region of the brain that relays sensory and motor information to the cortex. The 

partial decussation at the optic chiasm ensures that the LGN in each side of the brain receives 

axons from both eyes. Adjacent RGCs project to adjacent regions of the target, thereby forming 

topographically smooth visual input (or topographic map). However, the inputs from each eye 

are segregated in the LGN. The LGN then projects those axons to the visual cortex, where inputs 

from each eye are combined and binocular vision is achieved.  

Time course of retinal ganglion cell production and axon outgrowth in the retina 

The major types of retinal cells include RGCs, photoreceptors, Müller glia, and three 

classes of interneurons: horizontal cells, amacrine cells, and bipolar cells. RGCs are the first cell 
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type to differentiate in the retina, beginning at the center of the retina and then spreading to the 

periphery (Braekevelt and Hollenberg, 1970; McCabe et al., 1999). In mice, RGC production 

begins at embryonic (E) day 11.5 and continues on to birth. While contralateral RGCs are 

produced during this entire period, the ipsilateral RGCs are produced during a shorter window 

(E11.5 – E16.5) (Dräger, 1985a). Similarly, the time course of axon outgrowth differs between 

the ipsilateral and contralateral projections. In mice, there are three major phases of retinal axon 

outgrowth. These include the early phase (E12.5 – E13.5), the peak phase (E14.5-E17.5), and the 

late phase (E17.5 – P0) (Petros et al., 2008). The contralateral projection arises from the center of 

the retina at E12.5 and continuously expands to the periphery up until birth through all three 

phases. The establishment of the ipsilateral projection, on the other hand, follows a more limited 

time course. A population of dorsocentral RGCs transiently projects ipsilaterally during the early 

phase, but the fate of these RGCs is unknown. The permanent ipsilateral projection is formed 

during the peak phase of axon outgrowth. During the peak phase of outgrowth, the VT RGCs 

solely project ipsilaterally. However, during the late phase, the late-born VT RGCs cross the 

midline ; (Colello and Guillery, 1990; Dräger, 1985a; Guillery et al., 1995);. 

The genetic programs that regulate the ipsilateral and contralateral projections 

Our lab has shed light on the transcription factors and guidance factors crucial for retinal 

axon divergence. The pathway choice of an axon is dependent on molecules expressed both in 

the retina and at the chiasm (Fig. 1.3). The zinc-finger transcription factor Zic2 (Herrera et al., 

2003) and the cell-surface receptor EphB1 (Williams et al., 2003) are critical for the formation of 

the uncrossed pathway. Zic2 and EphB1 are both expressed in VT RGCs during the phase of 

axon outgrowth when the ipsilateral projection is formed. The ligand to the EphB1 receptor, 
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ephrinB2, is expressed at the chiasm midline and repels axons expressing EphB1 to the 

ipsilateral side (Williams et al., 2003). 

In contrast to Zic2 and EphB1, the transcription factor Islet2 is expressed in the RGCs of 

non-VT retina during the peak phase and its expression then expands into the VT retina during 

the late phase (Pak et al., 2004). However, Islet2 regulates only the late-crossing VT population. 

Our lab has recently shown that the cell adhesion molecule Nr-CAM and PlexinA1, two genes 

which have similar expression patterns as Islet2 in the retina, act in concert with Sema6D at the 

chiasm to facilitate crossing at the midline (Kuwajima et al., 2012). Additionally, the receptor 

Neuropilin 1, expressed in the crossing population of RGCs, is required to interact with 

VEGF164 at the chiasm to promote crossing in a subset of RGCs (Erskine et al., 2011). 

Potential genes upstream of Zic2, EphB1, and Islet2 have also been investigated. The 

forkhead transcription factors, Foxd1 (BF2) and FoxG1 (BF1) are expressed in a complementary 

fashion in the temporal and nasal retina, respectively. In Foxd1 mutants, Zic2 and EphB1 

expression are absent, but the ipsilateral projection increases in these mutants unexpectedly, 

likely due to disruption of the cells at the chiasm midline which also express Foxd1 and Foxg1 

(Herrera et al., 2004). The role of the Fox genes in directing programs of retinal gene expression 

is currently being investigated in our laboratory (F. Marcucci and C. Mason, unpublished). 

Moreover, additional transcription factors and guidance molecules that contribute to the 

establishment of the contralateral and ipsilateral projections are being identified through gene 

profiling (Q. Wang and C. Mason, unpublished).  

 

Albinism: a genetic model for dissecting mechanisms of retinal ganglion cell decussation 
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The albino model exhibits a perturbation in RGC axon divergence at the optic chiasm in 

that the ipsilateral RGC axon projection is reduced. The major assumption of this thesis work is 

that probing the underlying pathology and mechanism of this perturbation should provide clues 

to the development of the retina, specification of RGCs, and formation of visual pathways.  

 Albinism is a heterogeneous disorder that occurs when one of several genetic mutations 

causes a disruption of melanin synthesis, resulting in hypopigmentation or no pigmentation 

either to the eyes, hair, and skin (oculocutaneous albinism (OCA)) or to the eyes only (ocular 

albinism(OA)). In all types of albinism, a perturbation of melanin synthesis and/or melanosome 

biogenesis in the retinal pigment epithelium (RPE) (Kinnear et al., 1985), the monolayer of 

epithelial cells surrounding and providing nourishment to the visual the neural retina (Boulton 

and Dayhaw-Barker, 2001), leads to a number of abnormalities related to optic development and 

function. One of these abnormalities entails a reduction of ipsilaterally-projecting axons, which 

has been found across all albino mammals that have been studied (Jeffery, 1998).  Thus, this 

condition can elucidate the mechanism by which RGCs are normally designated as projecting 

ipsilaterally or contralaterally and the role that pigment in the RPE plays in this designation.  

The major forms of albinism 

All forms of albinism are characterized by a disruption in the biosynthesis of the two 

major types of melanin present in the eyes, hair, and skin: the more predominant brown-black 

eumelanin and red-yellow pheomelanin (Fig. 1.4). The primary function of melanin is to act as a 

photoprotectant and absorb harmful UV radiation. In the eye, melanin is found in choiroidal 

melanocytes, derived from the neural crest, and RPE cells, derived from the neural tube. In both 

of these types of cells, melanin synthesis (described in Fig 1.4), storage, and transport take place 

in specialized cytoplasmic vesicles called melanosomes. Thus, adequate pigmentation is 



7 
 

dependent both on the proper formation of the melanosome and sufficient levels of melanin in 

each melanosome, explaining why albinism can be caused by several different genetic mutations. 

Different types of albinism exhibit variability in the gene that is mutated, the inheritance pattern, 

and the severity of clinical symptoms and phenotypes. 

There are currently 10 identified types of oculocutaneous albinism (OCA), several of 

which are caused by a mutation in the gene encoding tyrosinase. Tyrosinase is a copper-

containing enzyme that catalyzes the first two steps of melanin synthesis (Fig. 1.4). In the most 

severe form of OCA, OCA1A, tyrosinase activity is completely abolished, which entirely 

prevents melanin formation throughout life. OCA1B, on the other hand, exhibits slight pigment 

accumulation over time (Grønskov et al., 2007). Mutations of the P-gene, as seen in OCA2 and 

BOCA, cause defects in the melanosome function, because the P-gene regulates the intake of 

tyrosine and the internal environment of the melanosome (Grønskov et al., 2007) (Levin and 

Stroh, 2011). Tyrosinase related protein 1 (TYRP1), which is mutated in OCA3, is a member of 

the tyrosinase family and catalyzes a step in the later stages of eumelanin synthesis (Oetting, 

1999). TYRP1 has also been shown to stabilize tyrosinase (Grønskov et al., 2007). 

Unlike OCA, ocular albinism (OA) causes a lack of pigmentation in the eyes only and 

directly affects the size and number of the melanosomes (Cortese et al., 2005). Currently, four 

types of OA have been identified. The most common form of ocular albinism, OA1, is an X-

linked disorder caused by mutations in OA1, a gene that encodes a pigment-cell specific 

glycoprotein that is localized intracellularly to melanosomes (Shen et al., 2001) (Oetting, 2002). 

The result of the mutated OA1 gene is faulty transport and the enlargement of melanosomes 

found in both the skin melanocytes and RPE of patients and the mice (Oetting, 2002). OA1 has 

been suggested to be a G-protein coupled receptor and has recently been shown to be a receptor 
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to the ligand, L-DOPA (Lopez et al., 2008), a by-product of the melanin synthesis pathway. 

Although the function of this putative G-protein coupled receptor is not fully understood, OA1 is 

thought to be part of a signal transduction pathway that regulates melanosome biogenesis (Shen 

et al., 2001).  

Visual defects associated with albinism  

 In addition to the altered decussation of RGC fibers, two other hallmarks of all forms of 

albinism are an underdeveloped central retina and a rod deficit (Jeffery, 1998). In albino 

primates, including humans, the central retinal thinning is reflected in foveal hypoplasia, which 

can be detected by ophthalmoscopic testing and leads to reduced visual acuity (Kinnear et al., 

1985). Various studies have investigated the aberrations that cause the thinning of the central 

retina in the albino. A reduction in the density of RGCs in the central retina has been described 

in the Siamese cat, albino ferret, and albino rabbit compared with their respective pigmented 

counterparts at adult ages (Donatien et al., 2002; Jeffery and Kinsella, 1992; Stone et al., 1978). 

Unexpectedly, studies in rabbits have shown that the concentration of melanin in the RPE does 

not correlate with the density of central RGCs (Donatien et al., 2002). Differences in central 

RGC densities have not been described in rodents, as their central regions are not particularly 

specialized and their center-to-periphery gradients are relatively shallow.  

In addition to the retinal ganglion cell layer, other layers are also altered in the albino. 

The inner nuclear layer (INL) and the outer nuclear layer (ONL) are thinner in the central retina 

of adult albino ferrets compared to pigmented ferrets (Jeffery and Kinsella, 1992). Moreover, 

several reports have shown a reduction in the number of rods by approximately 30%, both in 

central and peripheral retina of albino mammals. Adult albino ferrets exhibit a decrease in the 

number of rods, but not cones, compared with pigmented ferrets throughout the retina (Jeffery et 
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al., 1994a). In mice, a correlation exists between the levels of melanin and rod numbers, such 

that entirely pigment-deficient mice have the lowest number of rods (Donatien and Jeffery, 

2002). Albino ferrets that have been dark-reared also exhibit the rod deficit at adult ages, 

excluding the possibility that the phenotype is a consequence of light-induced damage to cells 

that lack pigment. The rod deficit has also been validated by experiments that measure the 

concentration of ocular rhodopsin using absorbance spectrophotometry, the biopigment in 

photoreceptor cells critical for phototransduction in the retinae of pigmented and albino rodents. 

Both at developmental and adult ages, the albino retinae exhibit a lower level of rhodopsin 

compared with pigmented retinae in rodents (Grant et al., 2001).  

The central underdevelopment and rod reduction is specific to albino mammals, as these 

defects to not occur in animals whose visual pathways primarily go contralaterally, such as birds 

(Jeffery and Williams, 1994) and Xenopus frogs (Grant et al., 2001).  

A variety of secondary visual defects are also prevalent in albinos. Ophthalmic 

examination of albino humans also uncovers iris translucency. The ability of light to pass 

through the iris causes sensitivity to bright light and glare, known as photophobia. Other defects 

associated with albinism include horizontal and rotary nystagmus (involuntary eye movements), 

strabismus (misalignment of the eyes), refractive errors (light is not properly focused by the eye), 

and amblyopia (lazy eye) (Levin and Stroh, 2011);(Kinnear et al., 1985). The severity of the 

abnormalities prevalent in albinism depends both on the type of albinism and the racial 

background. 

Loss of pigment leads to abnormal chiasmatic decussation in the albino 

 In 1965, Sheridan surgically disrupted the corpus collosum and optic chiasm in both 

albino and hooded rats, and found that albino rats did not perform as well on brightness and 
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pattern discrimination tasks as hooded rats (Sheridan, 1965). With this finding, he hypothesized 

that visual pathways are perturbed in the albino. Subsequently, Lund validated this hypothesis 

when he published the first report of a diminished ipsilateral projection to the dorsal lateral 

geniculate nucleus (dLGN), superior colliculus, and pretectum in the albino rat compared with 

the hooded rat (Lund, 1965). Lund illustrated this by removing an eye in each animal and 

comparing levels of degeneration in the targets (Lund, 1965). Since then, several groups have 

shown the reduction in different species using various techniques, including anterograde, 

electrophysiological recordings in the visual targets, and degeneration after retinal lesions or 

encucleation.  

Ursula Dräger was the first to observe the reduced ipsilateral projection in the albino 

mouse, deficient in a necessary enzyme for melanin synthesis, by injecting a mixture of tritated 

proline into one eye and tracking the retinal projection to the optic chiasm and downstream 

visual targets (Dräger, 1974) (Fig. 1.5). The perturbed number of ipsilateral fibers in albinos has 

additionally been reported in the human (Creel et al., 1974), rat (Lund, 1965), rabbit (Giolli and 

Guthrie, 1969), white tiger (Guillery and Kaas, 1973), monkey (Guillery et al., 1984), mink 

(Sanderson et al., 1974), guinea pig (Giolli and Creel, 1973), cat (Creel et al., 1982), and ferret 

(Guillery, 1971b). The Siamese cat, which is not fully albino but contains a temperature-sensitive 

mutation that results in reduced pigment restricted to specific regions of the body, also exhibits 

an irregular proportion of visual pathways (Guillery, 1969). Axolotls and frogs, on the other 

hand, do not display the binocular abnormality, further confirming the mammal specificity of 

albino retinal defects (Grant et al., 2003; Guillery and Updyke, 1976).  

Retrograde labeling in the albino from either the optic tract or the LGN to the retina has 

been used to assess which cells of retina reflect the chiasmatic misrouting and whether the 
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decrease in the ipsilateral projection is accompanied by an increase in the contralateral 

projection. By backfilling RGCs with horseradish peroxidase injected into the optic tract, Dräger 

& Olsen reported that the displaced RGCs, the RGCs that do not reside in the RGC layer, in the 

albino retina are reduced to a greater extent than the normally situated RGCs (Drager and Olsen, 

1980) . Moreover, they showed that the area spanned by ipsilateral RGCs is not significantly 

different in albino and pigmented adult mice. This finding implies that the aberrant decussation 

is not a result of a shift in the line of decussation, as has been often reported in the literature on 

albinos (Grant et al., 2001; Hoffmann et al., 2003)but instead a decrease in the number of 

ipsilateral RGCs throughout the VT region (Drager and Olsen, 1980). This goes along with 

reports in the Siamese cat showing a decrease in ipsilateral fibers throughout the temporal retina 

and not just near the line of decussation (Cooper and Pettigrew, 1979).  

Concomitant with the decrease in ipsilateral fibers, albino ferrets and cats have been 

shown to exhibit a complementary increase in contralateral fibers (Cooper and Pettigrew, 1979; 

Morgan et al., 1987). However, in rodents, where the proportion of contralateral RGCs is much 

greater, the complementary increase has not been reported. In fact, Drager & Olsen estimated the 

number of contralateral RGCs in retrogradely labeled retinas by sampling regions throughout the 

retina (1980), but did not find any significant differences in the number of contralateral 

projections. However, this assessment was done very coarsely and was not precisely measured in 

the VT retina, where the increased contralateral population would reside.  

Groups that study albinism in humans have estimated an increase in the contralateral 

projection through noninvasive techniques. The misrouting of the optic fibers can be detected in 

humans by recording evoked potentials over the patient’s scalp from the both hemispheres of 

visual cortex while one eye is covered and the other eye is stimulated by light. In albinism, the 
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recordings detect an imbalance in the relative contributions to each hemisphere that reflects an 

increase in the ipsilateral population and a concomitant decrease in the contralateral population 

(Creel et al., 1974). Similarly and more recently, fMRI studies have also been able to detect 

differences in activation upon retinal stimulation in pigmented and albino humans. Retinal 

stimulation in the temporal hemifield in pigmented humans activates the ipsilateral cortex, but in 

albino humans, primarily activates the contralateral cortex (Hoffmann et al., 2003), suggesting 

that the ipsilateral fibers are misrouted to project contralaterally.  

Targeting to the dLGN is also perturbed in the albino 

In addition to a reduced ipsilateral projection and augmented contralateral projection, the 

albino also exhibits mistargeting to the LGN, the region of the brain that relays sensory and 

motor information to the cortex. Image-forming RGCs project to the dorsal (d) LGN, whereas 

non-image forming RGCs, including the intrinsically photosensitive RGCs, send their axons to 

the ventral LGN and intergeniculate leaflet (Su et al., 2011). As the primary target of the visual 

pathways, the dLGN has been extensively studied with respect to the albino mutant. Aberrant 

retinogeniculate targeting was initially discovered in the Siamese cat by Ray Guillery during the 

same period that the misrouting was discovered in the rat and rabbit (Guillery, 1969). In the cat, 

the dLGN is divided into two layers, one which receives inputs from the ipsilateral eye and the 

other which receives inputs from the contralateral eye. In the Siamese cat, a population of axons 

is misrouted to the contralateral side and innervates the ipsilateral layer. These contralaterally-

misrouted inputs fuse with the normal contralateral layer, such that only the lateral portion of the 

ipsilateral layer receives actual ipsilateral inputs (Guillery, 1969). A similar targeting defect has 

been described in other mammals, such as ferret, mink, monkey, and tiger (Guillery, 1971a; 

Guillery, 1971b; Guillery and Colonnier, 1970; Guillery and Kaas, 1973). Additionally, the 
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human brain, which exhibits more elaborate layering, also shows irregular fusing in the albino 

dLGN (Guillery et al., 1975). Even in rats and rabbits, whose dLGNs are not layered but exhibit 

eye-specific segregation, the ipsilateral zone is disrupted by misrouted contralateral input, which 

combines with the rest of the contralateral population (Guillery et al., 1971). Fusion of the 

regions that are normally and abnormally innervated by the contralateral eye might be a result of 

spontaneous waves of activity that occur in the developing retina (Torborg and Feller, 2005). In 

addition to the fusion defect, fiber growth to the dLGN has been shown to be delayed and the 

timing and pattern of segregation in the dLGN differs in the Siamese cat compared to the 

pigmented cat (Kliot and Shatz, 1985).  

Abnormal visual cortex organization in albinos 

 Although many species of albino exhibit abnormal targeting to the dLGN, the level of 

resultant abnormal organization to the visual cortex, where higher processing occurs, varies 

across both species and individuals within a breed. For example, in the Siamese cat, two forms of 

visual field representation have been described (Kaas, 2005). In one type, termed the “Boston” 

pattern, the projections from the dLGN to the cortex are reordered to form a continuous 

representation of the visual field. In the other type, the “Midwestern” pattern, there is no 

reorganization, causing innervation of the same cortical neurons from two different projections 

representing different parts of the visual field (Kaas, 2005). In some of these cases, however, 

cortical cells do not respond to stimuli presented to both corresponding retinal locations, 

providing evidence for suppression. Humans,on the other hand, do not undergo reordering of 

projections from the thalamus to the cortex nor intraortical suppression, thereby causing the 

superimposition of signals from nasal and temporal visual fields in the cortex (Hoffmann et al., 

2003).  
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The link between melanin and defects in the visual pathways 

The abnormal chiasmatic decussation has been described in various albino mouse strains, 

attributing the misrouting specifically to the disruption of melanin synthesis. The most 

commonly studied form of albinism contains a mutation in the gene that encodes for tyrosinase. 

However, all genetic mutations that cause pigment deficiency in the RPE produce a reduction in 

the size of the ipsilateral pathway ((Balkema and Drager, 1990; LaVail et al., 1978). Moreover, 

the reduction in the size of the ipsilateral pathway is directly correlated with the amount of 

melanin in the RPE (LaVail et al., 1978). For example, albino cats that entirely lack 

pigmentation exhibit a greater degree of misprojection than Siamese cats, which only partially 

lack pigment (Creel et al., 1982). These data point to a correlation between the amount of 

melanin, or a product associated with melanin, and the specification of ipsilateral and 

contralateral RGCs. Thus, the lingering question of how melanin, or a factor in the melanogenic 

pathway, functions to specify the size of the ipsilateral projection remains. 

Correction of decussation abnormality by tyrosinase transgene 

The most common form of albinism studied, OCA, results from a mutation in the enzyme 

tyrosinase. Tyrosinase catalyzes the conversion of both tyrosinase to L-Dopa, and L-Dopa to 

dopaquinone, two early reactions in melanin synthesis (Fig. 1.4) (Kinnear et al., 1985). As these 

steps are critical to the formation of melanin, manipulation of the tyrosinase gene has proved 

useful in elucidating the etiology of this disorder.  When a yeast artificial chromosome 

containing a functional tyrosinase transgene is inserted into an albino mouse embryo, normal 

pigmentation levels are restored, termination patterns in the dLGN, superior colliculus, and 

pretectum develop normally (Jeffery et al., 1994b), and the number of rods and retinal ganglion 
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cells in the central retina are rescued (Jeffery et al., 1997). Similarly, in a transgenic albino 

mouse model in which tyrosinase expression was induced using the tetracycline system during 

the first week of gestation to adulthood, the number of uncrossed fibers was corrected (Gimenez 

et al., 2004).  

Not only is tyrosinase function critical for retinal development, but the precise regional 

effects of tyrosinase activity are important for proper visual pathway formation. In mice where 

the transgene exhibits a variegated phenotype of tyrosinase nulls such that it is expressed only in 

the periphery and not the center of the RPE, the chiasmatic projections are not affected, but cell 

numbers in the central retina are altered (Gimenez et al., 2005). This result illustrate that the 

disruptions in the albino retina depend on localized interactions between the RPE and retina. 

Moreover, the precise time window of tyrosinase expression is critical for the production of the 

correct number of ipsilateral fibers. Using a lac operator-repressor system, Cronin et al. were 

able to restrict tyrosinase activity to distinct time periods during visual system development and 

found that tyrosinase activity is required during the entire period of ipsilateral RGC genesis 

(Cronin et al., 2003). After the age of E16.5, tyrosinase activity is not crucial for the correct 

number of ipsilateral fibers, which suggests that the abnormal decussation in the albino is a 

consequence of perturbed melanin synthesis altering cell production in the retina at the time 

when the ipsilateral RGCs are born and specified (E11.5-E16.5) (Cronin et al., 2003). 

Although tyrosinase activity is crucial for proper retinal development, the lack of 

tyrosinase itself in the tyrosinase-null mutants is likely not the cause of the reduction of the 

ipsilateral projection. The level of tyrosinase activity does not correlate with the relative 

proportions of ipsilateral and contralateral fibers. Melanin formation is dependent on the amount 

of tyrosinase activity between 0 and 35% of wildtype tyrosinase activity (Rachel et al., 2002b). 
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At levels higher than 35%, melanin formation reaches a saturation point. Likewise, 

overexpression of the tyrosinase gene increases tyrosinase activity, but does not alter the amount 

of melanin or the size of the ipsilateral projection beyond a certain level (Rachel et al., 2002b). 

Mice that are heterozygous for the tyrosinase gene exhibit wildtype levels of melanin and normal 

axon decussation (LaVail et al., 1978; Rachel et al., 2002b). The majority of studies in 

tyrosinase-null animals, including this thesis project, compare heterozygous and homozygous 

littermates as controls and experimental mutants, respectively.  

Curiously, in the OA1 mutant, the hypopigmentation is not caused by a perturbation in 

the melanin synthesis pathway, but in the failure of proper melanosome biogenesis and 

breakdown (Cortese et al., 2005). In these mutants, the number and size of melanosomes is 

perturbed, and as a result, melanin leves are reduced. Tyrosinase activity is not disrupted, yet the 

ipsilateral pathway is still reduced, further supporting the notion that tyrosinase activity itself is 

not sufficient to maintain proper development in albinos (Cortese et al., 2005). Thus, the rescue 

of the albino phenotypes by insertion of the tyrosinase transgene is not necessarily due to 

tyrosinase’s direct action in the RPE or on the retina, but most likely due to its ability to restore 

melanin or a melanin synthesis byproduct.  

The retina as the site of action for abnormal decussation 

The precise mechanism by which the lack of melanin formation in the RPE leads to 

abnormal chiasmatic pathways is unknown. To unravel this mechanism, much work has focused 

on pinpointing the site of action for the chiasmatic routing defect. Initially, the site of action of 

the albino defect was controversial. Several early studies had suggested that melanin in the optic 

stalk may mediate the trajectory of the retinal axons since the onset of melanin presence in the 

optic stalk coincides with fiber outgrowth in that region (e.g.Taylor, 1993). However, in two 
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strains of rats that are pigmented in the RPE but not the optic stalk, the proportion of ipsilateral 

fibers was similar to wild type levels and greater than in albino, suggesting that optic stalk 

pigment is not needed for normal pathfinding (Colello and Jeffery, 1991). Moreover, the 

intermingling of crossing and uncrossing fibers in the optic stalk is similar in pigmented and 

albino mice, suggesting that melanin in the optic stalk does not exert any effects on RGC axon 

organization (Colello and Jeffery, 1991).  

More recently, the retina has been identified as the site of action of the melanin defect. 

Growth patterns of axons through the optic nerve and the cellular organization of the optic 

chiasm were reported to be similar in pigmented and albino mice throughout development 

(Marcus et al., 1996). Further, co-cultures of retinal explants plated with chiasm cells were used 

to test the behavior of chiasm and retinal cells from pigmented and albino mice. In wild type co-

cultures, retinal cells from VT retina grew shorter neurites, mimicking the inhibition of 

uncrossed axons by chiasm cells at the midline in vivo, whereas cells from the other regions of 

the retina grew longer neurites on chiasm cells. In chimeric cultures (mixed genotype), WT and 

albino chiasm cells produced the same response to WT retinal explants. However, when VT 

retinal explants from albino mice that were grown on WT chiasm cells extended longer neurites, 

suggesting that the albino VT retinal cells are designated to have a crossing rather than uncrossed 

phenotype (Marcus et al., 1996). These studies point to disruptions in the retina as the cause of 

the reduced ipsilateral projection in albino mice.  

 

Cell proliferation and maturation in pigmented and albino retina 

The timing of melanin formation and tyrosinase expression coincides with RGC 

production (Beermann et al., 1992; Dräger, 1985a). Moreover, the temporal patterns of 
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production of ipsilateral and contralateral RGCs in pigmented mice are different(Dräger, 1985a), 

but the significance of this difference in terms of RGC axon divergence has not been clarified. 

Melanin, or a factor associated with melanin, may lead to a reduction of the ipsilateral projection 

by regulating cell proliferation and maturation in the retina. To elucidate whether the defects in 

retinal development associated with albinism are a consequence of faulty neurogenesis in the 

retina, several groups have investigated whether patterns of cell proliferation and differentiation 

are altered in the albino retina compared with pigmented retina.  

Studies from Glen Jeffery’s lab have shown alterations of cell proliferation in the albino 

rat retina. In one study, the numbers of mitotic figures, demonstrated by cresyl violet staining 

were shown to be higher in albino retina compared from pigmented retina between E14 – P7 (Ilia 

and Jeffery, 1999). Mirroring this increase, the albino retina appears to be thicker compared with 

pigmented retina during this same time window, accompanied by a subsequent increase in 

pyknotic figures (Ilia and Jeffery, 1999). In albino rat retina, the density of cells in M-phase (per 

mm retina) and proportion of cells that are Ki67+ in the albino rat is significantly greater than in 

pigmented rat, in both central and peripheral retina at P4, but not at E18 and P1(Tibber et al., 

2006). In pigmented retina, the decrease in the proportion Ki67+ cells decreases much more 

dramatically than in albino rat in both central and peripheral retina at postnatal ages. Mitotic 

spindle orientation, which has been shown to influence cell differentiation and specification 

(Cayouette and Raff, 2003), is altered in the albino retina compared with pigmented retina: In 

P1-4 rats, the proportion of vertical divisions is significantly higher in the albino retina compared 

with pigmented retina (Tibber et al., 2006). Vertical divisions versus horizontal divisions may 

produce a different proportion of post-mitotic and mitotic cells, which could explain why mitotic 

profiles and differentiated cell numbers appear to be altered in the albino retina.  
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In addition to perturbed cell proliferation, temporal patterns of retinal cell maturation are 

disrupted in the albino retina.  Webster and Rowe first demonstrated a delay in maturation in the 

albino rat (Webster and Rowe, 1991). They found differences in the temporal gradient of 

development of the outer plexiform layer (OPL), where the photoreceptors form synaptic 

connections with the interneurons of the retina, and the inner nuclear layer (INL), where the cell 

bodies of interneurons reside. During maturation of the pigmented rat retina, the OPL and INL 

both begin to appear at P5 and are first interrupted by progenitors. As these layers develop 

further, they become deplete of mitotic cells. Using cresyl violet staining, Webster and Rowe 

assessed cell numbers in these two layers and found that between P4 and P10, the albino rat 

retina had more mitotic cells in the OPL and INL compared with the pigmented retina (Webster 

and Rowe, 1991). The differences in cell numbers suggested that the albino retinal development 

of these layers was delayed by approximately 30 hours.  

A temporal lag in the differentiation of RGCs has also been described by the use of 

[3H]Thymidine labeling in albino rats compared with pigmented rats (Ilia and Jeffery, 1996). In 

this study, thymidine was injected in pregnant rats carrying albino and pigmented littermates at 

ages between E12 and E21 and labeled RGCs were counted at adulthood in whole mount retinae. 

At earlier ages, the pigmented rat retina contained more positively-labeled cells centrally 

compared with albino retina. Neither pigmented nor albino retina had labeled cells in the 

peripheral retina, which confirms earlier studies describing a center-to-periphery gradient of 

retinal cell maturation (Braekevelt and Hollenberg, 1970). At later ages, more cells were found 

to be positively labeled in the central retina of albino rats compared with pigmented rats, whereas 

the pigmented had a higher concentration of cells in the periphery (Ilia and Jeffery, 1996). 

Similarly, Ilia & Jeffery injected pregnant rats with thymidine at various ages of development 
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and found that in the INL, ONL, and GCL, a greater number of thymidine labeled cells were 

found in each cellular layer examined at adult ages in albino retina compared with pigmented 

retina (Ilia and Jeffery, 2000). In this report, the RGC layer was only examined at the center of 

the retina in both pigmented and albino rats.  

In contrast to these studies, an early overproduction of RGCs was described in albino 

mice at early ages of RGC production compared with pigmented mice (Rachel et al., 2002a). 

Mice were injected with BrdU at different ages, collected 40 hours after injection, and 

immunostained with a BrdU antibody and an antibody that recognizes Islet1 and Islet2 (hereafter 

referred to as Islet1/2 antibody). The Islet1/2 antibody was raised against the Islet1 protein, 

which is expressed in all differentiated RGCs at early ages of retinal development, but also 

recognizes Islet2, expressed in a subset of RGCs. Thus, Islet1/2 serves as a good marker for 

differentiated RGCs before amacrine cells are produced, where Islet1 is expressed as well 

(Elshatory et al., 2007). At earlier ages (E12 + 40 hr), more Islet1/2+ cells were apparent in 

albino retina, as quantified in retinal whole mounts, compared with pigmented retina. Moreover, 

fewer Islet1/2+ cells labeled with BrdU were found in pigmented retina compared with albino 

retina. When BrdU was injected at E14 and collected 40 hours later, the number of Islet1/2+ cells 

was found to be greater in albino retina, but the number of BrdU+ + Islet1/2+ cells was similar in 

pigmented and albino retina. At later ages (E16 + 40 hours) the numbers of both total Islet1/2+ 

cells and BrdU+ + Islet1/2+ cells were similar in pigmented and albino. BrdU labeling in 

conjunction with retrograde labeling from the optic tract produced a similar result. In particular, 

the percentage of ipsilateral cells that were born at early ages of RGC production was greater in 

albino mice compared with pigmented mice (Rachel et al., 2002a). The pattern of perturbed 

neurogenesis may be a result of differences in cell cycle rates in the albino or the inability of the 
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proliferating cells to leave the cell cycle at appropriate times. One caveat of these data, however, 

is that they are represented as the percentage of ipsilateral RGCs born at the age injected with 

BrdU relative to the total number of ipsilateral RGCs. The ipsilateral projection is reduced in the 

albino retina, thus skewing the proportions of ipsilateral RGCs born at each age in the albino 

mouse. This study also reported an expansion of the temporal retinal periphery in the albino 

between E11-E13 (Rachel et al., 2002a), which may reflect the premature production of 

ipsilateral RGCs, localized to the ventrotemporal region of the retina. Rachel et al. additionally 

observed that blocking tyrosinase activity in cultured pigmented eyecups increases the number of 

Islet1/2+ cells (2002).  

Thus, whereas Webster & Rowe (1991) and studies from the Jeffery lab suggest a delay 

in maturation in the albino retina, Rachel et al. (2002) suggests that more ipsilateral RGCs are 

born at early stages of RGC genesis in the albino retina. The discrepancy in these conclusions 

can be attributed to differences in modes of analysis, in the ages examined, in methods of 

quantification, or even how the data was presented. Nonetheless, all of the aforementioned 

birthdating studies suggest that the temporal patterns of maturation are perturbed in the albino 

retina. Rachel et al. (2002) was the first study to directly link a perturbation in neurogenesis to 

the ipsilateral projection, but does not provide a direct explanation and precise mechanism as to 

how the ipsilateral projection is reduced. Aberrant levels of apoptosis could serve as a potential 

means of offsetting an initial surplus of ipsilateral RGCs, but other studies have shown that cell 

death does not play a role in establishing a smaller number of ipsilateral RGCs (Linden and 

Pinto, 1985; Thompson and Morgan, 1993). 

 

Genes That Control Formation of Ipsilateral Projections in the Albino 
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Whereas various studies have investigated perturbations in cell proliferation in the albino 

retina, very little work has addressed the regulation of genes that direct RGCs to project 

ipsilaterally or contralaterally in the albino. Albino mice exhibit a reduction in the number of 

cells that express Zic2 at E14.5 and E16.5, mirroring the reduction of uncrossed fibers (Fig. 1.6a; 

(Herrera et al., 2003)). This reduction in Zic2-expressing RGCs is accompanied by a parallel 

decrease in the number of cells that express EphB1 (Fig. 1.6b, (Rebsam et al., 2012)). These 

changes in gene expression may be caused by direct interactions of these molecules with secreted 

factors from the RPE or may be a consequence of more global defects in the albino retina. 

Molecules such as Zic2 and EphB1 can be used as developmental markers of the ipsilateral 

projection. Moreover, their expression in mice can be used to track the developmental 

establishment of the ipsilateral projection in the albino retina compared with pigmented retina. 

Further studies comparing the expression of axon guidance genes in pigmented and albino retina 

are needed to elucidate the mechanism that underlies the aberrant pathfinding in the albino.  

In many species and systems, precise patterns of proliferation and neurogenesis are 

known to regulate the cell fate decision process; both the acceleration and delay of cell-cycle exit 

have been shown to control the expression of cell fate determinants (Malicki, 2004). Cell cycle 

parameters and the time of birth can influence a cell’s fate (Baumgardt et al., 2009; Dyer and 

Cepko, 2001; Isshiki et al., 2001; McConnell, 1989), but currently no evidence directly links 

these processes in the retina to the specification of ipsilateral and contralateral RGCs. The 

reduction of the ipsilateral projection in the albino could be a consequence of disruptions of 

proliferation and maturation. This hypothesis is consistent with the fact that timing of melanin 

formation coincides with RGC production (Beermann et al., 1992). Thus, melanin, or a factor 

related to melanin synthesis, are good candidates for regulating the specification of these 
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ipsilateral and contralateral populations of RGCs by mediating aspects of progenitor cell 

proliferation, such as the length of cell cycle phases and/or cell-cycle exit. Alternatively, melanin 

or an associated factor may directly control expression of genes that direct midline crossing.  

 

Is communication between the RPE and retina disrupted in the albino? 

 How the pigment in the RPE exerts its effects on the retina has been a long-standing 

question in the attempt to uncover the mechanism by which retinal axon divergence is affected in 

the albino. The RPE plays a critical role in survival and function of the vertebrate eye throughout 

life. The RPE is responsible for the phagocytosis and break down of the tips of the photoreceptor 

rod outer segments, which are shed daily in the light cycle, and this cellular process guarantees 

the constant renewal of the rod outer segments(Boulton and Dayhaw-Barker, 2001). The RPE 

also facilitates the transport of ions and water between the retina and the choroid, mediates the 

movement and storage of retinoids to maintain the visual cycle, forms the outer blood-retinal 

barrier, and protects the eye against free radicals (Boulton and Dayhaw-Barker, 2001). Several 

studies have shown that both in vivo and in vitro, the RPE plays a role in the formation of the 

retina during development. Addition of RPE cells or RPE-conditioned media to dissociated chick 

retinal cells induces the laminar organization of the retinal cells that mimics in vivo lamination 

((Rothermel et al., 1997; Vollmer and Layer, 1986). Similarly, genetic ablation of the RPE at the 

beginning of retinal development has been shown to severely disrupt the laminar structure of the 

retina in mice (Raymond and Jackson, 1995).  

 In the albino, the disruption of melanin synthesis in the RPE is the cause of the numerous 

defects in retinal cell production and specification, further supporting a critical role of the RPE in 

retinal development. However, melanin itself does not directly come into contact with the retina, 
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as it is sequestered in melanosomes and does not travel trans-cellularly (Marks and Seabra, 

2001). That a diverse set of mutations related to pigment can cause the albinism defects suggests 

that a factor associated with or directly influenced by melanin synthesis is released from the RPE 

to regulate retinal cell development. 

L-Dopa and other candidate factors released from the RPE 

Recent work has attempted to identify melanin-related signals released from the RPE that 

normally mediate retinal cell development and are perturbed in the albino. As described above, 

tyrosinase is required for two steps in the melanin synthesis pathway, the first of which converts 

tyrosine to L-Dopa (Fig. 1.4). L-Dopa is also an intermediary in the dopamine synthesis 

pathway. As an intermediary in the melanin biosynthesis cascade and a previously reported 

mitotic regulator, L-Dopa has been implicated as a candidate factor secreted from the RPE to 

influence cell proliferation in the retina. 

Recent work has pointed to dramatic differences in the amount of L-Dopa present in 

pigmented eyes and tyrosinase-deficient albino eyes in both mouse and rat using HPLC (Roffler-

Tarlov et al., submitted for publication; (Ilia and Jeffery, 1999)). In pigmented mouse RPE, L-

Dopa expression begins at E10.5, coincident with the onset of retinal cell production and 

tyrosinase expression and increases throughout pre- and postnatal development until the end of 

the first postnatal month, when retinal cell development is complete (Roffler-Tarlov et al., 

submitted for publication). In the albino mouse RPE, however, L-Dopa is absent from at 

embryonic ages and at postnatal ages is present at significantly lower levels compared with 

pigmented RPE (Roffler-Tarlov et al., submitted for publication). The eyes of albino rats 

similarly have significantly lower levels of L-Dopa compared with the eyes of pigmented rats at 

E17-19, during the peak of retinal cell production, but not at P14 (Ilia and Jeffery, 1999). These 
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results are not surprising, as tyrosinase is absent in albino mice and tyrosinase is required for the 

synthesis of L-Dopa in the eye (Fig. 1.4). The enzyme that catalyzes L-Dopa production in the 

dopamine pathway, tyrosine hydroxlase, is not found in the eye until postnatal ages (Wulle and 

Schnitzer, 1989).  

The lack of L-Dopa in the RPE of the tyrosinase-deficient albino may relate to the altered 

kinetics of the cell cycle in the retina. L-Dopa has been shown to arrest cells in S-phase in 

pigmented RPE cells in vivo(Akeo et al., 1994). In cells that do not contain pigment, L-Dopa 

does not have the same effect (Akeo et al., 1994). Moreover, L-Dopa is able to inhibit the growth 

of pigmented melanoma cells in vivo and in vitro (Wick, 1977). One potential mechanism by 

which L-Dopa may regulate proliferation is through dopamine (DA) (Hampson et al., 1994; 

Ohtani et al., 2003). DA, which depends on L-Dopa for its synthesis, has also been implicated as 

a potential regulator of retinal development (Kralj-Hans et al., 2006). Studies testing the role of 

dopamine in neurogenesis in the brain, however, have shown that increasing dopamine levels 

through L-Dopa feeding or pharmacological activation of dopamine receptors has varying effects 

in different regions and cell types. This could be due to the fact that activation of D1-like 

receptors inhibits G1-S phase entry, whereas activation of D2-like receptors stimulates G1-S 

phase entry (McCarthy et al., 2007; Ohtani et al., 2003). Thus, whether L-Dopa in the eye could 

potentially stimulate mitosis, accelerates cell-cycle exit, or keep cells in cell cycle for longer is 

unclear. Moreover, whether L-Dopa regulates mitosis through the action of dopamine is also 

unknown. While HPLC in embryonic retina reveals no evidence of dopamine present in 

pigmented or albino mice (Roffler-Tarlov et al., unpublished work), the addition of dopamine to 

cultured eyes has revealed the ability of dopamine to regulate proliferation in immature albino 

retinae (Krajl-Hans, 2006). Identical concentrations of exogenously applied DA in vitro have 
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differential effects on cell cycle dynamics in albino and pigmented animals: cell cycle is 

lengthened in mitotic cells of post-natal day (P)0/P1 albino retinae, whereas cell cycle length is 

unchanged in mitotic cells of pigmented retinae of the same age (Kralj-Hans et al., 2006).  

These studies point to a potential role of L-Dopa and dopamine in retinal development. 

Thus, in the absence of L-Dopa, parameters of retinal cell proliferation may be disrupted in the 

albino retina. To test this hypothesis, several groups have attempted to rescue the defects 

characteristic of the albino by restoration of L-Dopa to the eye. When L-Dopa is exogenously 

added to rat eyes maintained in organ culture, it can reverse the increased cell production and 

cell death seen in albinos to similar levels observed in pigmented eyes (Ilia and Jeffery, 1999). It 

also decreases the number of mitotic and pyknotic figures in pigmented retinae, but not to the 

same extent as in albinos. In both pigmented and albino treated with L-Dopa similar numbers of 

mitotic and pyknotic figures are maintained. Similarly, subcutaneous injections of L-Dopa to 

albino rats at P3.5 can reverse the increase in the number of cells in M-phase and the percentage 

of cells dividing in a vertical orientation at P4 to levels present in the pigmented retina (Tibber et 

al., 2006). Moreover, ectopically expressing tyrosine hydroxylase, which converts tyrosine to L-

Dopa without further progression towards melanin in albino mice, also corrects the chiasmatic 

abnormality seen in albinos (Lavado et al., 2006). However, in these transgenic mice, L-Dopa 

levels are similar to those seen in the albino.  

The potential role of L-Dopa in retinal development is further supported by evidence that 

it is able to bind to OA1 (Lopez et al., 2008), the gene mutated in one of the most common forms 

of albinism, OA1 (Oetting, 2002). The interaction between L-Dopa and OA1 stimulates GPCR 

signaling properties, as well as the release of PEDF, a neurotrophic factor that may regulate 

retinal genesis (Lopez et al., 2008).Calcium has been considered as another potential factor in the 
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RPE whose secretion affects retinal development. Calcium is able to bind strongly to melanin 

(Dräger, 1985b) and promotes neurite elongation and growth cone behavior (Gomez and Zheng, 

2006; Mattson and Kater, 1987). The secretion of calcium may be regulated by the pigmented 

cells and in the absence of melanin, excess calcium in the retina may alter the timing of 

developmental events. Melanin’s ability to act as a calcium sink may also play a role in the 

passage of other factors from the RPE to the retina.  

Potential mechanisms of communication between the RPE and retina  

Within the neural retina, mitosis occurs in the ventricular zone, at the border between the 

retina and the RPE. During mitosis, the cells of the retina form numerous gap junctions with RPE 

cells, as seen by electron microscopy in monkey, frog, and chick retina (Cook and Becker, 2009). 

As development is complete, the number and size of the gap junctions are both reduced. These 

gap junctions may provide the route of communication for molecules from the RPE to regulate 

mitosis at the retina (Hayes, 1976). Gap junctions have been shown to play a role in the release 

of ATP from the RPE, which is necessary to stimulate cell proliferation in the chick retina 

(Pearson et al., 2005), but this process has not been studied in the albino. Moreover, gap-junction 

mediated communication in the eye may play a role in the availability of other cell cycle 

regulatory molecules from the RPE, such as calcium, L-dopa, or dopamine. Gap junction 

blockers have been shown to reduce the frequency of calcium waves (Pearson et al., 2004).  

Tibber et al. compared levels of gap junction protein connexin43 (Cx43) in pigmented 

and albino rat retina (Tibber et al., 2007). During the peak period of rod production in rats, the 

level of Cx43 labeling is greater in albino retina compared with pigmented retina, which 

correlates to the elevated levels of mitotic figures described during this period (Tibber et al., 

2007; Tibber et al., 2006). Furthermore, the addition of exogenous L-Dopa to cultured albino 
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retinae was sufficient to decrease the relative area of Cx43 labeling to the same value as that of 

pigmented retinae (Tibber et al., 2007), supporting a potential mechanism by which L-Dopa 

regulates retinal development through gap junctions. 

 

Prospectus of the thesis 

       Many questions remain with respect to the visual system defects in the albino and the exact 

mechanism by which perturbed melanin or melanosome synthesis results in abnormal chiasmatic 

decussation.  Moreover, analysis of the events that lead to the reduced ipsilateral projection in 

the albino can elucidate mechanisms of how ipsilateral and contralateral RGCs are specified. 

Disruptions of cell proliferation and genesis, as well as gene expression with respect to retinal 

axon divergence, have been described in albino animals, but whether the disruptions in 

neurogenesis are linked to expression of these axon guidance genes is unclear. Moreover, L-

Dopa has been shown to be missing from the tyrosinase-deficient retina, and is a candidate for 

release to the neural retina. L-Dopa may regulate cell proliferation, and because the kinetics of 

cell differentiation are linked to cell specification, L-Dopa may regulate the expression of genes 

specifying the ipsilateral projection. The links between some of these findings will be made in 

my thesis.  

Chapter 2 of this thesis, which was carried during the course of my rotation, describes a 

defect in eye-specific retinogeniculate targeting in the albino mouse. We found that a population 

of RGCs from the ventrotemporal (VT) retina cluster into an aberrant patch on the contralateral 

dLGN. We predicted that this population corresponded to those fibers that project ipsilaterally in 

wildtype mouse, but are misrouted to project contralaterally in the albino mouse. This then led us 
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to consider differences in specification and gene expression in the albino retina that could 

potentially cause misrouting and targeting of RGCs from the VT retina.  

In Chapter 3, I turn my attention to these putative differences in gene expression and 

RGC genesis in the albino VT retina during the period of RGC production. The number of cells 

that express the transcription factor Zic2 has previously been shown to be decreased in the albino 

mouse retina compared with pigmented retina. Examining the Zic2 phenotype in the albino retina 

in greater detail can solve several unanswered questions regarding the establishment of the 

ipsilateral projection during development. The chapter begins by illustrating the distribution of 

Zic2+ cells in the VT retina of albino versus pigmented mice. I next examined whether the 

reduction of Zic2+ cells in the albino mouse retina is a consequence of a reduction of 

differentiated RGCs in the retina, using Islet1/2 as a marker of differentiated RGCs. At postnatal 

and adult ages, various groups have reported a reduction in RGC density in the central retina of 

albinos, but no differences have been found in cell density in the peripheral retina of albinos. I 

found the number of Islet1/2+ RGCs in VT retina to be reduced when the ipsilateral projection is 

being established. At E17, however, the number of both Zic2+ and Islet1/2+ cells was found to be 

similar in the peripheral VT retina. 

This led to the hypothesis that the wave of RGC production is delayed in pigmented and 

albino mice in the VT retina, prompting the use of Edu labeling in conjunction with Islet1/2 and 

Zic2 labeling. Moreover, the question of whether there is an increased contralateral population 

that is established during the late phase of axon outgrowth is assessed using retrograde labeling 

with rhodamine dextran and comparisions of contralateral marker expression.  

In Chapter 4, I investigate the relationship between the RPE and the retina. In particular, 

I focused on L-Dopa as a potential factor released from the RPE that regulates retinal 
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development, whose absence in the albino may cause chiasmatic misrouting. By feeding 

pregnant females L-Dopa, I tested the effect of L-Dopa on the retina, and found that restoration 

of L-Dopa to the eye could rescue the phenotypes associated with the reduction of ipsilateral 

fibers 

In Chapter 5, I review the results of these experiments and discuss their interpretation 

and significance. I also present my view on the current status of the field of albinism, what 

questions persist, and what future directions should be pursued to clarify mysteries that remain. 

Chapter 6 provides a detailed description of the materials and methods utilized to carry out this 

thesis project.  
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CHAPTER 2 
 
 
 
 
 
 

EYE-SPECIFIC PROJECTIONS OF RETINOGENICULATE 
AXONS ARE ALTERED IN ALBINO MICE 
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Chapter 2: PREFACE 

 In 2006, I rotated in the Mason laboratory under the guidance and direction of Dr. 

Alexandra Rebsam, a former post-doctoral candidate. At the time, she had made an intriguing 

finding on the retinogeniculate projection in the EphB-/- mutant, which also has a reduction of 

ipsilateral fibers. Fibers that are misrouted contralaterally terminate in the contralateral dorsal 

lateral geniculate nucleus (dLGN) in the appropriate ipsilateral fiber-recipient territory, and these 

fibers segregate as a patch. She aimed to investigate whether a similar RGC phenotype occurs in 

the albino mouse given that it also displays a reduced ipsilateral RGC projection. She recruited 

me to work with her on this question and trained me in an anterograde labeling technique and 

other methods frequently used on the mouse visual system. Moreover, I was introduced to the 

long-standing mystery of chiasmatic decussation defect in albinos. In this chapter, I present the 

findings discovered during my rotation project that spurred many of the questions examined 

throughout this thesis. These results were published as part of a Brief Communication in Journal 

of Neuroscience (Rebsam et al., 2012).  

 

Chapter 2: INTRODUCTION 

The dorsal lateral geniculate nucleus (dLGN), which resides in the thalamus of each side 

of the brain, receives input from retinal ganglion cells (RGCs) in both eyes. The relay cells in the 

dLGN project to higher visual centers to begin the process of visual perception. The partial 

decussation of RGC fibers takes place at the optic chiasm and ensures the process of binocular 

vision.  

The retinogeniculate projections exhibit topography, such that neighboring RGCs target 

to neighboring regions of the dLGN, and eye-specific segregation. In primates and carnivores, 
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the ipsilateral and contralateral projections target to different layers. In rabbits and rodents, on 

the other hand, the dLGN is not laminated, but still exhibits separate ipsilateral- and 

contralateral-recipient regions (So et al., 1990). In mice the ipsilateral input projects to the center 

of the dLGN and the contralateral inputs project to the region surrounding the ipsilateral inputs. 

As described in Chapter 1, the EphB1 receptor regulates the uncrossed projection and is 

expressed in VT RGCs during the time that the ipsilateral projection is established. In EphB1-/- 

mouse, fewer RGCs project ipsilaterally, as is observed in the albino mouse. Our lab has 

previously published that in the EphB1 null mutant, fibers from the VT retina that misproject 

contralaterally target to the ipsilateral-recipient zone of the contralateral dLGN (Rebsam et al., 

2009). This suggests that even though these VT RGCs project to the opposite side of the brain 

because they lack the receptor to repulsive ephrin-B2 at the midline, they still innervate the 

correct region of the dLGN. The aberrant projection is segregated from the normal ipsilateral and 

contralateral RGC projections, and this segregation is activity-dependent (Rebsam et al., 2009). 

These findings raised the question of whether the albino, which also exhibits a reduced ipsilateral 

projection, displays a similar targeting phenotype. We thus turned our attention to analyzing 

retinogeniculate targeting in a mouse that is deficient in tyrosinase (Tyrc-2j/c-2j mouse). This 

mouse is the most commonly used model for albinism and is used throughout this thesis project. 

In this chapter, we reveal a population of abnormally targeted contralateral fibers in the albino 

mouse, which has never before been described. However, the phenotype does not resemble the 

EphB1 mutant, and suggests that VT RGCs are misspecified in the albino. 

 

Chapter 2: RESULTS 

The ipsilateral retinogeniculate projection is disrupted in the albino brain 
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To label the eye-specific retinogeniculate pathways, we injected each eye of pigmented 

and albino mice (P31) with a different colored cholera toxin B (CTB) conjugated to an 

Alexafluor. The distribution of ipsilateral and contralateral projections was analyzed in coronal 

sections of the dLGN. The ipsilateral fibers of albino mice and pigmented mice project to the 

same region of the dLGN (Fig 2.1). However, the proportion of the dLGN innervated by 

ipsilaterally projecting axons is reduced by 48% in the albino mouse, as expected.   

 

A population of contralateral fibers forms an aberrant patch in the dLGN 

 In addition to the reduction of the ipsilateral projection, previously described in many 

species(Guillery et al., 1975; Guillery, 1969), the albino mouse also exhibits a striking feature in 

the contralateral-recipient zone of the dLGN. An aberrant patch of contralateral fibers targets the 

caudal dLGN and is segregated from the rest of the contralateral fibers (Fig. 2.1d, white arrow) 

in every labeled albino brain. This pronounced cluster of axons terminates near the dorsal tip of 

dLGN in the region that the late-born crossing VT RGCs innervate (Pfeiffenberger et al., 2006).  

 

Abnormally-targeting contralateral fibers arise from VT retina 

 To test whether this aberrant population of fibers arises from the VT retina, we performed 

focal injections in the VT region of pigmented and albino eyes at P15. For each animal, one 

whole eye was injected with CTB and the other eye was injected with 1,1',di-octadecyl-3,3,3'3'-

tetramethylindocarbocyanine perchlorate (DiI), such that labeling was restricted to the VT 

region. In both pigmented and albino brains, a population of contralateral projections innervate 

the dorsal tip of the dLGN (Fig. 2.2a,c), confirming previously published reports that described 

the mapping of different regions of the retina to their corresponding regions of innervation in the 
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dLGN (Pfeiffenberger et al., 2006). These localized injections demonstrated that the aberrant 

patch observed in albino mice consists of contralateral fibers that project from the VT retina (Fig. 

2.2d). Although these axons cluster together, they project adjacent to the topographically-correct 

region of the dLGN, close to the late-born contralaterally-projecting VT RGCs described in wild 

type mice (Dräger, 1985a; Pfeiffenberger et al., 2006). However, because they are segregated 

from the rest of the crossing population, they may be differently specified than the other VT 

RGCs.  

 

Chapter 2: DISCUSSION 

 In this chapter, we examined retinogeniculate targeting in the albino mouse. The 

reduction of the ipsilateral projection to the dLGN has been previously described in albino mice 

(Guillery et al., 1973) (Cronin et al., 2003), but this is the first report of an abnormal patch of 

contralaterally-projecting axons arising from VT retina in the dLGN. The EphB1-/- mutant 

similarly revealed an aberrant population of VT RGCs that is misrouted to project contralaterally 

instead of ipsilaterally and that segregates from the rest of the contralateral population to form a 

patch in the dLGN (Rebsam et al., 2009). However, the segregated patch in the EphB1 knockout 

innervates the ipsilateral-recipient zone, suggesting that the EphB1-deficient fibers that are 

misrouted to the opposite side of the brain maintain the molecular information to project to the 

same region of the dLGN as in pigmented mice. The albino’s aberrant contralateral patch, in 

contrast, was detected in the caudal sections of the dLGN near the dorsal tip, where the normal 

cohort of late-born crossing VT RGCs projects its axons (Pfeiffenberger et al., 2006). However, 

this population may be molecularly distinct, causing it to segregate from the rest of the crossing 

VT RGC population. I hypothesize that this patch may correspond to axons of RGCs from VT 
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retina that have been misspecified in the albino retina at the time when RGCs are specified to 

project ipsilaterally. Our previous results have shown that there are fewer cells in the albino 

retina that express the transcription factor, Zic2, during the time when the ipsilateral projection is 

established, supporting the idea that there is a population of misspecified RGCs in the albino 

retina that lose their ipsilateral identity. This population may instead be specified to project 

contralaterally in the albino visual system, in a manner similar to the late-born RGCs in 

pigmented VT retina, while retaining some aspects of its ipsilateral identity, thereby causing it to 

segregate from the rest of the VT crossing population. Thus, the patch may correspond to a third 

population of cells, which exhibit a combination of ipsilateral and contralateral identities. To test 

whether the RGC axons that comprise the abnormal patch correspond to misspecified RGCs, one 

could use fate mapping of Zic2+ cells or Islet2+ cells by indelibly marking all Zic2+ or Islet2+ 

cells with fluorescence using a Cre-lox system. The questions of when the misrouted RGCs are 

born, how they are specified, and how they are different from the rest of the crossing VT RGCs 

still remain.  

The targeting to the dLGN exhibited by albino mice in this chapter differs from targeting 

phenotypes reported in other albino mammals. As described in Chapter 1, retinogeniculate 

targeting has been intensely studied in the Siamese cat, which is not entirely albino. Siamese cats 

have a temperature-sensitive mutation, resulting in hypopigmentation in some regions and a 

reduced ipsilateral projection (Guillery, 1969). The cat, unlike the mouse, has a laminated dLGN. 

However, the increased contralateral input from temporal retina fuses with the normal 

contralateral layer. Other mammals, including rats and rabbits, which do not have laminated 

dLGNs but do have eye-specific segregation, exhibit a similar targeting phenotype in albinos, 

such that the ipsilateral-recipient zone is disrupted by contralateral input (Guillery et al., 1971). 
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In these examples, the contralateral input that interposes the ipsilateral-recipient zone merges 

with the rest of the contralateral population that is in the correct contralateral layer, whereas in 

the albino mouse, the aberrant contralateral input neither innervates the ipsilateral region nor 

fuses with the other contralateral fibers. These disparities may be due to differences in mice 

versus other animals with respect to the constraints of eye-specific segregation and topography, 

the relative proportions of ipsilateral and contralateral projections, and overall size and 

organization of the dLGN. For example, in mice, the ventrotemporal region, where ipsilateral 

RGCs reside, also contains contralateral RGCs. In cats, however, the ipsilaterally-projecting 

temporal region does not contain many contralaterally-projecting cells, except for in albino and 

Siamese mutants. These differences could affect eye-specific segregation and topography in the 

dLGN. In albino mice, the aberrant contralaterally-projecting fibers appear to target the correct 

region based on eye-specific segregation, near the dorsal tip of the dLGN with the rest of the VT 

contralateral fibers. In the cat, the misrouted fibers project to their topographically-correct zone, 

just on the contralateral side.  

In conclusion, the albino mutation ultimately alters both axon targeting and eye-specific 

segregation of fibers in the dLGN. A population of VT RGCs are differently specified such that 

they project to their topographically-correct region, but segregate from the rest of the 

contralateral population. The reduction in Zic2+ cells in albino mice point to a change in cell 

specification of VT RGCs as well (Herrera et al., 2003). How the VT RGCs of the albino mouse 

retina are differently specified is unclear and the basis for the experiments carried out in Chapter 

3. For future directions, the defects in RGC specification, retinal axon guidance, and targeting to 

the dLGN in the albino mouse could serve as reference points for rescue experiments and give 

insight into how a disruption of melanin synthesis affects normal retinal development.
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Chapter 2: FIGURE LEGENDS 

Figure 2.1: Retinogeniculate projections in pigmented and albino mice. 

A-D, Coronal sections through the dLGN after whole-eye anterograde CTB tracing at P31. In the 

dLGN, the segregated ipsilateral RGC-recipient zone is surrounded by the contralateral RGC-

recipient zone in both pigmented (A,B) and albino (C,D) mice. C, In albino mice, the ipsilateral 

input to the dLGN is smaller than in pigmented mice. D, A population of contralateral fibers 

form an abnormally segregated patch in the caudal sections near the dorsal tip of the dLGN in 

the albino (arrowhead). E, Scheme depicting retinogeniculate projections in pigmented and 

albino mice and aberrant contralateral patch in albino mice.  
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Figure 2.2: Aberrant contralateral patch arises from VT retina. A-D, VT retina anterograde 

tracing in one eye and whole-eye tracing in the other eye at P15. A-D, At P15, VT RGCs project 

contralaterally to the dorsal tip of the dLGN in medial sections in both pigmented (A,B) and 

albino (C,D) mice. C,D, In albino mice, the abnormal contralateral patch described in Fig. 2.1 

arises from the VT retina and targets near the late-born contralateral input in dorsocaudal dLGN. 

E, Scheme depicting whole-retina retinogeniculate projection from the left eye and VT-specific 

retinogeniculate projection from the right eye. 
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CHAPTER 3 
 
 
 
 
 
 

PERTURBATIONS OF NEUROGENESIS IN THE RETINA 
LEAD TO A REDUCED IPSILATERAL PROJECTION 
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Chapter 3: INTRODUCTION 

In the previous chapter, we discovered a population of RGCs from the VT retina whose 

axons form a cluster in the albino dLGN near the region that is innervated by the late crossing 

VT population. We hypothesized that this population of RGCs corresponds to RGCs that are 

normally specified to express Zic2 and project ipsilaterally in pigmented mice, but do not 

express Zic2 in the albino and therefore project contralaterally. This would suggest altered RGC 

specification and guidance fate in the VT retina during the development of the ipsilateral and 

contralateral RGCs in the albino. This chapter is a careful examination of the pigmented and 

albino VT retina throughout RGC development, in terms of the differences in transcription factor 

and guidance factor expression. To investigate whether altered specification results from 

perturbed neurogenesis, I compared the temporal patterns of cell production in the VT retina of 

pigmented and albino mice at the time when RGCs are specified to project ipsilaterally.  

The expression of Zic2, a transcription factor that directs the ipsilateral projection, is a 

powerful tool utilized in this chapter to elucidate differences in the establishment of the 

ipsilateral projection in albino and pigmented retina. The reduction of Zic2+ cells in the albino 

retina mirrors the reduction of the ipsilateral projection in the albino retina (Herrera et al., 2003). 

As Zic2 is transiently expressed in RGCs fated to project ipsilaterally and downregulated around 

the time that these projections reach the chiasm (Herrera et al., 2003), Zic2 expression serves as 

a means of marking the cells that will project ipsilaterally and delineating the period during 

which the ipsilateral projection is established.  

Using retrograde labeling in adult mouse visual system, Drager & Olsen found that the 

area spanned by ipsilaterally-projecting RGCs is similar in pigmented and albino adult retina 

(Drager and Olsen, 1980). The Drager study also compared the density of ipsilateral RGCs at 



 50 

incremental distances from the periphery and concluded that the ipsilateral RGC density near the 

periphery was greater in the albino, but that the density towards the center was greater in 

pigmented retina. However, the measure of density in this analysis was the number of ipsilateral 

RGCs at the particular distance from the periphery relative to total ipsilateral RGCs. The albino 

mouse exhibits fewer ipsilateral RGCs, which skewed the density data in Drager & Olsen’s 

analysis (Drager and Olsen, 1980). In this chapter, we first compared the distribution and density 

of Zic2+ RGCs in pigmented and albino mice and arrayed the raw data.  

We next examined whether there are alterations of neurogenesis in pigmented and albino 

retina in the VT regions using Islet1/2 as a marker. Numerous studies have illustrated differences 

in RGC numbers in the central and peripheral retina at postnatal ages (Donatien et al., 2002; 

Jeffery and Kinsella, 1992; Stone et al., 1978) but there has been no assessment of total RGC 

number in the VT region of the albino retina compared to pigmented retina during the period of 

Zic2 expression. Alterations in the temporal patterns of RGC production in the albino VT retina 

could alter differentiated cell numbers in VT retina and underlie the reduction in ipsilateral 

RGCs. Here, I quantified Zic2+ cells relative to differentiated RGCs, using an antibody to 

Islet1/2 as a marker, and found that the number of differentiated RGCs is reduced in albino VT 

retina compared with pigmented VT retina at E15.5. To explain the differences seen in 

differentiated RGC numbers in pigmented and albino retina, I performed birthdating of the Zic2+ 

cells and found that there are differences in the pace of production of ipsilateral RGCs in the 

albino compared with pigmented retina. Finally, I assessed whether the reduction of the 

ipsilateral projection is accompanied by an increase in the contralateral projection from the retina 

of the albino mouse.  
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Chapter 3: RESULTS 

The distribution, but not number, of Zic2+ cells is similar in pigmented and albino retina at 

E15. 

To determine whether the reduction in the number of Zic2+ cells in the albino retina is 

characterized by a decrease in the density of Zic2+ cells throughout the VT region or by a 

reduction of the area spanned by Zic2+ cells, we counted the numbers of Zic2+ cells at 

incremental distances from the periphery in a manner similar to Drager &Olsen (1980). In Figure 

3.1, we compared the distribution and extent of Zic2+ RGCs from the periphery towards the 

center of the retina in pigmented and albino mice at E15.5. Pigmented and albino flat-mounted 

retinae were labeled with an antibody that detects Zic2 (Figure 3.1a), and Zic2+ RGCs were 

counted from the periphery towards the center of the retina in equidistant 75 um sectors 

(depicted by the cartoon in Fig. 3.1b). All counting in Figure 3.1b was executed by 

undergraduate student, Ilana Rayport, under my direction. Zic2 is also expressed in the ciliary 

marginal zone, a proliferative zone in the periphery of the retina, but these cells, which are 

morphologically different from RGCs, were not counted. At E15.5, the distribution and peak of 

Zic2 expression is similar in albino and pigmented retina (Fig. 3.1b). However, the number of 

Zic2+ cells in every sector from the periphery is reduced in the albino retina, suggesting that the 

albino exhibits a decrease in the density of Zic2+ cells throughout the entire VT region, rather 

than a decrease in the area spanned by Zic2+ cells. To discount the possibility that the reduction 

of Zic2+ cells is attributed to an overall reduction in the size of the retina, wholemount retinal 

areas were measured in pigmented and albino mice using Meta Imaging Series Metamorph 7.0 

(Fig. 3.1c). Retinal area in pigmented and albino mice at E15.5 was found to be the same, 

suggesting that the decrease in Zic2+ cells in the albino is independent of the size of the retina.  
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At E15.5, the reduction in Zic2-expressing cells mirrors a reduction of differentiated RGCs 

in the VT retina 

The results in Figure 3.1 suggest that the density of cells in the VT retina is reduced in 

the albino, but that the reduction of ipsilateral projections is not reflected by a shift in the line of 

decussation. However, this analysis does not indicate the number of Zic2+ cells relative to total 

number of differentiated RGCs. Is the decrease of Zic2+ cells is a consequence of a reduction of 

total RGCs in the VT retina? If so, then the proportion of Zic2+ cells should be similar in 

pigmented and albino retina. If not, then the number of Zic2-negative cells should be 

concomitantly higher in the albino retina at this age. To address these questions, I developed a 

method of quantifying RGC numbers in the region expressing Zic2. An antibody to Islet1/2, a 

marker of differentiated RGCs, was used in combination with an antibody to Zic2 in frontal 

sections of the retina (Fig. 3.2). Islet2 is expressed in a subset of RGCs and Islet1 is expressed in 

all differentiated RGCs during RGC development, as well as other cell types at later ages 

(Eshatory et al., 2007). Not all Zic2+ cells were Islet1/2+. In every other section, the retina was 

divided into sectors whose inner retinal distance was 100 pixels (1 pixel = 0.3205 µm, Fig. 3.3a). 

Two populations of cells, (1) Zic2+ + Islet1/2+ and (2) Islet1/2+ only, were counted across sectors 

from the periphery to the center of the retina. The data was arrayed in three-dimensional 

histograms to gain a sense of differences between pigmented and albino retina (data not shown). 

However, in order to assess mean values and perform statistical analysis, two representative 

sections (the 2nd and 4th sections caudal to the section where the optic nerve exits the eye) for 

each case were selected.  
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First, I found that similar to the reduction of Zic2+ cells (Fig. 3.3b), the number of 

Islet1/2+ cells in the VT region of the albino retina is diminished compared with pigmented 

retina at E15.5 in all but the two most peripheral sectors (Fig. 3.3c, left) and when summed 

across the sectors (Fig. 3.3c, right). At E14.5, a similar reduction was seen in both Zic2+ and 

Islet1/2+ cells in the VT retina of the albino mouse compared with pigmented mouse (pigmented 

n=1, albino n=1, data not shown), confirming that the VT retina contains fewer differentiated 

RGCs during the peak of Zic2 expression.  

Furthermore, at E15.5, the percentage of Islet1/2+ cells labeled with Zic2 was not 

significantly different in pigmented and albino retina in the VT retina (Fig. 3.3d, right), 

suggesting that the decrease in Zic2+ RGCs in the albino is a consequence of a decrease in the 

production of total RGCs at E15.5. However, when the percentages were arrayed for each 

individual sector, I found that the the 5th sector from the periphery exhibits a statistically 

significant decrease in the percentage of Islet1/2+ cells that are Zic2+, indicating that the number 

of Zic2+ cells is reduced to a greater degree than the number of Islet1/2+ cells in this sector. 

Although the data suggest that the reduction of cell numbers is not just specific to Zic2+ cells, it 

is possible that the Zic2+ cell population is affected to a greater degree than the other RGCs, due 

to differences in cell-cycle kinetics between Zic2-postivie and Zic2-negative cells.  

To discount the possibility that fewer Zic2+ and Islet1/2+ cells are found in the albino 

retina due to differences in size of the retina, retinal area was measured in coronal sections. 

Retinal area in the two representative frontal sections was found to be similar in pigmented and 

albino mice (Fig. 3.3e).  

Additionally, I counted the number of Islet1/2+ cells in dorsotemporal (DT) region of the 

same representative sections used for VT analysis described above and found that the number of 
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Islet1/2+ cells was not significantly different in pigmented and albino retina (Fig. 3.4), 

demonstrating that the decrease in the number of differentiated RGCs at E15.5 is specific to VT 

retina.  

 

At E17.5, the number of Islet1/2+ cells is similar in albino and pigmented VT retina 

 Does the reduction in the number of Islet1/2+ cells in VT retina at E15.5 persist 

throughout development? Previous studies have shown that at adult ages, the number of RGCs in 

the periphery is similar in pigmented and albino retina ((Drager and Olsen, 1980; Jeffery and 

Kinsella, 1992). To confirm the validity of these results specifically in the VT retina and 

ascertain the age at which the numbers of RGCs equalize, I compared the numbers of Zic2+ and 

Islet1/2+ cells at E17.5 in pigmented and albino retina in the region that expresses Zic2. At 

E17.5, Zic2 has been downregulated in most cells that expressed it at E15.5 and is upregulated in 

the most peripheral immature RGCs (Herrera et al., 2003). The number of Zic2+ RGCs in albino 

retina is not significantly different compared with pigmented retina, unlike what is observed at 

E15.5 (Fig. 3.5). There is, however, a trend towards fewer numbers of Zic2+ RGCs in albino 

retina compared with pigmented retina.  

At E17.5, the number of Islet1/2+ cells in VT retina does not differ in pigmented and 

albino mice both in individual sectors (Fig 3.5c, left) from the periphery to the center of the 

retina, and when totaled across the defined VT region (Fig 3.5c, right). To confirm that all 

Islet1/2+ cells at E17.5 were RGCs as opposed to other cell types, as has been implied in 

pigmented retina in previous reports (Elshatory et al., 2007), I co-immunostained Islet1/2 with 

Brn3, a marker of only RGCs (Badea et al., 2009). I found that all Islet1/2+ cells were also Brn3+ 

(data not shown). There may be a trend towards fewer Zic2+ RGCs and not Islet1/2+ cells at 
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E17.5 because Zic2 is transiently expressed in RGCs and thus, may have been downregulated in 

some RGCs between E15.5 and E17.5 and not in others. The trend of fewer Zic2+ RGCs in 

albino retina at E17.5 may reflect the the smaller number observed at earlier ages.  

At E15.5, the VT region exhibits a reduction in the number of Zic2+ and Islet1/2+ cells. 

At E17.5, however, the number of Zic2+ + Islet1/2+ cells is similar, suggesting that differences in 

the temporal patterns of RGC production exist between the pigmented and albino VT retina. 

Before E15.5, the pattern of neurogenesis in the albino results in fewer differentiated RGCs, but 

at later ages, cell production may be accelerated, leading to an equal number of differentiated 

RGCs in VT retina of pigmented and albino mice. 

 

Differences in neurogenesis in pigmented and albino retina 

 Various studies have already described differences in the timing of cell maturation in the 

albino retina compared with pigmented retina. None of these studies have performed birthdating 

with respect to the Zic2+ RGCs in mouse retina. To assess whether there are differences in the 

temporal patterns of RGC production in the VT region of pigmented and albino retina during the 

period of Zic2 expression, I performed 5-ethynyl-2′-deoxyuridine (Edu) labeling in conjunction 

with Zic2 and Islet1/2 staining. Differences in the pattern of neurogenesis of VT RGCs during 

the peak of Zic2 expression could potentially explain the lower number of Zic2+ cells apparent in 

albinos. Edu, similar to BrdU and [3H]Thymidine, is incorporated into DNA and labels cells 

undergoing S-phase (Salic and Mitchison, 2008). Edu was injected either 1 or 2 days before 

collection and sacrifice. Sections were then immunostained for Zic2 and Islet1/2 and Edu signal 

was detected by a fluorescent azide. The quantification method described above for Zic2 + 

Islet1/2 analysis across sectors from the center to the periphery of frontal cryosections was used 
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for all Edu experiments. The following four population of cells were scored: (1) 

Edu+/Zic2+/Islet1/2+ cells, (2) Edu+/Islet1/2+/Zic2- cells, (3) Edu-/Zic2+/Islet1/2+ cells, (4) 

Islet1/2+ only cells, allowing for an assessment of the relative number of cells born various ages.  

Edu injected at E13 and embryos collected at E15.5: 

 At this age, I found that the number of Islet1/2+ cells labeled with Edu and the number of 

Zic2+ + Islet1/2+ cells labeled with Edu are reduced in the albino compared with pigmented VT 

retina (Fig. 3.6c,d). This indicates that there are fewer RGCs and Zic2+ RGCs at E15.5 that 

became postmitotic at E13.5 in the VT region of albino retina compared with pigmented retina. I 

hypothesize that fewer Islet1/2+ RGCs are born at E13, consequently reducing the number of 

Zic2+ cells born at this age. The difference in maturation of VT RGCs is most likely attributed to 

differences in cell-cycle kinetics at E13.  

Edu injected at E14 and embryos collected at E15.5: 

 In retinae injected at E14 and collected at E15.5, the numbers of total Islet1/2+ cells 

labeled with Edu and the numbers of Zic2+ + Islet1/2+ cells are similar in pigmented and albino 

VT retina (Fig 3.7c,d). This suggests that at E14, the VT retina produces a similar number of 

RGCs, both Zic2+ and Zic2-, in pigmented and albino mice. Moreover, in both pigmented and 

albino retina, many more Zic2-expressing cells at E15 become post-mitotic at E14 than at E13 

(Fig. 3.6 and Fig. 3.7), providing evidence that the Zic2+ cells are immature.  

Edu injected at E15 and embryos collected at E17.5: 

 At E17.5, the number of Islet1/2+ RGCs labeled with Edu after an injection at E15 is 

greater in albino VT retina than in pigmented VT retina (Fig. 3.8c). However, the number of 

Zic2+ cells at E17.5 that differentiate at E15 is similar in pigmented and albino retina (Fig 3.8d). 

Thus, there are additional cells born in the albino at E15 that do not express Zic2, since the 



 57 

numbers of Zic2+ RGCs born at E15 are similar. These data would therefore suggest that the 

extra cells born at E15 in the albino retina are specified to project contralaterally at later ages.  

 These findings indicate that the temporal pattern of cell production differs between 

pigmented and albino VT retina from E13 – E15. The scheme in Fig. 3.9 illustrates a delayed 

wave of neurogenesis corresponding to the results of the Edu experiments (Fig. 3.9). In 

summary, at earlier ages (E13), the number of RGCs produced in the VT retina is lower in albino 

compared with pigmented retina, explaining the reduction of both total Islet1/2+ cells and Zic2+ 

RGCs.  At E14, the number of RGCs produced in VT retina is similar in pigmented and albino. 

Later at E15, however, the albino VT retina produces RGCs at a faster rate than the pigmented 

VT retina is producing RGCs, which explains the equalization of Islet1/2+ RGCs shown in Fig 

3.5.  

 

Is there an increase in the number of RGCs that project contralaterally in albino retina?  

The quantification of Zic2+ RGCs and Islet1/2+ cells in combination with birthdating 

indicate that more RGCs are born later in the VT retina of albino mice compared with pigmented 

mice. Since these late-born RGCs do not express Zic2, they may be consequently fated to project 

contralaterally. Moreover, the anterograde tracing data described in Chapter 2 shows that an 

aberrant cohort of contralateral fibers from VT retina project to the dLGN near the dorsal tip, the 

area innervated by the late-born crossing fibers and, interestingly, are segregated. These data 

point to the possibility that a population of cells in the VT retina that is fated to project 

ipsilaterally in the pigmented mouse visual system, is misspecified to project contralaterally in 

the albino mouse. To test this hypothesis, we examined contralateral marker expression and 
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retrograde labeling in pigmented versus albino VT retina during the peak and late phases of RGC 

development.  

Contralateral marker expression in albino VT retina 

To determine if the albino exhibits an increase in the number of fibers specified to project 

contralaterally, I analyzed expression of contralateral markers, NrCAM and Islet2, in the albino 

and pigmented VT retina at E15.5 and E17.5. Figure 3.10, which qualitatively compares NrCAM 

and Islet2 expression in pigmented and albino VT retina, was published in Rebsam et al. (2012) 

(Fig. 3.10). At E15.5, NrCAM expression, revealed by in situ hybridization, is qualitatively 

similar in VT retina of pigmented and albino mice (Fig. 3.10). At this age, Islet2 is expressed in 

central retina and does not extend into the region where Zic2 is expressed (Fig. 3.10b). I did not 

expect an increase in NrCAM expression at E15.5 because the number of differentiated RGCs in 

the VT region at this age is reduced in the albino compared with pigmented. Similarly, at E17.5, 

the expression of neither NrCAM nor Islet2 differed in albino and pigmented VT retina.  

After publishing this work in Rebsam et al. (2012) and learning that there is an extra 

population of RGCs born at E15 in albino VT retina that do not express Zic2 at E17.5, we 

decided to co-immunostain pigmented and albino retinae with Islet2 and Islet1/2 (Fig 3.10c), and 

more precisely quantify the numbers of Islet2-positive RGCs (Fig. 3.10d). I found that there are 

more Islet2, Islet1/2 double positive cells in albino VT retina compared with pigmented VT 

retina at E17.5 (Fig. 3.10d)  

The number of contralaterally projecting RGCs is unchanged in albino VT retina at E18.5 

 To directly ascertain whether the reduced ipsilateral projection is accompanied by a 

complementary increase in the contralaterally-projecting RGCs, I combined Zic2 

immunohistochemistry with retrograde labeling of pigmented and albino RGCs by applying 
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rhodamine dextran to the optic tract (Fig. 3.11). At E18.5, the cells in the VT retina that were 

positive for rhodamine dextran were not positive for Zic2, confirming previous reports that Zic2 

is downregulated in RGCs when their respective axons reach the chiasm (Herrera et al., 2003). 

Zic2 labeling was used to demarcate the lateral boundaries of the VT zone and sectors of 50 

pixels (1 pixel = 1.034 µm) in width were marked from the periphery of the VT retina towards 

the center. The contralateral cells in one eye and ipsilateral cells in the other eye of the same 

animal were counted in the defined region across the sectors. At E18.5, the number of 

contralaterally-projecting RGCs is similar in pigmented and albino VT (Fig. 3.12a). In contrast, 

the number of ipsilaterally-projecting RGCs is lower in albino VT retina compared with 

pigmented VT retina, agreeing with Fig. 3.1 and previously reported data (Drager and Olsen, 

1980). At E18.5, the proportion of RGCs that project contralaterally is similar in pigmented and 

albino retina (Fig. 3.12b).  

 

Chapter 3: DISCUSSION 

A transient reduction in the number of differentiated VT RGCs in the albino mouse 

 This chapter uncovers perturbations of neurogenesis that lead to the reduction of the 

ipsilateral projection in the albino mouse visual system. Taking advantage of the expression of 

transcription factor, Zic2, which strongly correlates with the ipsilateral projection, I focused on 

the spatial and temporal development of the ipsilateral population in the albino mouse. The 

finding that the number of Islet1/2+ RGCs in the VT retina is diminished during the precise time 

when the ipsilateral population is established directly links a disruption in neurogenesis to the 

albino’s reduced ipsilateral projection. The decrease in RGCs in the central retina has been 

described in various studies (Jeffery and Kinsella, 1992; Stone et al., 1978). However, no study 
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has described a transient reduction in RGC numbers specifically in the VT retina that coincides 

with the timing of Zic2 expression. Rachel et al. (2002), who also compared numbers of Islet1/2+ 

cells in pigmented and albino mice at embryonic ages, did not find a reduction in total counts of 

whole-mount retina, but describe an abrupt thinning of the RGC layer at E14 in the ventral pole 

that is more pronounced in albino mice (Rachel et al., 2002a). This thinning most likely 

corresponds to the region expressing Zic2. Differences in counts may be attributed to the fact 

that Rachel et al. 2002 compares total number of Islet1/2+ cells in whole-mount retinae, while I 

compare Islet1/2 expression in a small region of the retina. Comparing the number of cells over a 

relatively large area may dilute subtle differences of cell number in specific regions.  

The albino phenotype highlights regional differences in the retina 

Our studies demonstrate that the reduction of the number of Islet1/2+ cells is specific to 

the VT retina, as the number of Islet1/2+ cells in DT retina was not found to be significantly 

different in albino and pigmented retina at E15. One possibility for this finding is that melanin in 

pigmented VT RPE has a greater effect on RGC development at these ages than melanin in 

pigmented DT RPE, due to differences in localized interactions, which have been shown to play 

a role in the ipsilateral defect (Gimenez et al., 2005).  

Another possibility is that patterning is disrupted in the albino retina, thus making the 

ventral region susceptible to proliferation defects. A very specific spatial and temporal program 

of patterning sets up the dorsal-ventral and nasal-temporal axes of the retina. The transcription 

factors, FoxD1 and FoxG1, are expressed in a complementary fashion in the temporal and nasal 

retina, respectively, during early RGC development and have been implicated in the patterning 

of the retina (Herrera et al., 2004). Investigation of Foxd1 and Foxg1 expression in pigmented 

and albino retina is currently being carried out in our laboratory, but thus far, we have found no 
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differences. Moreover, studies in frog have shown that thyroxine hormone in the ventral retina 

but not dorsal retina inducesboth proliferation and proper formation of the ipsilateral projection 

(Hoskins and Grobstein, 1984; Marsh-Armstrong et al., 1999). Because ventral and dorsal retina 

are differently patterned, they may respond differently to influences from the RPE. Thus, while 

expression of patterning genes may not be disrupted, the differential expression of these genes in 

distinct regions of the retina may cause region-specific defects related to the albino phenotype.  

Additionally, work from Drager (1985) and more recently, from our lab, suggests that 

ipsilateral RGCs are produced at a different tempo than contralateral RGCs. The ventrotemporal 

RGCs that are specified to project ipsilaterally may arise from a different population than the 

RGCs specified to project contralaterally, which could explain why these RGCs in the albino are 

affected differently than the dorsally-positioned RGCs.  

A delay in the wave of VT RGC genesis in albino mice 

 As previous studies in postnatal and mature albino retina have concluded that the number 

of peripheral RGCs is similar in mature pigmented and albino retina, I expected that the number 

of Islet1/2+ cells in albino retina would eventually approach that in pigmented VT retina. I found 

that at E17.5, when Zic2 is expressed in much fewer cells than at E15.5, the numbers of both 

Zic2+ and Islet1/2+ cells are similar in both genotypes. The similar number of Islet1/2+ cells 

suggests that the early reduction in RGC numbers in the VT retina is accompanied by a later 

compensation in RGC differentiation in the albino mouse.  

If more cells are born later in the albino VT retina, it is also possible then that the 

reduction of ipsilateral RGCs is accompanied by an increase of contralateral RGCs. To test these 

hypotheses, I performed birthdating, contralateral marker expression studies, and retrograde 

labeling experiments in pigmented and albino VT retina. The results of the Edu injection 
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experiments explain the early reduction of VT RGCs in the albino retina followed by a 

compensation of extra RGCs. These data point to a potential delay in maturation of VT RGCs in 

the albino retina compared with pigmented retina. At E13, the albino retina produces fewer 

differentiated RGCs than pigmented retina, thereby resulting in fewer Islet1/2+ and Zic2+ cells at 

E15.5. At E14, the pigmented and albino retina produce a similar number of VT RGCs, and thus 

a similar number of Zic2+ RGCs. One day later, however, at E15, the albino VT retina produces 

a greater number of RGCs, thereby compensating for the lower number of RGCs produced at 

earlier ages.  Thus, by E17.5, the number of differentiated RGCs, as well as Zic2+ RGCs, in VT 

retina is similar in pigmented and albino mice. Moreover, since we found that the number of 

Zic2+ cells becoming post-mitotic at E15 was similar in pigmented and albino, the additional 

late-born cells in albino VT retina most likely do not express Zic2. Although the number of 

RGCs equalizes between pigmented and albino VT during retinal development, the number of 

Zic2+ cells does not catch up. This could explain why there are fewer overall ipsilateral RGCs in 

the albino retina. At the time when the extra cells are born in the albino, the cells may have lost 

their competence to express Zic2, and instead express genes that induce RGCs to project 

contralaterally. Moreover, there may be a saturation point of the number of RGCs in the VT 

retina that can express Zic2 at any time due to feedback mechanisms and signaling mechanisms. 

If only intrinsic mechanisms dictated whether a cell expressed Zic2, then a delay in 

differentiation would still lead to an eventual increase in Zic2+ cells at later ages in the albino 

mouse. Instead, however, I found that the additional late-born cells do not express Zic2, 

suggesting that cell non-autonomous mechanisms are playing a role in RGC subtype and 

therefore limiting the number of cells expressing Zic2 at E17.5.  
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Although I have not shown this, these cells most likely represent the extra Islet2+ RGCs. 

To verify this, it would be necessary to inject Edu at E15 into pregnant females and analyze 

Islet2 + Edu staining at later ages (E17.5, E18.5).  

The Edu data are consistent with previous reports of a delay in cell maturation in the 

albino retina (Ilia and Jeffery, 1996; Webster and Rowe, 1991). Whether other regions of the 

retina, such as DT retina, also exhibit differences in the wave of RGCproduction is unknown. 

Our data do not show differences in the temporal pattern of DT RGC production in pigmented 

and albino mice, because the number of Islet1/2+ cells in DT retina is similar at E15.5. However, 

to address whether the progression of birthdating is similar in pigmented and albino DT retina, 

Edu labeling in conjunction with Islet1/2 immunohistochemistry could be compared in DT retina 

of pigmented and albino mice.  

The results of this chapter do not support the finding illustrated in Rachel et al. (2002) 

that the albino exhibits an early overproduction of ipsilateral RGCs. While I did not directly 

assess the birthdates of retrogradely-labeled ipsilateral RGCs, as Rachel and colleagues do, I 

used Zic2 as a marker of the ipsilateral population to target these cells at the time when they are 

specified to project ipsilaterally. Thus, one would expect that the results from these two studies 

should have elicited similar results. One potential cause for the disparity in our results is that 

Rachel and colleagues present the measure of ipsilateral RGCs born at each age as a percentage 

of the total ipsilaterally-projecting RGCs. As the number of ipsilateral RGCs is lower in albino, 

the difference in percentages between pigmented and albino at each age do not reflect the 

differences in the raw numbers of ipsilateral RGCs (Rachel et al., 2002a).   

Differences in the wave of RGC genesis may occur as a result of aberrations in the length 

of cell cycle and/or the failure of cells to exit cell cycle. This could explain why there are fewer 
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differentiated RGCs at E15. Several studies have shown an increase in mitotic profiles in the 

albino rat retina at postnatal ages that mirrors the reduction of rods (Ilia and Jeffery, 1999; 

Tibber et al., 2006). To address this hypothesis, I compared the expression of the following 

markers of undifferentiated cells in pigmented and albino mouse retina (data not shown): Ki67 (a 

marker of all proliferating cells) (Scholzen and Gerdes, 2000), Phosphohistone H3 (a marker of 

cells in M-phase of cell cycle), Math5 (transcription factor required for RGC differentiation) 

(Yang et al., 2003), and Olig2 (expressed in a subset of proliferating cells) (Shibasaki et al., 

2007). This set of experiments, however, did not indicate any clear differences. The number of 

Phoshphohistone H3+ (n=1 for both pigmented and albino) and Olig2+ (n=1 for both pigmented 

and albino) cells in pigmented and albino retina was similar. While there may be differences in 

the numbers of Math5+ and Ki67+ cells in pigmented and albino retina, these two genes are 

expressed in too many cells for precise quantification. Although the question of whether the 

decrease in VT RGCs is accompanied by an increase in retinal precursor cells is intriguing, a 

more thorough analysis of the different phases of cell cycle should be examined. Double Edu + 

BrdU labeling could elucidate differences in the lengths of individual phases of cell cycle. Other 

regulators of cell cycle that may be differentially expressed in pigmented and albino retina 

include cyclins/cyclin-dependent kinases, Phospho-Rb and polo-like kinases, which modulate 

differences phases and transitions of cell cycle.  

The decrease in Zic2+ RGCs is accompanied by an increase in Islet2+ RGCs at later ages 

 Because more RGCs are born later in VT retina of albino mice and these extra cells do 

not express Zic2, I hypothesized that these cells are fated to project contralaterally. Further, the 

anterograde tracing data described in Chapter 2 pointed to the possibility of a segregated 

population of fibers arising from the VT retina that is misspecified to project contralaterally. The 
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retrograde labeling suggest that the albino VT retina does not contain a greater number of 

contralaterally-labeled cells, while quantification of Islet2+ cells shows that there are extra cells 

specific to project contralaterally during the late phase of retinal development.  

One explanation for the negative results from retrograde labeling experiments is that the 

additional late-born cells in the albino that do not express Zic2 are unable to grow axons because 

of their delayed production, and thus project neither contralaterally nor ipsilaterally. Another 

possibility is that at E18.5, the axons of these extra late-born cells in the albino have not yet 

reached the chiasm. Alternatively, the total number of contralateral RGCs may be too high in 

mouse, such that any differences in a relatively small region of the retina may not be observable 

using whole-mount retina. This would explain why a quantitative increase in the contralateral 

projection has been reported in cats, humans, ferrets, but not in rodents. Thus, to answer the 

question of whether the albino exhibits a complementary increase in the contralateral projection, 

adjustments to the methodologies should be made. To address the possibility that E18.5 is too 

early for the extra population of contralaterally-projecting RGCs to cross the chiasm, the 

pigmented and albino RGCs should be retrogradely filled at a later age (P1 or P2).   

Time of birth can influence cell specification in mouse visual system 

 In addition to elucidating certain aspects of the mechanism by which a reduction of the 

ipsilateral projection is established in the albino retina, the data in this chapter provide further 

support for a link between cell identity and birth order in the mammalian retina. This link has 

been illustrated for the production of different retinal cell types (Dyer and Cepko, 2001), but 

never for RGC subtype specification with respect to axon divergence. While Ursula Drager 

showed that the ipsilateral RGC population is produced during a shorter time window than the 

contralateral RGCs (Dräger, 1985a), this thesis is the first study to show that disrupting the 
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temporal pattern of RGC genesis can cause a change in the proportion of ipsilateral and 

contralateral RGCs. The extra VT RGCs in the albino that are born later most likely do not 

express Zic2, thereby failing to project ipsilaterally. Although the fate of these cells and their 

expression profiles are unknown at the moment, I hypothesize that they are misspecified to 

project contralaterally instead of ipsilaterally after E18.5. 

In conclusion, this chapter illustrates differences in the temporal pattern of RGC 

production in pigmented and albino mouse VT retina that could potentially explain the 

establishment of abnormal chiasmatic decussation in the albino mouse retina. How these 

perturbations are induced by a disruption of melanin synthesis, however, is unclear.  



 67 

Chapter 3: FIGURE LEGENDS 

 

Figure 3.1: At E15.5, the distribution and extent of Zic2+ cells are similar in pigmented and 

albino retina, but Zic2+ cell density is reduced throughout the VT region in albino retina.  

A, Fluorescent images of retinal whole mounts immunostained with Zic2 at E15.5. Zic2 is 

expressed in VT RGCs. B, Left: Cartoon depicting the method for counting Zic2+ cells in 75 µm 

subdivisions from the periphery towards the center of the VT retina. V, ventral and T, temporal. 

Right: Comparison of the number of Zic2+ cells in each subdivision of the albino (n=6) and 

pigmented (n=6) VT retina. In each sector, the number of Zic2+ cells is lower in albino compared 

to pigmented retina. However, the peak and distribution of Zic2+ cells are similar in pigmented 

and albino retina. C, Left: Fluorescent image of a retinal whole mount with yellow dotted-line 

delineating retinal area. Right: Retinal area does not differ in pigmented (n=11) and albino (n=9) 

eyes at E15.5. For area measurements, 1 pixel = 4.2734 µm2. Error bars indicate SEM. Two-

tailed unpaired t-test: *p<0.05, **p<0.01.  
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Figure 3.2: Expression of Zic2 and Islet1/2 in VT retina in pigmented and albino mice at 

E15.5.  

Frontal sections through VT retina immunostained with antibodies against Islet1/2 (green, IHC) 

and Zic2 (red, IHC), E15.5. Zic2+ RGCs are situated in the most peripheral region of VT retina.  
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Figure 3.3. At E15.5, number of Islet1/2+ RGCs is reduced in the VT region of albino 

retina.  

A, Cartoon depicting method of designating sectors from periphery to center for quantification 

and defining the VT region as the eight most peripheral sectors. Quantification of Zic2+ and 

Islet1/2+ cells was carried out in the VT region in two representative sections with reference to 

the optic nerve (see Materials & Methods). B, At E15.5, fewer Zic2+ cells reside in albino VT 

retina (n=12) compared to pigmented retina (n=12) in both individual sectors (left) and when 

summed across the VT region (right). C, At E15.5, the number of Islet1/2+ cells is reduced in 

albino VT retina (n=12) in each sector (left) and when summed across sectors (right) compared 

with pigmented retina (n=12). D, At E15.5, proportion of Islet1/2+ cells that are Zic2+ is similar 

in albino and pigmented retina, except for in the 4th and 5th sectors from the periphery. When 

totaled, the proportion of Islet1/2 cells that are Zic2+ is lower in the albino retina than in 

pigmented retina, but not significantly. E, The area of the retina in coronal sections (see 

Methods) is similar in pigmented (n=7) and albino (n=7) retina. For distance from periphery, 1 

pixel = .3205 µm. Error bars indicate SEM. One-tailed unpaired t-test. *p<0.05, **p<0.01. 

***p<0.001. 
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Figure 3.4: The number of Islet1/2+ cells is similar in the DT region of the pigmented and 

albino retina. 

A, Islet1/2 expression (IHC) in dorsotemporal (DT) retina. No Zic2+ RGCs are present in DT 

retina. B, Unlike in the VT retina, the number of Islet1/2+ cells in the DT retina at E15.5 is 

similar in pigmented (n=7) and albino (n=7) retinae in each sector (left) and totaled across 

sectors (right), suggesting that the reduction of Islet1/2+ cells is restricted to VT retina. For 

distance from periphery, 1 pixel = .3205 µm. Error bars indicate SEM. Two-tailed unpaired t-

test: *p<0.05, **p<0.01. ***p<0.001. 
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Figure 3.5: At E17.5, the numbers of Zic2+ and Islet1/2+ cells is similar in albino and 

pigmented VT retina.  

A, Fluorescent sections through VT retina stained with antibodies to Zic2 and Islet1/2 at E17.5. 

Methodology of quantification is similar to the methods used in Fig 3.3. B, Unlike at E15.5, at 

E17.5, the number of Zic2+ cells is not significantly different in albino (n=7) compared with 

pigmented (n=7) retina, both in each sector from periphery to center (left) and when summed 

across defined VT region (right). C, The number of Islet1/2+ cells is also similar in pigmented 

(n=7) and albino (n=7) retina at E17.5 across sectors (left) and in total (right). Distance from 

periphery: 1 pixel = .3205 µm. Error bars indicate SEM. Two-tailed unpaired t-test: *p<0.05, 

**p<0.01. ***p<0.001. 
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Figure 3.6: Fewer Islet1/2+ and Zic2+ cells visualized at E15.5 were born at E13 in VT 

albino retina compared with pigmented retina.  

A, Scheme depicting time points of Edu injections (three) on E13 and day of sacrifice at E15.5. 

Each box represents 4 hours. B, Coronal sections of VT retina from pigmented and albino mice 

injected at E13 with Edu, collected at E15.5, and stained with antibodies to Zic2 (IHC) and 

Islet1/2 (IHC) and Edu chemistry. C, Bar graph comparing the number of Islet1/2+ RGCs in the 

VT region labeled with Edu in pigmented retina and albino retina. Fewer Islet1/2+ cells become 

post-mitotic at E13.5 in albino (n=4) compared with pigmented (n=4) VT retina. D, Bar graph 

comparing the number of Islet1/2+ RGCs in VT retina labeled with Edu that also express Zic2 in 

pigmented (n=4) and albino (n=4) retina. Mirroring the trend seen with Islet1/2+ cells, fewer 

Zic2+ cells are born at E13 in albino VT retina compared to pigmented VT retina. Distance from 

periphery: 1 pixel = .3205 µm. Error bars indicate SEM. Two-tailed unpaired t-test: *p<0.05, 

**p<0.01. ***p<0.001. 
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Figure 3.7: The numbers of Islet1/2+ and Zic2+ cells that were born at E14 and visualized at 

E15.5 are similar in pigmented and albino VT retina.  

A, Scheme depicting time points of injections at E14 and day of sacrifice (E15.5). Each box 

represents 4 hours. B, Coronal sections of VT retina from pigmented and albino mice injected at 

E14.5 with Edu, collected at E15.5, and then stained with antibodies to Zic2 (IHC) and Islet1/2 

(IHC) and Edu chemistry. C, Bar graph comparing the number of Islet1/2+ RGCs in the VT 

region labeled with Edu in pigmented (n=5) and albino (n=5) retina. An equal number of 

Islet1/2+ cells become post-mitotic at E14.5 in albino VT retina compared with pigmented VT 

retina. D, Bar graph comparing the number of Zic2+ and Islet1/2+ RGCs in VT retina labeled 

with Edu in pigmented (n=5) and albino (n=5) retina. Similar to Islet1/2, the number of Zic2+ 

RGCs at E15.5 that were born at E14 is similar in pigmented (n=5) and albino (n=5) retina. 

Distance from periphery: 1 pixel = .3205 µm. Error bars indicate SEM. Two-tailed unpaired t-

test: *p<0.05, **p<0.01. ***p<0.001. 
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Figure 3.8: The number of Islet1/2+ cells at E17.5 that became post-mitotic at E15 is 

greater in albino VT retina compared with pigmented VT retina.  

A, Scheme depicting time points of Edu injections on E15 and day of sacrifice (E17.5). Each box 

represents 4 hours. B, Coronal sections of VT retina from pigmented and albino injected at E15.5 

with Edu, collected at E17.5, and stained with antibodies to Zic2 (IHC) and Islet1/2 (IHC) and 

Edu chemistry C, Bar graph comparing the number of Islet1/2+ cells in the VT region labeled 

with Edu in pigmented (n=4) and albino(n=4) retina. The number of Islet1/2+ cells at E17.5 that 

became post-mitotic at E15 is significantly higher in VT retina of albino mice (n=4) compared 

with pigmented mice (n=4). B, Bar graph comparing the number of Zic2+ + Islet1/2+ RGCs in 

VT retina labeled with Edu in pigmented and albino retina. Distance from periphery: 1 pixel = 

.3205 µm. Error bars indicate SEM. Two-tailed unpaired t-test: *p<0.05, **p<0.01. ***p<0.001. 
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Figure 3.9: Wave of VT RGC maturation is delayed in the albino mouse. Scheme depicting 

the delay in the wave of RGC maturation in albino retina compared with pigmented retina based 

on results in Fig 3.6, 3.7, and 3.8. At E13, the number of VT RGCs produced in albino is less 

than that of pigmented. At E14, the number of VT RGCs produced is similar. At E15, the 

number of RGCs produced in albino is greater than that of pigmented. These data suggest that 

RGC maturation is delayed by approximately 1 day in VT retina of pigmented and albino mice.  
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Figure 3.10: Nr-CAM (ISH) and Islet2 (IHC) expression in the VT retina is similar in 

pigmented and albino mice at E15.5 and E17.5.  

A, Nr-CAM (ISH) expression is similar in VT retina of albino and pigmented mice at E15.5 and 

E17.5. B, At E15.5, Islet2 is not expressed in VT retina of albino and pigmented mice. At E17.5, 

Islet2 expression is qualitatively similar in albino and pigmented mice. However, these data were 

not quantified.C, At E17.5, the number of Islet2+ cells is greater in VT region of albino mice 

compared with pigmented mice.  
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Figure 3.11: Ipsilateral and contralateral RGCs in pigmented and albino mice at E18.5. 

Fluorescent images (10x) of pigmented and albino the VT region in retinal whole mounts 

retrogradely labeled with Rhodamine Dextran in one optic tract at E18.5. Left side depicts 

ipsilateral eye. Right side depicts contralateral eye.  
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Figure 3.12: At E18.5, in the VT region, where the number of ipsilaterally-projecting RGCs 

is reduced in the albino retina, the number of contralateral projections is similar to that of 

pigmented mice. A, The number of ipsilaterally-projecting RGCs is greater in in pigmented 

retina compared with albino retina, but the number of contralateral RGCs is similar in pigmented 

and albino retina. B, Proportion of total retrogradely labeled RGCs that project contralaterally is 

similar in VT retina of pigmented (n=4) and albino (n=3) mice. Distance from periphery: Error 

bars indicate SEM. Two-tailed unpaired t-test. 
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THE EFFECT OF L-DOPA ON VENTROTEMPORAL RGC 
PRODUCTION AND SPECIFICATION 



 93 

Chapter 4: INTRODUCTION 

 The previous chapter uncovers findings that suggest that the abnormal chiasmatic 

decussation in albinos is a result of perturbed neurogenesis in the retina that spatially and 

temporally correlates with the establishment of the ipsilateral projection. The wave of RGC 

maturation in the albino is delayed, such that fewer RGCs are born in VT retina early in RGC 

development, causing a reduction of RGCs that are specified to project ipsilaterally. Later in 

RGC development, when fewer VT cells express Zic2, the albino produces a surplus of RGCs 

that are not specified to project ipsilaterally. These data may in part explain the segregated 

population of contralateral VT RGCs that project to the dorsocaudal tip of the dLGN, where late-

born contralateral RGCs project. However, the question of how a disruption in melanin synthesis 

causes these perturbations still remains.  

 The albino field has investigated retinal and visual pathway defects for several decades, 

but only a small percentage of these studies have investigated a potential cascade of events 

initiated in the RPE that regulates retinal development and is perturbed in the albino. Melanin 

itself is not released from the RPE (Marks and Seabra, 2001), and thus another factor associated 

with melanin biogenesis may act as a signal from the RPE to regulate neural retinal development. 

One candidate is L-Dopa, synthesized in the first step of the melanin synthesis pathway by the 

action of tyrosinase in the eye. L-Dopa has previously been described as a mitotic regulator 

(Akeo et al., 1994; Wick, 1977) and is present in the developing and postnatal pigmented RPE 

(Roffler-Tarlov, submitted for publication). L-Dopa levels are significantly reduced in the albino 

eye, since the enzyme required for its synthesis, tyrosinase, is absent (Ilia and Jeffery, 1999) 

(Roffler-Tarlov, submitted for publication). The precise function of L-Dopa in the eye is still 

unknown. We hypothesize that in the pigmented mouse, L-Dopa might regulate aspects of retinal 
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cell proliferation and production, and as a consequence, retinal cell identity. Thus, its reduction 

in the albino mouse RPE may result in a variety of developmental abnormalities, including the 

reduction of the ipsilateral projection. 

As described in chapter 1, various studies from Glenn Jeffery’s lab have tested whether 

L-Dopa can rescue the defects associated with albinism in vitro and in vivo (Ilia and Jeffery, 

1999; Tibber et al., 2007; Tibber et al., 2006). None of these reports, however, test whether L-

Dopa is able to restore the proper number of ipsilateral fibers in albino mouse. One study 

genetically addresses this question by ectopically expressing tyrosine hydroxylase in the albino 

RPE, which converts tyrosine to L-Dopa without further progression towards melanin (Lavado et 

al., 2006). In this study, the transgenic mice exhibited a similar number of photoreceptor 

outersegments as observed in pigmented mice, which was significantly higher than what is 

apparent in albino mice. Moreover, the transgenic mice demonstrated an increased optomoter 

response compared with albino mice, and an increase in the number of ipsilateral fibers at E18.5, 

illustrated by anterograde tracing (Lavado et al., 2006). However, the increase in the number of 

ipsilateral pathways was not quantified. Moreover, in these transgenic mice, L-Dopa levels are 

still similar to those seen in albino. Thus, based on these results, one cannot attribute the 

alleviation of the retinal defects associated with albinism directly to L-Dopa.   

In this chapter, we tested the effects of L-Dopa on retinal axon divergence in the albino 

mouse visual system. Our collaborator, Dr. Suzanne Roffler-Tarlov, has found that adding 1 

mg/ml of L-Dopa to the feeding water of pregnant albino females is sufficient to restore levels of 

L-Dopa in the eye of albino embryos that match those of pigmented embryos (Table 4.1, Roffler-

Tarlov et al., submitted for publication). Moreover, in utero treatment of L-Dopa has been shown 

to reverse the ocular drainage structure abnormality that occurs as a result of tyrosinase 
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deficiency combined with a mutation in Cypb1p1, a gene implicated in glaucoma (Libby et al., 

2003). This study provides evidence for a role of L-Dopa in the development and maintenance of 

the eye. Thus, , I fed L-Dopa to pregnant females to test whether the numbers of Zic2+ and 

Islet1/2+ cells, which I found to be reduced in the albino mouse at E15.5 in Chapter 3, can be 

rescued.  

 

Chapter 4: RESULTS 

Dosage effects of L-Dopa in the albino retina 

To ascertain the role of L-Dopa in retinal development, pregnant females with mixed 

pigmented and albino litters were fed L-Dopa in their drinking water from the beginning of 

gestation to E15.5, at concentrations of either 1 mg/ml or 2 mg/ml. L-Dopa was mixed with 

ascorbic acid to prevent oxidation. At E15.5, embryos were sacrificed and processed for Zic2 + 

Islet1/2 expression analysis in VT retina (Fig. 4.1).  

Even though 1 mg/ml is sufficient to generally restore levels of L-Dopa to albino 

embryos similar to those of pigmented embryos (Table 4.1), I did not qualitatively detect an 

effect on Zic2 expression at 1 mg/ml (Fig 4.1). The 1 mg/ml L-Dopa treated albino retinae 

looked no different than the untreated albino retinae. On the other hand, a concentration of 2 

mg/ml of L-Dopa visibly altered the morphology of the retina and had a clear effect on the 

numbers of Zic2+ + Islet1/2+ cells (Fig 4.1). This finding is consistent with previous reports 

indicating that 1 mg/ml L-Dopa treatment to pregnant females had no effect on dopamine levels 

or the number of cells in S-phase in the brain, while 2 mg/ml did (Ohtani et al., 2003). As Table 

1 demonstrates, the amount of L-Dopa restored to the embryos is variable and often the amount 

restored may not be sufficient to exert any effects on the retina. Moreover, even though 1 mg/ml 
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L-Dopa is adequate to completely restore levels of L-Dopa to the whole eye (Roffler-Tarlov et 

al., submitted for publication), it may not restore a sufficient amount of L-Dopa in the exact 

location where it is needed to have these effects, e.g. the RPE. Since Roffler-Tarlov et al. 

detected L-Dopa solely in the RPE, and not the retina, we suspected that L-Dopa is not needed in 

the retina. Given these dosage effect findings, we focused our efforts on L-Dopa treatment at a 

concentration of 2 mg/ml.  

 

Effect of L-Dopa on Zic2+ + Islet1/2+ cells in albino retinae 

To determine the effect of L-Dopa on the ipsilateral projection, I fed pregnant females 2 

mg/ml of L-Dopa and determined whether the number of Zic2+ and Islet1/2+ RGCs changed in 

VT retina of albino retina. Of the 7 litters treated with L-Dopa at a concentration of 2 mg/ml, the 

retina exhibited bulges, invaginations, and regions of increased thickness in 3 litters (Fig 4.1, B). 

The VT region of the retina where Zic2 is expressed, however, was spared of any bulges and 

invaginations, rendering quantification of Zic2+ of Islet1/2+ cells in the VT retina feasible. Zic2 + 

Islet1/2 analysis and quantification was done identically to what is described in Chapter 3. In L-

Dopa treated albino retinae that exhibited bulges, the number of Zic2+ cells was significantly 

increased compared with albino untreated eyes and control ascorbic acid (aa) treated eyes and 

was no different than the number of Zic2+ cells in untreated pigmented retinae (Fig 4.1). A 

similar increase was seen in the number of Islet1/2+ cells in L-Dopa treated retinae with bulges. 

These data provide evidence that L-Dopa treatment is able to restore the numbers of VT RGCs. 

In cases that did not contain bulges, in contrast, the numbers of both Zic2+ and Islet1/2+ cells 

were both increased, but not to the same extent as in retinae that contained bulges (Fig 4.3A, B). 

In these cases, L-Dopa had an intermediary effect on the numbers of Zic2+ and Islet1/2+ cells. 



 97 

The increase in Islet1/2+ cells was statistically significant in L-Dopa treated albino retinae 

without bulges, whereas the increase in Zic2+ cells was not statistically significant. These results 

point to a correlation between the appearance of bulges and an increase in Zic2+ and Islet1/2+ 

cells. The variability in the effect of L-Dopa may be a consequence of differences in the amount 

of L-Dopa taken up in the eye or in the extent to which L-Dopa can exert its effects.  

Littermates were always equally affected by L-Dopa treatment, in terms of the 

appearance of retinal deformities and the numbers of Zic2+ and Islet1/2+ cells. This finding 

suggests that the amount of L-Dopa that reached each fetus within a litter was most likely 

similar, but that each pregnant mother digested and supplied different amounts of L-Dopa to the 

embryos. I did not find a correlation, however, between the amount each pregnant female drank 

per day and the extent to which L-Dopa exerted its effects (data not shown).  

 

 L-Dopa does not have an effect on Zic2+ + Islet1/2+ cells in pigmented retinae 

 To determine if pigmented retinae respond differently to L-Dopa than albino retinae, I 

compared the numbers of Zic2+ and Islet1/2+ cells in pigmented treated retinae to pigmented 

untreated retinae and albino treated retinae. 2 mg/ml L-Dopa treatment did not have the same 

effect on cell production in pigmented retinae as it did on albino retinae. Because pigmented 

retinae already contain endogenous levels of L-Dopa, the amount of L-Dopa in pigmented 

treated eyes is much higher than in albino treated eyes (Table 4.1). Thus, I expected that the 

numbers of Zic2+ and Islet1/2+ cells in L-Dopa treated pigmented retinae would be greater than 

in untreated pigmented and L-Dopa treated albino retinae. I compared treated pigmented 

littermates of the treated albino embryos with retinal bulges. These pigmented littermates also 

contained retinal malformations, similar to their albino counterparts. Ifound that the numbers of 
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Zic2+ and Islet1/2+ in L-Dopa treated pigmented retinae with bulges are similar to those of 

pigmented untreated retinae and L-Dopa treated albino retinae with bulges (Fig. 4.3A, B), 

despite the higher levels of L-Dopa in the eyes of pigmented treated retinae. This finding points 

to the possibility that the numbers of Zic2+ and Islet1/2+ cells are sensitive to L-Dopa up to a 

certain level, at which point L-Dopa cannot induce increases in the numbers.  

 

L-Dopa treatment causes an imbalance of progenitors and differentiated RGCs 

 The appearance of bulges and invaginations and the increase in the numbers of Zic2+ and 

Islet1/2+ cells in L-Dopa treated retinae suggestan overall increase in the number of cells in the 

retina. However, whether these bulges represented an increase in retinal progenitor cells or 

differentiated cells was unclear. Staining the treated-retinae with Islet1/2 and Ki67 made it 

possible to qualitatively assess the relative proportions of differentiated RGCs and progenitor 

cells (Fig. 4.4). In some regions, the bulges consisted of a surplus Ki67+ cells (yellow arrow) 

and in other regions, the thickness of the Islet1/2 layer was substantially increased (white arrow). 

Because an increase is seen in the numbers of both differentiated RGCs and retinal progenitor 

cells, the precise role of the exogenously supplied L-Dopa to the eye is unclear. One possible 

explanation for these data is that L-Dopa facilitates proliferation, potentially by augmenting the 

rate of cell cycle and thereby increasing numbers of both symmetric and asymmetric divisions. 

An overall stimulation of proliferation would cause an increase both in both proliferating cells 

and differentiated cells. Another possibility is that distinct types of progenitors or cells in distinct 

stages of cell cycle respond differently to L-Dopa, thereby causing opposing effects in different 

regions of the retina.  
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L-Dopa treated albino eyes are larger than untreated eyes 

The appearance of bulges and invaginations and possible overproliferation exhibited in 

the retinae of 2 mg/ml L-Dopa treated eyes with bulges begged the question of whether the size 

of the retina changes in response to L-Dopa treatment. We next asked whether the apparent 

increase in both proliferating and differentiated cells in the retina leads to an increase in the 

overall size of the retina. Fig. 4.5A compares the area of every other section of the retina in 

untreated pigmented, untreated albino, and L-Dopa treated (2 mg/ml) albino mice at E15.5. The 

area measurements of the pigmented and albino untreated retinae are similar, whereas the retinal 

area measurements of the L-Dopa treated albino are drastically greater. This finding suggests that 

the overall volume of the retina is bigger in the L-Dopa treated animal with bulges.  

One possible explanation for the appearance of malformations is that the augmented 

production of retinal cells induced by L-Dopa treatment is not accommodated by the restrictive 

size of the choroid and sclera, thus causing the formation of bulges and folds in the retina. Fig 

4.5B compares the overall size of the eye in untreated pigmented, untreated albino, and L-Dopa 

treated albino embryos. The size of the entire eye socket is increased in L-Dopa (2 mg/ml) 

treated albinos. This excludes the possibility that the retina is squeezed into a space that does not 

accommodate its increase. In the albino treated embryos, not only is the size of the retina 

increased compared with untreated pigmented and albino retina, but the overall size of the eye is 

greater in these mice as well. Moreover, the proportion of the eyepsace taken up by retina is 

similar in untreated and treated eyes, suggesting that the overall size of the eye is increased, as 

opposed to solely the retina (Fig 4.5c).  

 

Chapter 4: DISCUSSION 
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 We focused our efforts on L-Dopa as a potential factor in the RPE whose absence in the 

albino RPE (Ilia and Jeffery, 1999);(Roffler-Tarlov, submitted for publication) may potentially 

cause the retinal defects associated with albinism. Previously described as a mitotic regulator 

(Akeo et al., 1994; Wick, 1977) and associated with melanin synthesis, L-Dopa is a promising 

candidate. Furthermore, several studies from the Jeffery lab have demonstrated L-Dopa’s ability 

in rats to reverse various phenotypes associated with albinism, including the surplus of mitotic 

and pyknotic figures at postnatal ages, the increase in vertical cell divisions, and the expansion of 

the relative area spanned by Cx43+ cells in rats (Ilia and Jeffery, 1999; Tibber et al., 2007; Tibber 

et al., 2006). This chapter describes the effects of L-Dopa on the establishment of the ipsilateral 

projection in albino retina at E15.5, using the genes Zic2 and Islet1/2 as readouts of axon 

guidance and cell production. Because HPLC studies report that L-Dopa is not found in the 

neural retina, and only the RPE (Roffler-Tarlov, submitted for publication), we suspect that L-

Dopa exerts its influence on retinal development by initiated a cascade of events in the RPE.  

L-Dopa is able to restore the numbers of Zic2+ and Islet1/2+ cells 

 Evidence that feeding L-Dopa to pregnant female albino mice can cause accumulation of 

L-Dopa to the eye (Roffler-Tarlov et al., submitted for publication) raised the question of 

whether feeding L-Dopa can rescue defects associated with the abnormal chiasmatic decussation 

in albino mice. This chapter shows that exogenously supplying L-Dopa to albino embryos 

restored the numbers of Zic2+ and Islet1/2+ cells in albino retina to those observed in pigmented 

retina in a subset of litters. These data implicate L-Dopa as a potential factor in the RPE whose 

absence is responsible for the ipsilateral defect seen in the albino retina. Moreover, these data 

bolster the potential link between the disruption in cell production and reduction of the ipsilateral 

projection, as L-Dopa treatment can rescue the numbers of Zic2+ and Islet1/2+ cells to a similar 
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degree. While we cannot conclude from these experiments that the deficiency of L-Dopa in the 

albino RPE is the cause of the diminished ipsilateral projection, we show that L-Dopa is able to 

regulate RGC production and specification in a similar manner during development.  

Variability in the extent of L-Dopa’s effect on Zic2+ and Islet1/2+ cells 

Full restoration of Zic2+ and Islet1/2+ cells does not occur in all L-Dopa treated cases. At 

a concentration of 1 mg/ml, L-Dopa in the feeding water of pregnant females elicited no effect 

on the numbers of Zic2+ and Islet1/2+ cells in the VT retina of treated embryos. Even when L-

Dopa was treated at a higher concentration of 2 mg/ml, only a subset of litters exhibited the 

increase in Islet1/2 and Zic2+ cells to the same levels as pigmented retina. The litters that did not 

have bulges and invaginations demonstrated an increase in the numbers of Zic2+ and Islet1/2+ 

cells, but not to the levels as observed in albino L-Dopa treated with bulges and pigmented 

untreated retina. These results suggest that there is variability in the amount of L-Dopa that is 

supplied to the embryonic eye and that a correlation exists between the amount of L-Dopa 

present in the embryonic eye, the appearance of bulges and invaginations, and the extent to 

which the numbers of Zic2+ and Islet1/2+ cells increase in albino treated retinae. While we have 

shown in this chapter that a correlation exists between bulges and the degree to which the 

numbers of Zic2+ and Islet1/2+ cells are increased in the VT retina, we cannot conclude that these 

effects are correlated with the amount of L-Dopa delivered to the eye. To confirm that these 

effects are related to the amount of L-Dopa present in the eye in a treated litter, the levels of L-

Dopa in eyes should be measured using HPLC and those measurements would have to be related 

to numbers of Zic2+ and Islet1/2+ cells in VT retinae of littermates.  

One possibility as to why 1 mg/ml is sufficient to restore levels of L-Dopa to the eye, but 

not the numbers of Zic2+ + Islet1/2+ cells in VT retina, is that the exogenously supplied L-Dopa 
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is most likely not delivered solely to the RPE, where L-Dopa is endogenously located (Roffler-

Tarlov et al., submitted for publication). Instead, it is may be distributed to RPE, neural retina, 

and other parts of the eye as well. Thus, while a concentration of 1 mg/ml is sufficient to restore 

endogenous levels of L-Dopa to the albino eye, it may not be high enough to ensure sufficient 

restoration to the correct location. L-Dopa must be required in the RPE to exert its effects, as it is 

not present in other parts of the pigmented eye. This could also explain the appearance of bulges 

and invaginations. The bulges and invaginations may occur due to a surplus of L-Dopa in the 

retina. When directly supplied to the retina via the drinking water, the L-Dopa may have more 

potent effects on retinal cell production.  

 Interestingly, pigmented and albino treated mice exhibited a similar number of Zic2+ and 

Islet1/2+ cells in VT retina. The data of Roffler-Tarlov and colleages demonstrates that the levels 

of L-Dopa present in treated pigmented retinae are greater than the levels of L-Dopa present in 

L-Dopa treated albino retinae and untreated pigmented retinae. Together, these data suggest that 

L-Dopa’s effect on cell production reaches a saturation point. Above this point, increasing the 

level of L-Dopa cannot augment the numbers of Zic2+ and Islet1/2+ cells. Ilia & Jeffery similarly 

found that the numbers of mitotic and pyknotic figures in L-Dopa treated pigmented and albino 

organ cultures were similar at concentrations of 1.0 mM and 2.5 mM (1999). Either L-Dopa 

reaches a level after which it has no effect, or the process of retinal cell production includes 

feedback mechanisms that prevent the overproduction of any particular cell type.  

L-Dopa treatment results in retinal malformations 

 In a subset of litters, L-Dopa treatment induced the presence of retinal malformations, 

specifically, bulges and invaginations. The eyes that exhibited these deformities were increased 

in size, as well. Similar abnormalities have been described in other parts of the brain and 
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connected to defects in proliferation. For example, mice that overexpress a constitutively stable 

form of B-catenin exhibit folds and invaginations in the cerebral cortex, as well as enlargement 

of the cerebral cortex (Chenn and Walsh, 2002). BrdU + Ki67 labeling illustrated that these mice 

have greater cells that re-enter cell cycle instead of differentiating compared with wildtype mice, 

which can explain the enlargement and folds in the cortex.  

When retinal sections from L-Dopa treated mice were stained with Islet1/2 and Ki67 

(marker of proliferating cells), I found that some regions of increased retinal thickness reflected a 

surge in proliferating cells, while other regions reflected an increase in differentiated cells. 

Unlike the B-catenin transgenic mice, the bulges in these mice consist of greater numbers of both 

differentiated and proliferating cells. One explanation for these results is that cell proliferation is 

overstimulated in such a manner that the number of both asymmetric and symmetric divisions is 

increased, thus resulting in an increase in differentiated cells and proliferating cells. Whether L-

Dopa is able to overcome the delay in RGC production in the albino VT retina can be tested by 

Edu labeling in L-Dopa treated mice. Moreover, whether L-Dopa does this specifically by 

accelerating the mitotic rate can be tested by combining EdU labeling with Ki67 labeling and 

quantifying the number of co-labeled cells with individually labeled cells. BrdU + Edu labeling 

would also elucidate differences in mitotic rates.  

L-Dopa regulates cell production, and consequently, cell specification in the retina 

 In all treatments, the increase in the number of Islet1/2+ cells correlates with the 

increase in the number of Zic2+ cells. When the number of Islet1/2+ cells was fully restored, the 

number of Zic2+ cells was fully restored as well. Likewise, when the number of Islet1/2+ cells 

was restored to an intermediate level, the Zic2+ cells were only restored halfway between the 

numbers of albino and pigmented retinae. This is consistent with the findings in chapter 3 that 
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suggest that the decrease in the number of Zic2+ cells is a result of an overall decrease in 

differentiated VT RGCs, due to a delay in maturation. This chapter provides further evidence for 

a link between the production of cells and cell identity. Based on the results of Chapters 3 and 4, 

I hypothesize that the addition of L-Dopa to the albino eye stimulates proliferation, and thus 

production of RGCs in the VT retina, consequently increasing the number of Zic2+ cells. 

Accordingly, L-Dopa treatment leads to the appearance of bulges, folds, and an increase in the 

overall size, likely reflecting an increase in both progenitor and differentiated cells. To confirm 

whether L-Dopa accelerates cell production in the VT retina, birthdating studies would need to 

be carried out in L-Dopa treated pigmented and albino embryos. Whether the reduction of the 

ipsilateral projection is restored in L-Dopa treated albino mice as a result of increased numbers 

of Zic2+ cells is still unknown. Although the retinae exhibit morphological deformities that may 

have adverse effects on retinogeniculate targeting, I would like to test the effects of L-Dopa on 

the size of the ipsilateral projection by combining L-Dopa treatment to pregnant females with 

anterograde tracing of postnatal treated mice. Moreover, I would like to investigate whether the 

abnormal contralateral patch discovered in Chapter 2 is still apparent in L-Dopa treated albino 

mice at postnatal ages.  

How does L-Dopa exert its’ effects on the retina?  

 The HPLC studies of Rofler-Tarlov et al., (unpublished) show that endogenous L-Dopa is 

found in the RPE, but not the neural retina of the pigmented eye. Thus, L-Dopa most likely does 

not exert its effects on retinal development by being released into and directly interacting with 

the cells of the neural retina. Instead, it is most likely initiates a cascade of events in the RPE that 

lead to the relase of a signal to the neural retina, where it consequently influences cell 

production. In our feeding studies, however, whether the exogenously supplied L-Dopa in the 
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drinking water is taken up by solely the RPE, the retina, or both the RPE or retinaof the embryos 

is still unknown. Thus, further studies would be needed using HPLC to determine what tissue 

takes up L-Dopa added to the drinking water and to what levels. If L-Dopa is solely restored in 

the RPE, then we can deduce that the L-Dopa exerts its effects on the number of Zic2+ and 

Islet1/2+ cells by initating an event in the RPE that eventually leads to a signal from the RPE to 

the neural retina to control proliferation. Alternatively, L-Dopa may be taken up directly by the 

neural retina in the feeding experiments, in which case the effects on proliferation and 

specification seen in these studies may be due to direct effects on the neural retina. 

 If L-Dopa solely exerts its effects in the RPE, then the precise events of the pathway 

through which L-Dopa in the RPE affects RGC production would have to be elucidated. 

Downstream factors that are released into the neural retina would need to be identified. One 

potential way of examining this would be to compare L-Dopa treated albino RPE and neural 

retina with untreated albino RPE and neural retina. Moreover, preliminary data from our lab and 

other studies suggests that the morphology of the RPE is affected in the albino mouse (Iwai et 

al., 2012, unpublished). We hypothesize that in addition to RGC development, the lack of L-

Dopa in the albino retina may lead to pathologies in the RPE. These pathologies in the RPE may 

directly influence retinal development, or may just be a side effect of the disruption of melanin 

synthesis. Analyzing the effects of L-Dopa on the morphological characteristics of the RPE 

could help to clarify the role of L-Dopa in the RPE. Lastly, the addition of L-Dopa may correct 

the gap junction defects previously described in the albino (Tibber et al., 2007). Thus, 

quantifying the numbers of gap junctions in L-Dopa treated retinae and adding gap junction 

blockers, such as octanol, would also clarify the mechanisms by which L-Dopa is able to restore 

the numbers of Zic2+ and Islet1/2+ cells in a subset of treated albino litters.  
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Whether the effect of L-Dopa on cell production is specific to the retina is unknown. 

Examining size differences and cell production in brain regions such as the cerebral cortex or 

hippocampus would be necessary to clarify whether addition of L-Dopa to the feeding water 

during embryogenesis only affects production in the retina or other brain regions. The presence 

of the enzyme that converts L-Dopa to dopamine (amino acid decarboxylase) and the presence of 

binding partners to L-Dopa would dictate whether exogenously added L-Dopa could exert any 

effects on a particular region.  

 In conclusion, this chapter demonstrates that L-Dopa is able to regulate retinal 

development. At a concentration of 2 mg/ml, L-Dopa treatment delivered to embryonic albino 

mice is able to rescue some of the features associated with the reduction of the ipsilateral 

projection in albino mice, most likely by stimulating proliferation. Moreover, L-Dopa does not 

have the same effect on cell production in pigmented eyes as it does on albino eyes, suggesting 

that the numbers of Zic2+ and Islet1/2+ cells can only be increased up to a certain extent in the 

VT retina. The results of this chapter provide further evidence that L-Dopa may be a factor 

present in developing pigmented RPE whose absence in the albino RPE causes the retinal defects 

present in albinism.  
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Chapter 4: FIGURE LEGENDS 

Table 4.1: Accumulation of exogenously supplied L-Dopa in albino fetal eyes at E14.5 

(Roffler-Tarlov et al., submitted for publication). Pregnant female mice were treated with L-

Dopa + ascorbic acid in drinking water and levels of L-Dopa that consequently accumulated in 

the fetal eyes were measured by HPLC at E14.5. The levels of L-Dopa in treated albino mice 

were similar to the levels of L-Dopa in untreated pigmented mice.  
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Figure 4.1: Expression of Zic2 and Islet1/2 in VT retina of treated and untreated mice. 

Coronal sections of VT retina of pigmented untreated, albino untreated, L-Dopa treated mice 

given a concentration of 1 mg/ml and 2 mg/ml mice at E15.5. L-Dopa was added to the drinking 

water of pregnant females at birth and embryos were collected at E15.5. At 1 mg/ml, L-Dopa 

treatment had no visible effect on the numbers of Zic2+ and Islet1/2+ cells. At 2 mg/ml, L-Dopa 

treatment qualitative increased the number of Zic2+ and Islet1/2+ cells.  



 110 



 111 

Figure 4.2: L-Dopa treatment (2 mg/ml) restores the numbers of Zic2+ and Islet1/2+ cells in 

albino VT retina at E15.5. Pregnant females were fed 2 mg/ml LDOPA + ascorbic acid (aa) or 

aa only in drinking water and embryos were collected at E15 .5. Most likely due to variability in 

the amount of L-Dopa that is restored to the eye, some litters exhibited bulges and some did not. 

Data was separated based on the appearance of bulges and the absence of bulges. A, In L-Dopa 

treated cases with bulges (n=6), the number of Zic2+ cells is restored to that of pigmented retina 

(n=12) at E15.5 and is significantly greater than the number of Zic2+ cells in both untreated 

albino (n=12) and aa treated albino (n=2). In L-Dopa treated cases without bulges (n=4), the 

number of Zic2+ cells is significantly increased, but not to the same extent as in cases with 

bulges. B, Mirroring the rescue of Zic2+ cells in VT retina, the L-Dopa + aa treated albinos (n=6) 

also display an increase in the number of Islet1/2+ cells that is similar to the number of Islet1/2+ 

cells in pigmented untreated (n=12) and significantly greater than the number of Islet1/2+ cells in 

untreated albino (n=12) and aa treated albino (n=2). The L-Dopa treated albinos without bulges 

(n=4) exhibited an increase in the number of Islet1/2+ cells, but not to the same extent as in cases 

with bulges.  
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Figure 4.3: L-Dopa treatment (2 mg/ml) does not alter the numbers of Zic2+ and Islet1/2+ 

cells in pigmented VT retina at E15.5. Pregnant females were fed L-Dopa + ascorbic acid (aa) 

or aa only in the drinking water and their embryos were collected at E15 .5. The numbers of 

Zic2+ and Islet1/2+ cells were counted in pigmented littermates of L-Dopa treated albinos with 

bulges (n=4). A, L-Dopa did not alter the number of Zic2+ cells in the pigmented retina. The 

number of Zic2+ cells are similar in untreated (n=12) and treated pigmented retina (n=4) and 

treated albino retina (with bulges, n=6). B, The number of Islet1/2+ cells was not altered by L-

Dopa treatment and is similar in untreated (n=12) and treated pigmented retina (n=4) and treated 

albino retina (with bulges, n=6). This suggests that the increase in Zic2+ and Islet1/2+ cells 

reaches a saturation point.  
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Figure 4.4: Ki67 + Islet1/2 expression in E15.5 mice treated with L-Dopa (2 mg/ml). 

Coronal sections of L-Dopa treated albino retina with bulges were stained with Ki67 (red, IHC) 

and Islet1/2 (green, IHC). Bulges exhibit either a surplus of Islet1/2+ cells, of Ki67+ cells, or 

both. The relative ratios of progenitors to differentiated RGCs vary throughout the retina.  
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Figure 4.5: The size of the eye is increased in L-Dopa treated embryos at E15.5.  

A, Scheme depicting method of tracing area of the retina (B) and entire eye (C) in coronal 

sections of untreated pigmented, untreated albino and L-Dopa treated albino eyes. B, The area 

measurements of the retina (blue line in A) across sections are greater throughout the eye in L-

Dopa treated albino with bulges compared with untreated pigmented and albino retina. C, The 

area measurements across sections of the entire eye (red line in A) are greater throughout the eye 

in L-Dopa treated albino with bulges compared with untreated pigmented and albino retina.  
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Chapter 5:  DISCUSSION AND FUTURE DIRECTIONS 

 This thesis project uncovers a number of perturbations in the albino mouse visual system 

associated with the reduction of the ipsilateral projection. In this chapter, I will briefly 

summarize the major findings from each of the data chapters, review the conclusions that can be 

drawn from these findings, and discuss how this work contributes to the field of albinism. 

Additionally, I will pose questions and future directions that arise from the work in this thesis.  

 

Abnormal retinogeniculate targeting in the albino mouse 

In Chapter 2, we examined retinogeniculate targeting in the postnatal mouse and found 

that in addition to the reduced ipsilateral projection, a cohort of contralateral fibers forms an 

abnormal patch in the dLGN that is segregated from the rest of the contralateral input in the 

albino mouse visual system. Moreover, this segregated patch targets the region where the late-

crossing VT RGCs project. Many studies have described dLGN targeting in other albino species 

(Kaas, 2005), but this thesis is the first to characterize in detail the phenotype in mouse, that is 

characterized by both abnormal eye-specific segregation and unexpected topographic targeting. 

These data suggested that a subpopulation of VT RGCs are specified differently in the albino and 

this finding became the impetus for the experiments carried out in Chapter 3.   

 

A disruption of cell genesis could lead to abnormal chiasmatic decussation 

In Chapter 3, I analyzed the production and specification of the VT RGCs in the albino 

retina. At E15.5, the decrease in Zic2+ cells corresponded to a decrease of differentiated RGCs in 

albino VT retina (Fig. 6.1). Interestingly, we found that at E17.5, the number of Zic2+ RGCs as 

well as the number of Islet1/2+ RGCs in the VT region were similar in pigmented and albino 
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retina. I next examined neurogenesis in the albino mouse and found that the production of cells 

in albino VT retina reflected a delay in the wave of RGC maturation compared with pigmented 

retina. Fewer cells were born at E13 in albino, and more cells were born at E15 in albino, thereby 

causing the equalization of the number of VT RGCs at E17.5 albino compared to pigmented 

retina.  

While numerous studies have highlighted defects in the albino rodent retina (Ilia and 

Jeffery, 1996; Webster and Rowe, 1991), this thesis is the first to provide evidence that a delay in 

VT RGC production occurs during the time that the ipsilateral projection is established. This 

finding constitutes strong evidence that the reduced number of ipsilateral RGCs compared to 

pigmented mice is a consequence of delayed neurogenesis in the VT retina. Moreover, the data 

in Chapter 3 provide a possible explanation for the abnormal contralateral patch in Chapter 2: 

The findings from the birthdating experiments pointed to the possibility of a population of RGCs 

born later in the albino VT retina that are not fated to project ipsilaterally (Fig. 6.1, yellow cells). 

The timing of production of this population of RGCs is altered, and thus, these RGCs may be 

specified differently in the albino VT retina compared with pigmented retina. This timing 

difference, and the profile of gene expression that might differ from that in the normal ipsilateral 

and contralateral RGCs, could in part underlie the segregation from the rest of the contralateral 

population. We hypothesize that the additional population of cells born at E15 and not 

expressing Zic2 and E17.5 may correspond to a third population of cells in VT retina that are not 

specified to project ipsilaterally but not identitical to the normal VT crossing population. It is 

possible that these late born cells form the aberrant contralateral patch in the dLGN (Fig. 6.1). 

While we could not confirm that these aberrantly late-born VT RGCs form the abnormal 
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contralateral patch in the dLGN, we showed that perturbed neurogenesis in the albino VT retina 

leads to misspecification of VT RGCs that correlates with the retinogeniculate targeting defect.  

We followed this work up by testing whether the extra late-born cells were specified to 

project contralaterally and found that the number of Islet2+ cells is greater in albino retina at 

E17.5 compared with pigmented retina. However, we were not able to detect any differences in 

the number of cells specified to project contralaterally using retrograde labeling. We cannot 

conclude at this point, however, that the size of the contralateral projection is similar in 

pigmented and albino mice, until we perform retrograde labeling at a later age. 

 

L-Dopa can rescue albino defects in production and specification of VT RGCs 

In Chapter 4, we turned our attention to L-Dopa, a factor whose absence in the albino 

retina has been linked to the reduction of the ipsilateral projection. L-Dopa treatment at a 

concentration of 2 mg/ml restored the numbers of Zic2+ and Islet1/2+ cells in a subset of albino 

embryos. This finding demonstrates that L-Dopa is able to regulate cell production in the 

pigmented retina. The absence of L-Dopa in the albino retina may underlie the perturbations in 

neurogenesis associated with the reduced ipsilateral projection. While L-Dopa has been 

previously shown to rescue some albino defects, this thesis is the first study to directly relate L-

Dopa treatment in embryonic mice to the regulation of ipsilateral RGC production. Moreover, 

our findings in Chapter 4 are consistent with those of Chapter 3: L-Dopa affects Islet1/2 

expression and Zic2 expression to the same extent, supporting the conclusion from Chapter 3 

that the reduction of Zic2+ cells is correlated with a reduction of Islet1/2+ cells. The results of 

Chapter 3 and 4 suggest that L-Dopa indirectly influences the ratio of ipsilateral and contralateral 
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fibers by directly regulating retinal cell production. Thus, when L-Dopa treatment increases the 

number of Islet1/2+ cells in the albino, it consequently increases the number of Zic2+ cells.  

While Chapter 4 highlights L-Dopa’s ability to modulate RGC production and 

specification during development, the data I have obtained do not constitute a causal relationship 

between the lack of L-Dopa in the albino RPE and the diminished numbers of Zic2+ and Islet1/2+ 

cells. A better understanding of the mechanism by which L-Dopa exerts its influence on retinal 

development is needed to answer this question.  

 

Albinism: implications for RGC development and axon guidance 

 The albino has served as a powerful model to uncover mechanisms of retinal 

development and formation of the visual pathways to the brain. Investigating the alterations 

associated with albinism allows scientists to shed light on important aspects of visual system 

development, such as the relationship between the neural retina and the RPE, the role of melanin 

in retinal cell production, and the importance of cell production in maintaining the correct 

balance of cell subtype in the retina.  

One of the major findings of this thesis is that the reduction of the ipsilateral projection is 

linked to a disruption in the temporal pattern of neurogenesis during the time that VT RGCs are 

specified to project ipsilaterally. First, these results show that a factor associated with melanin 

synthesis in the RPE affects birthdating in the neural retina. Previous studies have made this link 

in the albino, but our study describes a precise perturbation of cell genesis during the time that 

the ipsilateral projection is established. Moreover, we link this perturbation to L-Dopa.  

L-Dopa’s role in dopamine synthesis is well-studied in the brain, but its role as a mitotic 

regulator is unclear. Our studies show that L-Dopa can influence cell production in the retina, 
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potentially by stimulating proliferation. Second, our data supports a role for proliferation and 

birth order in cell subtype specification. Ursula Drager had previously shown that the temporal 

pattern of production of ipsilateral and contralateral RGCs differ (Dräger, 1985a), which pointed 

to the possibility that specification of these two populations of RGCs may be regulated by the 

time point at which they are born. We further corroborate this idea by taking advantage of the 

albino mouse as a model of disrupted proliferation and cell production. When the production of 

RGCs is disturbed, as we describe in the albino mouse, the proportions of ipsilateral and 

contralateral projections are subsequently altered.  

 

FUTURE DIRECTIONS  

The production of other cell types in the albino retina 

 A decrease in the number of rods and a lower central RGC density has been reported in 

the albino retina of various mammals (Jeffery, 1998). Moreover, one of the major findings of this 

thesis project was a reduction in the number of RGCs in the albino retina at the time when the 

ipsilateral projection is established. Aberrant numbers of rods and RGCs in the albino have been 

linked to disruptions in cell genesis and related to proliferation (Ilia and Jeffery, 1999, 2000). 

Because birth order is critical to the temporal pattern of production of the distinct cell types in 

the retina (Baumgardt et al., 2009; Dyer and Cepko, 2001), the possibility remains that 

production of the other cell types is also disturbed in the albino retina. The number of cones has 

been shown to be similar in pigmented and albino retina at postnatal ages (Jeffery et al., 1994a), 

but analysis of the numbers of amacrine, horizontal, and bipolar cells has yet to be carried out 

and might give insight into this general issue.  
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 One of the intriguing findings of this thesis project was that the reduced number of VT 

RGCs at E15.5 in albino retina was followed by a compensation of RGC production, such that 

the number of VT Islet1/2+ cells at E17.5 was similar in pigmented and albino VT retina. Thus, 

while differences in cell number were observed transiently during development in peripheral VT 

retina, the peripheral retina at adult ages does not exhibit differences in RGC number (Donatien 

et al., 2002; Stone et al., 1978). For other cell types, such as cones, the numbers are not altered in 

the albino retina at adult ages, but may be altered temporarily during the production of each 

respective cell type. Comparing the numbers of the various retinal cell types during the time 

when the various cell types are being produced could provide further clues as to how a disruption 

related to melanin synthesis regulates the temporal patterns of cell maturation.  

 

Perturbations of cell number in specific regions of the albino retina 

Another curious feature of the albino retina is the occurrence of region-specific 

perturbations in cell genesis. For example, the adult albino retina suffers from RGC hypoplasia 

in the central retina, but the adult albino peripheral retina is spared of disruptions in RGC 

number. Additionally, our studies describe a strikingly smaller number of RGCs in albino VT but 

not DT retina, compared with pigmented VT retina, at E15.5. Previous studies have shown the 

importance of localized interactions between the RPE and retina in maintaining the correct 

proportions of ipsilateral and contralateral pathways (Gimenez et al., 2005). A more detailed 

comparison of cell numbers, and potentially regional difference in the pathology of the RPE, in 

specific regions is needed to advance the field’s understanding of the defects in the albino retina.  

 

Precise cascade of events initiated in the RPE that modulates retinal development 
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  Studies of defects in albino retinal development have uncovered important details on the 

albino, but the major question of why a disruption in melanin biosynthesis causes retinal defects 

in the albino still remains. Is there a precise series of events in pigmented mice that is initiated in 

the RPE by a melanin byproduct and that eventually leads to regulation of neural retinal 

development? How is this cascade perturbed in the albino?  

This thesis delves into the potential role of L-Dopa in retinal development, but does not 

provide a mechanism by which L-Dopa influences the neural retina. Gap junctions have been 

implicated as the route of communication between the RPE and the retina. Moreover, a study 

from Glen Jeffery’s lab shows that the relative area between the RPE and neural retina spanned 

by gap junctions is increased in the albino during rod development in the retina, and that L-Dopa 

treatment can reverse this increase (Tibber et al., 2007). This result, as stated in this study, 

implicates L-Dopa in the well-being of RPE cells and the junctions they make. A second issue is 

whether L-Dopa normally relies on function gap junctions for transfer and influence over the 

neural retina. A precise comparison of gap junction expression at the interface of the RPE and 

neural retina during the time of RGC development is needed.  

Calcium signaling has also been suggested to regulate retinal development through gap 

junctions. One hypothesis in the field is that melanin in the RPE may act as a calcium sink and 

prevent a surplus of calcium signals to the neural retina (Dräger, 1985b). If this is the case, then 

the extent of calcium signaling from the RPE to the neural retina may be enhanced in the albino 

retina, causing defects in proliferation and cell production (Pearson et al., 2004). Manipulation of 

calcium signaling in the pigmented retina and testing the effects of L-Dopa treatment on calcium 

signaling in the albino retina could elucidate the relationship between the RPE and the neural 

retina.  



 127 

Moreover, while this study delves into the possible effect of L-Dopa on the neural retina, 

we do not investigate the effect of L-Dopa on the RPE itself. L-Dopa is sequestered in the RPE, 

but is it necessary for maintenance of the RPE? Analysis of the role of L-Dopa and potential 

downstream targets on RPE morphology, structure, and function has not been carried out. 

Further investigations into defects in the RPE itself can help to elucidate the cause of the retinal 

defects in the albino retina.  

Other forms of albinism 

The OA1 albino mutation, characterized by a reduction of melanosome number and an 

increase in melanosome size, also suffers from abnormal retinal axonal pathfinding (Oetting, 

2002). The exact mechanism by which the failure of melanosomes to properly form and 

breakdown causes hypopigmentation and resultant aberrant axonal projections, is unknown, but 

these mice exhibit normal tyrosinase activity. Lopez et al., found that L-Dopa is a ligand for the 

OA1 receptor and that this interaction can stimulate calcium signaling and the release of a 

neurotrophic factor (Lopez et al., 2008). In this study, the authors suggest that retinal 

development is perturbed in the OA1 mouse because the interaction between OA1 and L-Dopa is 

disrupted, resulting in similar retinal effects as the absence of L-Dopa.  Experiments that inhibit 

binding between OA1 and L-Dopa in wild type mice could elucidate whether this interaction is 

critical for retinal development. Moreover, analyzing the OA1-/- mutant mouse for defects in 

RGC production and specification can provide a better understanding of whether similar 

mechanisms underlie the reduction of the ipsilateral projection in all forms of albinism. 

Potential drug treatments for albinism 

By uncovering the mechanism that links disruption of melanin synthesis to retinal 

defects, different steps of the pathway from pigment formation to neural retinal development can 
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be targeted for potential drug therapies. Chapter 4 of this thesis supports a role for L-Dopa in the 

treatment of defects associated with albinism. As previous studies have also implicated a role for 

L-Dopa in retinal development and as the factor whose absence is responsible for visual system 

defects in albinism, L-Dopa is being clinically tested on patients with OCA as a treatment to 

improve vision in albinism (Dr. Gail Summers, University of Minnsesota). While L-Dopa may 

have adverse effects at higher concentrations, such as the retinal deformities depicted in Chapter 

4, L-Dopa may be able to alleviate some of the defects that perturb vision if given at a proper 

concentration.  

Another drug, nitisinone, is FDA-approved and has recently been implicated as a 

potential therapeutic drug for albinism. In a mouse model for OCA1B that exhibits residual 

tyrosinase activity, nitisinone has been shown to increase levels of melanin in the eye and the 

skin by inhibiting the degradation of tyrosine, which is the precursor of melanin that is converted 

to L-Dopa by tyrosinase (Onojafe et al., 2011). Since nitisinone needs a baseline level of 

tyrosinase activity to enhance melanin levels, nitisinone would not be effective in albino mutants 

that are entirely tyrosinase-deficient.  

If delivered to adults, treatment of L-Dopa or nitisinone may potentially restore visual 

acuity and structural defects of the RPE. However, such experiments would not be useful in 

correcting defects associated with the binocular pathway, as these defects are established during 

embryogenesis. Additional studies are necessary to identify means of reversing the functional 

consequences of the reduced ipsilateral projection.  

 

In conclusion, the findings presented in this thesis contribute to the field’s understanding 

of the establishment of abnormal chiasmatic decussation.To fully shed light on the mechanisms 
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that underly the reduction of the ipsilateral pathways, we would need to (1) investigate potential 

signals from the RPE to the neural retina that regulate cell production; (2) analyze additional 

defects in the albino retina that relate to cell production; and (3) probe potential routes of 

communication between the RPE and the retina; and (4) apply these studies to other models of 

albinism. Advances in genetic tools, culture methods, and interdisciplinary techniques should 

assist in moving the analysis of albinism forward. Moreover, a better understanding of the albino 

can contribute to our understanding of cell specification and axon guidance, and in restoration of 

these processes after injury and disease to the nervous system.  
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FIGURE LEGENDS: Chapter 5 

Figure 5.1: Delayed production of cells specified to project ipsilaterally leads to late-born 

misspecified population in the albino. Scheme depicting perturbed cell production and 

specification in the VT region of the albino retina. At E15.5, there are fewer differentiated 

RGCs, resulting in fewer Zic2+ RGCs. At later ages, due to a delay in differentiation, there are 

equal numbers of Zic2+ cells and an additional late-born population of cells that may be specified 

to project contralaterally. We hypothesize that these extra late-born RGCs may form the 

abnormal contralateral patch described in Chapter 1. 
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Fig. 5.1: Delayed production of cells specified to project ipsilaterally leads to late-born 
misspecified population in the albino 
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CHAPTER 6: MATERIALS AND METHODS 

Animals 

Mice were received from The Jackson Laboratory (Bar Harbor, ME), housed in a barrier 

facility in a timed-pregnancy colony at Columbia University maintained by the Mason lab mouse 

technician, Hranush Melikyan. The mice were exposed only to conditions and procedures that 

were approved by the Institution Animal Care and Use Committee. The albino model used in this 

thesis project was the C57BL/6J mouse carrying a mutation in the tyrosinase gene (Tyrc2j). 

Heterozygotes (Tyr+/Tyrc2J) were crossed with homozygotes (Tyrc2j/Tyrc2j), such that litters 

would contain homozygous albino embryos and heterozygous pigmented controls. Thus, the 

terms “pigmented” and “albino” are used throughout the dissertation to refer to the heterozygotes 

and homozygotes, respectively. Although the pigmented littermates exhibit only half the 

tyrosinase activity, they are indistinguishable from wild type in terms of retinal and axon 

projection phenotypes Rachel et al. 2002 (LaVail et al., 1978). Females were checked for vaginal 

plugs at approximately noon on every weekday. E0.5 refers to the day when the vaginal plug was 

detected, assuming that conception took place at approximately midnight time.  

 

Anterograde labeling of retinogeniculate projections (adapted from Rebsam et al., 2012) 

P13 and P29 mice were anesthetized intraperitoneally with ketamine–xylazine (100 and 

10 mg/kg, respectively, in 0.9% saline). For whole-eye injection, the portion of the eye that 

generally resides underneath the eyelids was pushed outward using two fingers to stretch the skin 

and 2–4 µl of 0.2% cholera-toxin subunit B (CTB) conjugated to AlexaFluor 594, 488 

(Invitrogen) diluted in 1% DMSO was injected into the eye intravitreally with a glass 

micropipette. To make focal injections, 300 – 400 nl of 4% liquid DiI in 10% sucrose (the liquid 
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DiI solution consists of 10% DiI in dimethylformamide) or CTB-AlexaFluor 594 (0.1% in 0.5% 

DMSO, 10% sucrose solution) was injected beneath the scleral margin into the VT retina 

through a glass micropipette linked to a Picospritzer II (General Valve Corporation). The 

ventrotemporal position was determined by the side of the head that the eye was situated on and 

the orientation of the eyelid.  

Two days after injections, mice were anesthetized and perfused transcardially with 4% 

paraformaldehyde (PFA) in 0.1 M phosphate buffer (0.1 M PB) before dissection of brain and 

retinae. Brains were post-fixed overnight in 4% PFA in 0.1 M PB, stored in 0.1 M PB, embedded 

in 3% agarose, and sectioned coronally with a vibratome (100 µm) through the dorsal lateral 

geniculate nucleus (dLGN). Sections were mounted in Gelmount (Biomeda). Images of the 

anterogradely labeled dlGN were taken by Axiovision software through the Axiophot camera 

connected to a Zeiss Axioplan2 microscope. 

 

Immunohistochemistry of retinal whole mounts  

Embryos were harvested at E15.5, washed in PBS, decapitated, and heads were fixed in 

4% PFA overnight at 4ºC. After the heads were rinsed in PBS several times, the retinae were 

dissected free from eye lids and socket, and the lens removed. A small radial slit made at the 

ventral pole for the purpose of orienting the retina after dissection. The dissected retinae were 

blocked in 10% NGS, 1% triton in PBS for 1-2 hour(s) at room temperature, incubated in 

primary antibody (Zic2, 1:10,000, a gift from Stephen Brown, University of Vermont) in 1% 

NGS, 1% triton in PBS overnight at 4ºC, washed in PBS 3 x 20 minutes, incubated in secondary 

antibody (1:400) in 1% NGS, 1% triton in PBS for 2 hours at RT, and washed in PBS 3 x 20 

minutes. Upon completion of immunohistochemistry, the retinae were flat-mounted by placing 
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them on a slide, making 4 – 5 cuts at equidistant points around the periphery in the direction 

towards the center, and then coverslipped with Gelmount.  

Images of the whole retina were taken through the 5x objective and of the region 

expressing Zic2 through the 20x objective of a Zeiss Axioplan2 microscope connected to the 

Axiophot camera using the Axiovision software. 

For quantification of Zic2+ cells in retinal whole mounts at E15.5, separate 20x images of 

the region expressing Zic2 in each retina were stitched together to create a final image containing 

the entire Zic2 zone using Adobe Photoshop CS 6. The final stitched image was overlaid on a 

grid in Photoshop and Zic2+ RGCs were counted in sectors of equal width from the periphery to 

the center using ImageJ (NIH). All counts were carried out by undergraduate student, Ilana 

Rayport with my assistance, semi-blinded (the pigment in the retinal pigment epithlium, not 

removed, indicated genotype). Each sector represented 75 µm of the retina. The Zic2+ cells in the 

ciliary marginal zone (CMZ) were excluded from quantification. Retinal area was measured 

using the Region Tracing Tool on the MetaImaging Series MetaMorph 7.0. For retinal area oh 

wholemount retina, 1 pixel = 4.2734 µm2. 

 

Immunohistochemistry of retinal sections 

Embryos were collected at the age of interest in PBS on ice. Heads were decapitated in 

PBS over ice, fixed in 4% PFA in 0.1M PB for 1.5 hours at 4º C, rinsed in PBS at least 3 times, 

washed in PBS for a minimum of 1 hour at 4ºC, and cryoprotected in 10% sucrose in 0.1M PBS 

for 1 – 2 nights at 4ºC. The heads were embedded in OCT in Peel-A-Way Disposable 

Embedding Molds over crushed dry ice and stored in -80ºC freezer until used for sectioning. 20 

µm frontal sections were cut on a Leica cryostat of both pigmented and albino retina, and 
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collected on Fisherbrand® Frosted slides. Sections were either stored in the -80ºC freezer or used 

immediately for IHC. For IHC, slides were blocked in 10% NGS, 0.2% triton in PBS for 1 hour, 

incubated in primary antibody in 0.2% triton, 1%NGS, in PBS overnight at 4ºC, washed 3 x 20 

minutes in PBS at room temperature, incubated in secondary antibody for 2 hours at room 

temperature, and washed in PBS 3 x 20 minutes. Slides were mounted with Gelmount and 

coverslipped.  

The following primary antibodies were used: rabbit anti-Zic2 (gift of Stephen Brown, 

1/10,000), mouse anti-Islet1/2 (gift of Thomas Jessell, 1/50), rabbit anti-Islet2 (gift of Thomas 

Jessell, 1:1,000), guinea pig anti-Olig2 (gift of Tom Jessell, 1:20,000, rabbit anti-Ki67 (Abcam, 

1:1000), Phosphohistone H3 (gift of Richard Vallee, 1:200).  

The following secondary antibodies were used: Donkey anti-rabbit Alexa594 (InVitrogen 

Molecular Probes, 1:400), Goat anti-mouse Alexa488 (InVitrogen Molecular Probes, 1:400), 

Donkey anti-mouse Alexa594 (InVitrogen Molecular Probes, 1:400), Donkey anti-rabbit 

Alexa488 (InVitrogen Molecular Probes, 1:400), Goat anti-rabbit Cy5 (Jackson 

Immunoresearch, 1:250), Goat anti-rabbit Cy3 (Jackson Immunoresearch, 1:500).  

Stained sections of the retina were imaged using a Zeiss AxioImager M2 microscope 

equipped with Apotome, AxioCam MRm camera, and Neurolucida software (V10.40, 

MicroBrightField Systems). The Apotome provides a resolution that is comparable to that 

provided by a confocal microscope. For Zic2/Islet1/2 analysis and Olig2/Islet1/2 analysis, a 

merged stack of 8 images (2 um steps) was acquired through a 20x objective. For Ki67, 

PhosphohistoneH3, and Islet2 analysis, stained sections were imaged with a Zeiss Axioplan2 

microscope through the Axiophot camera using the Axiovision software.  
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All quantification for sections processed for IHC was performed using Meta Imaging 

Series Metamorph 7.0. The inner surface of the retina was divided into radial sectors of equal 

width (100 pixels), starting at the periphery, and divided by a line drawn from the inner surface 

of the retina towards the outer surface in the direction of the migrating cells. Cell numbers were 

recorded for each individual sector. 1 pixel = 0.3205 µm. For all staining done in conjunction 

with Islet1/2, the first sector in the periphery was defined by the appearance of the first Islet1/2+ 

cells, representing differentiated RGCs (the Islet1/2 antibody stains for Islet1, expressed in all 

differentiated RGCs but also recognizes Islet2, expressed in a subset of RGCs). Images were 

thresholded in the Metamorph system such that only the most strongly labeled cells were 

counted. Retinal area in sections was measured using the Region Tracing Tool on the 

Metamorph imaging system. For retinal area measurements, 1 pixel = 1.64 µm2. 

For statistical analysis at E15.5, the 2nd and 4th sections caudal to the frontal section 

where the optic nerve exits the eye were chosen because the Zic2+ cells in wild type are most 

numerous in these sections. The numbers of cells were summed in these two sections and then 

averaged across cases. At E17.5, the two alternate sections rostral to the section where the optic 

nerve exits the eye were chosen for statistical analysis.  

 

Edu labeling of VT Islet1/2+ and Zic2+ RGCs 

Edu (5-ethynyl-2′-deoxyuridine, 2.5 mg/ml) was injected intraperitoneally on the day of 

interest at roughly 10 am, 2 pm, and 6 pm in the pregnant mother. Edu is incorporated into DNA 

and labels cells undergoing S-phase (Salic & Mitchison, 2008). Embryos were collected from 

pregnant females and sacrificed at either E15.5 or E17.5. The embryos were prepared and 

processed for Zic2 + Islet1/2 IHC identical to the procedure described above for retinal sections. 
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Upon completion of immunostaining, the sections were permeabilized in 0.5% triton in PBS for 

20 minutes at room temperature, washed in PBS 2 x 5 minutes at room temperature, and the Edu 

detection reaction performed following the protocol described in Salic & Mitchison (2008) using 

a fluorescent azide through a Cu(I)-catalyzed cycloaddition reaction (Click-iT EdU imaging kit, 

Invitrogen), for 30 minutes. After the Edu reaction, slides were washed 2 x 10 minutes at room 

temperature. Sections were coverslipped with Gelmount. Imaging and quantification was 

performed identical to the procedure described above in Immunohistochemistry of retinal 

sections. 

 Edu signal in retinae injected at E13 and collected at E15.5 was thresholded in the Meta 

Imaging Series Metamorph 7.0 such that only the cells that became post-mitotic at E13 

(brightest) were counted. Edu signal in retinae injected at E14 and collected at E15.5 did not 

require thresholding because the window between the age of injection and collection was too 

small for multiple rounds of division, minimizing the disparity in Edu signal amongst 

differentiated RGCs. Edu signal in retinae injected at E15 and collected at E17.5 did not require 

thresholding, even though the time window between injections and collection was 2.5 days. I had 

also injected retinae at E16.5 and collected at E17.5 and found that no Islet1/2+ cells were 

labeled with Edu, confirming that cell cycle is longer at later ages (Alexiades and Cepko, 1996), 

preventing the need to threshold for the E15 -E17.5 window. 

 

In situ hybridization of retinal sections 

 Embryos were collected and harvested on the day of interest in PBS over ice, fixed 

overnight in 4% PFA, rinsed with PBS, cryoprotected in 30% sucrose for 1 – 2 days, embedded 

in OCT over dry ice, and either stored in -80ºC or used immediately. 20 µm sections were 
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collected through the retina and immediately processed for in situ hybridization using a protocol 

adapted from Schaeren-Wiemers and Gerfin-Moser (Schaeren-Wiemers and Gerfin-Moser, 

1993) and Hunter et al. (Hunter et al., 2005). The probes for NrCAM (gift of Lynda Erskine, 

University of Aberdeen) and Math5 (gift of Lin Gan, University of Rochester) were synthesized 

using Digoxygenin RNA labeling mix (Roche).  

 

Retrograde labeling of contralaterally and ipsilaterally projecting RGCs 

 Pregnant females were anesthetized using either Avertin or ketamine–xylazine (100 and 

10 mg/kg, respectively, in 0.9% saline). While the mother was kept alive, each E18.5 embryo 

was removed and decapitated in DMEM-F12 buffer over ice. Subsequently, the head was 

immersed in DMEM and tissue was removed around the head using microscissors and forceps, 

such that the optic nerve, chiasm and tract were exposed. The medium was removed, a cut was 

made in the optic tract on the right side and a pinch of rhodamine-conjugated, lysine-fixable 

dextran (molecular weight 3000) was applied to the severed optic tract with a pair of forceps. 

The head was incubated in oxygenated ACSF for approximately 2-3 hours and then 

unoxygenated ACSF for several hours at RT. Heads were then fixed in 4% PFA O/N, rinsed in 

PBS for at least 1 hour. Each retina was dissected out of the head and stained with a Zic2 

antibody, flat-mounted, and coverslipped using the protocol described above.  

Images were taken either through a 10x objective (retrogradely labeled cells) or a 20x 

objective (Zic2+ cells) with Axiovision software through the Axiophot camera and a Zeiss 

Axioplan2 microscope. Zic2 labeling was used to delineate the VT region. In both the ipsilateral 

eye and contralateral eye, retrogradely labeled cells were counted in sectors of equal width (50 

pixels, 1 pixel = 1.064 µm) from the periphery to the center using Meta Imaging Series 
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Metamorph 7.0. Counting was carried out by high school student, Claire E Carroll, under my 

direction.  

 

L-Dopa treatment of pregnant females 

 Female mice that were plugged were fed L-Dopa (either 1 mg/ml or 2 mg/ml) + ascorbic 

acid (2.5 mg/ml), or ascorbic acid only (2.5 mg/ml), in the drinking water starting at E0.5-E3.5 

until E15.5, when they were sacrificed for Zic2 and Islet1/2 expression analysis by IHC (see 

above). Water was refreshed every other day. Light-protected bottles were used for feeding, as 

both L-Dopa and ascorbic acid are sensitive to light.   

 
 

Statistical analysis. All were evaluated for statistical significance using student’s two-tailed 

unpaired t-test in Microsoft Excel. All error bars represent standard error of the mean (SEM). p-

values are indicated as follows: *p < 0.05; **p<0.01; ***p < 0.001. 
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