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ABSTRACT 

. ' 

The murine microphthalmia ·gene (Miff) encodes a basic-:-helix~loop:..helix 

transcription factor known to regulate transcription of genes encoding proteins· of 

the pigmentation pathway. It is also thoughtto promote pigment cell survival and 

development. One of the least severe Miff mutations occurs in the vitiligo mouse 

(Mitf vit) which has a G to A point mutation in the region of _Mitf encoding the first 

a-helix. This mutant has a normal eye size unlike many of the other mutant 

alleles and exhibits uneven pigmentation of the· retinal pigment epithelium (RPE) 

and slow, progressive photoreceptor cell (PC-) loss. Events leading to the retinal 

degeneration have not been elucidated. The purpose of the present study was 

three-fold. First, to determine whether apoptosis was the underlying mechanism 

of photoreceptor cell death in Mitfit. Second, to assess the adhesion bet\A/een 

neural retina and RPE of the Mitrit allele since retinal detachment is known to · 

induce PC cell apoptosis. Third, to establish the normal spatia-temporal 

expression of the Mitf. gene in . wild-type mic~ and to determine whether this 

pattern was disrupted in vitiligo mutant mice. To quantitate the level of PC 

apoptosis, the TUNEL assay was used to label cleaved chromatin, a hallmark of 

apoptosis. Results indicated that the number of apoptotic PCs was significantly 

higher in Mitfit during the initial" stages of .the d~g~t:l~.ration and remained higher 

than wild-type ·mice. These findings were confirmed by -transmission electron 

microscopy. To address RPE/neural reti"na adhesiveness, a peeling experiment 

X 



was performed in which the RPE was examined for the amount of pigm~nt 

adherent to it as a direct ·assessment- of strength of adhesion. Scan.ning electron 

. microscopy was used to examine the level of damage sustained during the 

separation process.· Results indicated that adhesion of the neural retina in Mitf;t 

was diminished greatly in vivo compared to wild-type. In. addition, using an in 

vitro RPE/neural retina recombination assay, it was shown that, surprisingly, 

mutant RPE could attach similarly to control and mutant retinas at an early age, 

but not at later ages. Finally, to quantify Mitf expression, RT-PCR was performed 

and demonstrated a transient elevation of Mitf between E1 0.5-E13.5. in the Mitf;t 

mutant. 'In situ hybridization analysis of wild-type mice localized Mitf to· the 

neuroepithelium during ·onset of optic vesicle formation (E9.0-9.5) . ·and 

s~bsequently to the RPE during optic cup formation (E 1 0.0-E 11.5). The ·findings 

of this third study provided evidence that the Mitf gene is expressed early during . 

ocular development underscoring its importance in specifying the RPE. Its. 

specific expression in the RPE also provides molecular evidence that the primary 

site of the Mitf;t defect. is the RPE, a notion that had been hypothesized by 

several groups but not demonstrated. These studies suggest that the abnormal 

RPE defects are due to developmental changes as reflected by the transient 

elevation of Mitf expression in the RPE early in its formation. These defects 

render the RP~ unable to form a normal interaction with the neural retina which 

eventually detaches from the RPE leading to loss of photoreceptor cells by 

apoptosis. 

xi 



CHAPTER 1. INTRODUCTION 

The purpose of this research was to extend our knowledge about 

mechanisms underlying retinal degeneration. To accomplish this, the vitili9o 

mutant mouse was studied to (1) determine the mechanism ·Of photoreceptor cell 

death, (2) assess the adhesion between photoreceptors and adjacent retinal 

pigment epithelium and (3) elucidate the temporal and spatial expression of the 

gene thought to be responsible for the degeneration. 

THE NEURAL RETINA AND RETINAL PIGMENT EPITHELIUM. 

The eye is a specialized structure designed to collect and transduce light 

into a neural signal. The mammalian retina is a multi-layered tissue consisting of 

several cell types (Figure 1) which have various functions. The photoreceptor 

cells are the highly specialized receptor cells that capture photons of light and 

subsequently transduce it into a neural impulse (Wheater, 1987). Rods and 

cones comprise the two types of .photoreceptors with rods outnumbering cones 

13:1 in humans (Berson, 1994). The transduction. of light within the rod 

photoreceptors occurs via rhodopsin, a 348 amino acid molecule composed of 

opsin and 11-cis retinal. Opsin synthesis, glycosylation and chromophore 
\ 

addition take place in the rod cells. The outer segment of the photC?receptor cell 

1 



Figure 1. The retina and retinal pigment epithelium 
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Figure 1. The neural retina and retinal pigment epithelium. The vertebrate 

eye is composed of several layers. The retinal pigment epithelium (RPE) is a 

monolayer of cuboidal cells which is attached to the vascular choroid. At its 

basal aspect, the RPE basement membrane forms part of the double layered 

Bruch's membrane. At their apical aspect, the RPE cells contain microvilli which 

interdigitate with the outer segments of the photoreceptors. At its lateral aspect 

are tight junctions which forms part of the blood-retinal barrier. The neural retina 

is composed of the photoreceptor cells which are the primary neuronal cells 

responsible for phototransduction. The photoreceptors consist of the outer 

segments which are attached to the RPE via the microvilli. The inner segments 

contain the cellular organelles and the outer nuclear layer contains the nuclei of 

the rod and cone photoreceptor cells. The inner nuclear layer (INL) contains 

bipolar cells, horizontal cells, amacrine cells and nuclei of Muller (glial) cells. The 

ganglion eel/layer (GCL) contains the third order neurons whose axons form the 

nerve fibers that comprise the optic nerve. 
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.is the location where photo-activation of rhodopsin occurs. The outer segment 

disks are shed d.aily from the apex of photoreceptors, a process that occurs 

within two hours of light· o.n~.et (Reviewed by ~ok, 1985). ··cone cells are 

.specialized for color vis!on and. differ from rods in the structure of their color 

visual pigments. Collectively, rods and cones capture a photon of light and the 

visual process continues as the neural impulse is transmitted to neurons of the 

inner nuclear layer where bipolar, .. horizontal and. amacrine cells integrate the 

impul~e and transmit it to. the ganglion ceils. The impulse is sent to the brain via· 

ganglionic axons which form the optic nerve. 

The retinal pigment epithelium (RPE) is a monolayer of cells located 

between the neural retina and the highly vascular choroidal layer. These cells 

are responsible · for several critical processes that are important for proper 

functioning of the retina. First, the RPE metabolizes vitamin A (retinoids) which is 

essential for rhodopsin regeneration. Second, the cells contain pigment or 

melanin which appear to have two major functions. Pigment is thought to absorb 

and reduce scattering of both visible and ultraviolet light thus helping to improve 

the quality of images. In: additi~n, melanin is also able to bind metal ions 
\ 

providing a protective function against ·oxidative damage. Third, RPE cells have· 

microvilli at their apical surface that aid in the adhesion of the neural retina to 

RPE. These microvilli are thought to play a role in photoreceptor cell outer 

segment disk shedding and phagocytosis (Reviewed by Bok, 1985). The shed 

disks taken up by the RPE are called phagosomes and are eventually digested 
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by the RPE. Sodium-potassium pumps at the RPE apical surface function to 

pump fluid thus providing another mechanism by which the neural retina is kept 

attached to the RPE. Fourth, the RPE contributes to the blood-retinal barrier. Its 

basement membrane forms part of Bruch's membrane which acts as a filter to 

keep toxic substances from entering the retina. On the basolateral side of the 

RPE, junctional complexes composed of tight junctions are also part of the blood 

retinal barrier. Lastly, the RPE produces several components of the 

interphotoreceptor matrix including glycosaminoglycans and proteoglycans which 

facilitate neural retina adhesion (Hageman and Johnson, 1991 ). In addition to. 

the adhesive property of the interphotoreceptor matrix, it is also the key element 

that serves as a conduit in which visual molecules are shuttled between the RPE 

and photoreceptors. 

Since the RPE and retina are intimately related physically, photoreceptors 

may react to abnormalities of the RPE and visa-versa. 
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LITERATURE REVIEW 

RETINAL DEGENERATION AND THE VITILIGO MUTANT MO.USE MODEL 

Blindness is one of the most feared of human afflictions (RevieWed by 

Chader, 1994). Although it can be caused by a number of diseases, dysfunction 

of the retina is one of the most common causes, as well as one of the most 

complex to understand. In the past several years much has been learned about 

many degenerative retinal disorders. Retinitis pigmentosa is a family of diseases 

in which diminished retinal function eventually leads to blindness (Berson, 1993). 

In order to study these disorders, several animal models have been described in 

. \ . ' . 

dogs, cats and rats, to name a few. Many genetic causes of retinal degeneration 

have been described in mice owing to the advanced genetic .. knowledge of this 

species. The mouse models include the rds and ~d mice. In the rds mouse, in 

which the peripherin gene is mutated, the outer segments -never d~velop and 

starting at 3 weeks of age the photoreceptors start to degenerate (Sanyal, 

deRuiter and Hawkins, 1980). In the rd mouse, the ~ subunit of cyclic GMP 

(cGMP) phosphodiesterase is defective leading to a rapid -loss of photoreceptors 

starting ·at postnatal day 17 (Carter-Dawson, La Vail, and Sidman, 1978). Another 

promising animal is the mutant vitiligo mouse, which has several characteristics 

that make it an attractive model for human retinal degeneration (Smith, 1992). 

Unlike the rds mouse which never develops outer segments, the vitiligo mouse 
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has all components of the retina during the first few. weeks of life, therefore it 

represents a true degeneration not a dysplasia (Smith, 1992). In the rd mouse 

the degeneration proceeds very quickly so it is useful for studies of disruption of 

the visual cascade but less informative for studies of protracted loss of 

photoreceptor cells. This is in ·contrast to the vitiligo mouse in which the 

photoreceptor cells are lost slowly (Smith, 1992). The vitiligo mouse is however, 

relatively new and many aspects of its pathology have yet to be studied. 

The vitiligo mouse was described initially by Lerner et al. (1986) as a 

model for the dermatologic disease vitiligo because of its gradual loss of 

pigmentation of skin and fur. Alterations in the tissues of the eye of this mutant 

mouse include a central amelanotic patch around the optic nerve head (Boissy, 

Moellman and Lerner, 1987), uneven pigmentation of the RPE, with areas of 

hyper- and hypopigmentation (Boissy et aL, 1987; Smith, 1992; Sidman et al., 

1996), and retinal degeneration characterized by a slow progressive loss of 

photoreceptors (Smith, 1992; Sidman et al., 1996). The detectable loss of rows 

of photoreceptor cells starts at about 8 weeks of age and demonstrates a central 

to peripheral gradient in which the phctoreceptors of the central retina are lost 

more rapidly than those of the periphery (Smith, 1995; Nir et al., 1995). In 

addition, the mutant retina is often seen separated from the RPE (Smith, 1992; 

Smith et al., 1994; Sidman et al., 1996). The RPE microvilli of the central retina 

are short and malformed in twelve day-old animals and are separated from the 
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outer segments in young (three to eight week old) animals (Nir et, al., 1995). 

There is evidence that the RPE lacks microvilli as early as postnatal day 1 in the 

posterior retina (Nir, personal communication). The ability of the RPE to 

phagocytose shed rod ?Uter segment disks is decreased as indicated by 

reduced numbers of phagosomes at 4 weeks (Smith et al., 1994; Kosaras et al., 

199.6) and outer segment renewal is abnormal by ,6 weeks of age ( Smith and 

Defoe, 1995). 

At the time this project was undertaken, it was not known how the 

photoreceptor cells die in this mutant or whether the detachment was due to 

altered adhesion of the RPE to the neural retina. Additionally, the genetic defect 

underlying this retinopathy was not known. More recently the genetic defect was 

elucidated (as described below), but spatia-temporal expression of the gene in 

the vitiligo mutant had not been established. These three issues became the 

focus of this project and reviews of literature pertinent to these aspects are 

described below. 
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MECHANISM OF CELL DEATH: APOPTOS/S 

The observations of photoreceptor cell death in the vitiligo mutant raised 

the question as to the mechanism by which thes.e cells die. To address this, 

studies of the mechanism of cell death were pursued. 

Apoptosis was initially described by Wyllie, Kerr and Currie (1972) as a 

uni'que form of cell death, distinguished from necrosis, which is induced by 

noxi9us and traumatic stimuli. Programmed cell death or apoptosis is an 

evolutionarily conserved mechanism of regulated cell death which occurs under 

physiological conditions and through the controlled activation of specific genes 

(reviewed by Fesus, 1993). This process is essential in accomplishing a number 

of physiological functions including elimination of cells that 1) have no function, 

2) were generated in excess, 3) develop improperly, 4) have completed their life 

cycle or 5) are harmful. Apoptosis is critical also for the production of dead cells 

that serve specific functions such as cornification of epithelial cells and lens cells. 

During the process of apoptosis there are four general stages: (reviewed 

by Coucouvanis et al., 1995) 1) an initial signal that triggers the cell to die. This 

may be either the presence or absence of a growth factor, hormones, cytokines 

or other cell-signaling factors. 2) the signal is relayed to· the nucleus thus 

.•: 

signaling transducers such as transcription factors and proteins that control the 

cell cycle. This triggers transcription of genes required for apoptosis. 3) the cell 
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dies through the action of endonucleases and proteases. 4) in cases where the 

cell is no longer required, it breaks apart into apoptotic bodies ~nd the_ fr~gments 

are removed by nearby cells, macr~phages or even other cells in the immune 

system. Initially apoptosis was described by morphologic examination for cellular 

alteration~ specific tq apoptosis. Recently, several specific techniques have been 

developed including biochemical assays and genetic analysis which target the 

different stages of death. 

In the retina, apoptosis is a normal process during development. It serves 

to shape and limit the number of cells. Young (1984) and Penfold and Provis 

(1986) demonstrated that there are waves of cell death which begin in the 

ganglion cells, move to the· inner nuclear cells and finally the photoreceptor cells 

(reviewed by Papermaster and Wind~e, 1995). Recenfstudies have shown -that 

photoreceptors die through the mechanism of apoptosis in a number of retinal 

degeneration. models including rd, rds and Rhodopsin mutants (Chang et al., 

1_993) and the RCS rat (Tso et al., 1994). These studies suggest that despite the 

varying genetic causes in these mutants, apoptosis is the final ·common pathway 

which leads to elimination of the photoreceptors. 
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NEURAL RETINA -RETINAL PIGMENT EPITHELIUM ADHESION. 

Apposition of the neural retina to the retinal pigment epithelium is vital fqr 

proper functioning of the visual system. The mechanism of aqhesion between 

these two tissues depends on many factors including hydrostatic pressure from 

the vitreous, osmotic pressure from the choroid, interdigitation of RPE microvilli 

with photoreceptors~ interphotoreceptor matrix (IPM) and RPE structure and 

metabolic function. (Marmor, 1993). Abh6rmalities in any of these factors may 

compromise adhesion rendering the retina susceptible to detachment. 

In the vitiligo mutant the earliest abnormalities are observed in the RPE. 

There is evidence that the RPE lacks microvilli as early as postnatal day 1 in the 
. ' 

posterior retina (Nir, personal communication). The ability of the RPE to 

phagocytose shed rod outer segment disks is decreased as indicated by 

reduced numbers of phagosomes at 4 weeks (Smith et al., 1994; Kosaras et al., · 

1996) and, outer segment renewal is abnormal by 6 weeks C?f age (Smith and 

Defoe, 1995). The RPE microvilli of the central retina are short and malformed in 

twelve day-old ~nimals and the neural retina is often observed separated from 

the outer segments in .young. (three to eight week old) animals (Smith, 1992; 

Smith et al., 1994; Nir et al., 1995; Sidman et al., 1996). 
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Retinal detachment has been causally associated with some of the 

pathologic features that are characteristic of the vitiligo mouse. The effects of 

detachment can include structural changes in both the RPE and photoreceptors 

(reviewed by Steinberg, ·1986). Such detachments can lead to photoreceptor 

degeneration (Erickson et al., 1983) that proceeds through an apoptotic pathway 

(Cook et al., 1995). Apoptotic cell death has been shown also for photoreceptor 

death in the vitiligo mouse (Smith et al., 1995). It is not known whether the 

detachment is due t~ a susceptibility of the mutant retina to separate during 

fixation or whether there is an inherent alteration of adhesion between the RPE 

and neural retina. 
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THE MICROPHTHALMIA GENE AND THE MITF vit ALLELE 

The genetic defect ·in the vitiligo mouse maps to the microphthalmia (Miff) 

locus on mouse chromosome 6 (Lamoreux et al., 1992; Tang et al., 1992). Miff 

encodes a basic-helix-loop-helix leucine, zipper (bHLH) transcription factor which 

is in the same family as ·Myc, Max, MyoD and USF (Hodgkinson et al., 1993; 

Hughes et al., 1993). Miff is most closely related to three transcription factor 

genes, TFE3, TFEB and TFEC. These three, along with Miff form a subfamily 

(Hodgkinson et al., 1993; Hughes et al., 1993). Alternative splicing results in two 

tissue specific forms of Miff (reviewed by Moore, 1995). A melanocyte specific 

region is located 5' of exon 2 and encodes an 11 amino acid sequence. A heart 

specific region, also located 5' of exon 2.: encodes a 66 amino acid region. ·1n 

addition there is an alternative splice site· between exon 5 and 6 which codes ·tor 

a 18bp variant. l_,nclusion ·of the ·18bp encodes a "Miff +" form and exclusion 

·encodes the "Mitf-" form. The b-HLH-zip Mitf protein is a transcription· factor 

which regulates gene function by. binding DNA via its DNA binding motif located 

in. the basic region. . The· H_LH and zipper regions · are required for 

homodimerization with a Mitf monomer or heterodimerization with TFEC, TFE3 

and TFEB. Miff has been found to be expressed in a number of tissues ·including 

albino _mouse eyes, melanocytes, osteoclasts, stria vascularis, skeletal muscle, 

mast cells, testes and heart (reviewed by Moore, .1995). Tissues such as heart, 
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skeletal muscle, .and testes have not been found to contain any defects as a 

result of Miff mutations. It has been speculated that the low level of expression 

in these tissues is due to expression by mast cells. Although all the functions of 

Mitf are unknown, based on the phenotypes produced by Miff mutations it 

appears to have common functions in pigmented cells including regulation of 

pigmentation and melanocyte cell survival (Hodgkinson et al., 1993; Hemesath et 

al., 1994). 

The Mitfit allele is a recessive mutation that contains an aspartic acid to 

asparagine substitution at amino acid 222 (Sterigrimsson et al., 1994) (Figure 

2A). This substitution is due to a G to A point mutation at bp. 793 in helix 1. In 

vitro data indicate that the protein encoded by Mitfit is able to bind to DNA with a 

dissociation constant that is 6o/o greater than controls but within normal limits 

(Hemesath et al., 1994). Three dimensional modeling studies of the Max protein 

which is in the same family as Mitf, have predicted that the point mutation in 

Mitfit would be located in a region of the protein that is important for dimerization 

(Figure 28) (Steingrimsson et al., 1994). Specifically, one of three potential ionic 

. bonds which participate in dimer stabilization would be abolished leaving an 

unpaired positive charge thus destabilizing the dimer (Steingrim$son et al., 

1994). The phenotype of the vitiligo mouse is minor compared to the other 20 or 

so mutant alleles in which there is either a complete lack of pigment and/or small 

eyes (Steingrimsson et al., 1994, Opdecamp et al., 1997). 
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Figure 2. The Mitf vit mutation. (A) The microprythalmia protein is composed of 

a basic region which is responsible for DNA binding and the HLH-Zip portion 

which is responsible for dimerization. In the Mitf vit mutant allele, there is a G to A 

point mutation at base pair 793 which causes a Asp222Asn substitution in the 

Mitf protein. (B) Three dimensional modeling studies by Steingrimsson et a/. 

(1994) have shown that the Asp222Asn substitution (0222) in Mitf vit mutant 

abolishes one of three potential ionic bonds (circles) required to stabilize the 

dimer form of the Mitf protein. 
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HYPOTHESES AND SPECIFIC AIMS 

In order to better understand the pathology of the vitiligo mutant mouse, 

three specific aims were proposed which sought to answer key questions about 
. . 

the mechanism of photoreceptor· degeneration and factors that may precipitate it. 

First, the mechanism of cell death by which photoreceptor cells die was 

examined. This aspect of the project was particularly important and was 

addressed, as knowledge about the mechanism of cell death gives insight into 

possible signals that can trigger this cellular response. In addition, since the 

ultimate long term aim of basic research is often to prevent, cure or halt disease 

processes, elucidation of the mechanism by which cells· die can give insights into 

possible intervention options. 

· Based on the findings of the first specific aim a second question was 

raised. In the second aim, a direct assessment ofthe state of adhesion between 

the neural retina and RPE was undertaken since retinal detachment h'ad been 

observed in fixed tissues. Altered adhesion between the neural retina/RPE can 

compromise proper functioning and survival of both tissues. 

Despite the great number of mutation·s present in the microphthalmia 

gene, there is very little information about its expression in normal or mutant 

mice. Such information is vital not only for understanding the function of the Miff 

gene product but also for determining when, where and how mutations act. The 
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third aim of these studies was to determine the temporal and spatial expression 

of the microphthalmia gene product within the eye of wild-type and vitiligo 

mutant mice. 

~ . 

SPECIFIC AIM 1 

To determine whether photoreceptors of the vitiligo mouse retina die by the 

process of apoptosis. 

Hypothesis: 

It is predicted that if programmed cell death is the mechanism by which 

photoreceptors of the vitiligo mouse degenerate, there should be more apoptotic 

cells during the degeneration process compared ,to normal mice. Biochemical 

and morphological hallmarks indicative of apoptosis should be detected. 

SPECIFIC AIM 2. 

To assess the adhesion between the RPE and neural retina in the vitiligo· mutant. · 

Hypothesis: 

Due to the defects in the RPE of the vitiligo mouse,. adhesion at the neural 

retina/RPE interface . is greatly diminished in vivo . . In addition the mutant RPE 

should be less· likely to reattach to neural retinas in vitro. 
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SPECIFIC AIM 3. 

To determine. if there is a difference in the temporal, spatial and/or level of 

expression of the microphthalmia gene in the vitiligo mutant mouse. 

Hypothesis: During embryonic eye development of the Mitt vit mutant mouse 

there is either an abnormality in the timing, pattern and/or level of mi gene 

expression. 



CHAPTER 2. PHOTORECEPTOR CELLS IN THE VITILIGO MOUSE DIE BY 

APOPTOSIS. 

INTRODUCTION 

Apoptosis is a descriptive term for programmed cell death, a normal 

phenomena by which cells actively participate in their own destruction (Martin et 

al., 1994). This process has been shown to play an important role in the 

regulation of cell populations in various tissues under both physiological and 

pathological conditions (Kerr et al., 1972). Apoptosis can be characterized by 

morphological and blochemical criteria which are indicative of this form of cell 

death (reviewed by Majno et al., 1995). Morphologically the cell shrinks and 

becomes denser. The nuclei becomes pyknotic and the chromatin marginated 

against the nuclear envelope. The nucleus may break up (karyorhexis), often 

becoming contained within budding portions of the cell that gives rise to 

apoptotic bodies. The entire cell may shrink into a dense mass as a single 

apoptotic body. These apoptotic bodies are then phagocytosed mainly by 

neighboring cells and some macrophages. Other organelles such as 

mitochondria experience little or no shrinkage. Biochemically the DNA is broken 

down into segments that are multiples. of 185 base pairs, due to. specific 

cleavage through endonuclease activity. 

20 
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Several observations are suggestive of programmed cell death as the 

mechanism of photoreceptor degeneration in the vitiligo mutant. First, 

programmed cell d~ath is an established phenomena ·during retinal development, 

so it is entirely possjble that the degeneration is a result of a normal process 

which is either not turned off at the appropriate time or is turned on again. 

Second, the process of apoptosis is associated with selective cell deletion over 

time suggesting that it is a slow and orderly event. This property may correlate 

with the slow nature of the degeneration. Third, the mutation in the vitiligo mouse 

involves a basic-helix-loop-helix (bHLH) transcription factor. Transcription factors 

regulate gene expression which is thought to be a key factor in the initiation of 

apoptosis. Other members of the bHLH family of transcription factors such as the 

proto-oncogene myc have also been associated with programmed cell de.ath. 

Fourth, the protein product of the TRPM-2 or .clusterin gene, which has also been 

associated with apoptosis as well as cell injury, has also been detected in the 

vitiligo mouse eye (Smith et ·81., 1995) .. Finally, other models of retinal 

degeneration such as the rd, rds, an9 the transgenic rhodopsin mutant ·mice 

have been shown to involve apoptosis as the final common pathway in cellular 

loss (Chang et al., 1993). These other models have genetic defects which are 

ocular specific unlike the vitiHgo mouse. Based on these observations it was of 

interest to determine whether apoptosis was involved in the retinal degeneration 

in this mutant. 



MATERIALS AND METHODS. 

Animals. 
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The C57BL/6-m/~it/ m1~it mice were the offspring from our breeding colony. 

Age-matched wild-type controls (C57BU6-+/+) ~ere purchased from Harlan 

Sprague-Dawley (Indianapolis, IN). Animals were mainta!ned in clear plastic 

cages and subjected to standard lighting conditions (12 hr. light/12 hr. dark). 

Mice were fed a Harlan Teklad rodent diet. Care and use of animals conformed 

to the ARVO statement for the Use of Animals in Ophthalmic and Vision 

. Research. 

TUNEL assay. 

Three to four eyes from vitiligo mice ages 1 ,2,4,6,8, 16,32,40, and 52 

weeks and two to four eyes from C57BU6 controls ages 1 ,2,6,8, 10, and 40 

weeks were analyzed. Mice were killed by C02, and eyes were fixed overnight at 

room temperature in 4% buffered. formalin. A small piece of ileum (used as 

positive control for the TUNEL assay) was removed from each mouse and fixed 

. in the same manner. Eyes and intestine were dehydrated through serial alcohols, 

processed through xylenes, and embedded together in a single paraffin block. 

Sections· were cut at 3J.Lm-thickness and mounted on silanized glass slides. 

Slides were deparaffinized in xylene, subjected to proteinase K (Sigma, St Louis, 

MO ) 20mg/ml in phosphate-buffered saline digestion for 1.5 minutes and were 
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washed in four changes of distilled water for 2 mi~utes per wash. The TUNEL 

assay, terminal dUTP nick end labeling (Gavrieli et al., 1992) was performed 

using the ApopTag Detection Kit-Fluorescein (qncor, Gaithersburgh, MD). For 

negative controls water was substituted for the T dT enzyme in the reaction 

buffer. Tissues were viewed by epifluorescence using standard fluorescein 

excitation and emission filters. To distinguish between autofluorescent versus 

those that were TUNEL positive, all slides were examined first with the 

· rhodamine filter then with the FITC filter. Autofluorescent structures were visible 

with both filters whereas TUNEL-positive cells were detectable only by using the 

FITC filter. Positively labeled cells were counted in the o~ter nuclear 

(photoreceptor cell), inner nuclear and· ganglion cell layers of the retina. Data 
,. '· 

were expressed as number of positively labeled nuclei per 1 OOOjlm length of 

retinal tissue. Statistical analysis used 'multifactorial analysis of variance to 

determine if there was a difference in the number of ·TUNEL-positive cells 

between mutant and control mice .. (factors: mouse group, age, cell type). P< 0.01 

was considered significant. Tukey's paired comparison test was the post hoc 

statistical test. 
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High power light microscopy and electron microscopy. 

For high power light microscopy, TUNEL assay samples from both vitiligo 

and control mice were examined under oil immersion at 630X and 1 OOOX 

magnification. The TUNEL positive nuclei were visualized in order to confirm 

morphologically whether the labeled chromatin was marginated at the nuclear 

envelope. For electron microscopy, eyes were obtained from vitiligo mice (1, 2, 

4, 8, 16 weeks) and from controls (1, 2, 4, 6, 8, and 18 weeks). They were fixed 

in 3°/o glutaraldehyde in cacodylate buffer; postfixed in 1 o/o osmium tetroxide, 

infiltrated in Spurr resin, sectioned at 80nm, and mounted on copper grids. 

Sections were stained with uranyl acetate and lead citrate and examined using a 

Phillips (Eindhoven, Netherlands) 400 transmission electron microscope. The 

analysis of tissues involved scanning sections in search of cells demonstrating 

the morphological criteria of apoptosis, which included marked condensation of 

the nucleus and cytoplasm, nuclear fragmentation, and separation of 

protuberances forming on the cell surface as described by Kerr et al. (1972). 
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RESULTS. 

Examination of retinal tissue processed for detection of 3' OH DNA ends 

by the TUNEL assay revealed two major findings. First, TUNEL-positive cells 

were detected in the normal retinas when examined at 1 week after birth, an 

observation consistent with the published description of normal histogenetic cell 

death of the developing retina (Young, 1984). The apoptotic cells were observed 

in the three nuclear layers of the retina, but they were most numerous in the 

inner nuclear layer, the retinal layer containing the second-order neurons of the 

visual pathway and Muller cells that have glial function. This phenomenon was 

observed in the 1-week mutant retinas as well.· As shown in _Figure 1A, 

approximately 20 TUNEL positive inner nuclear layer cells were detected per 

1000 J..Lm length of retina in normals and mutants, whereas fewer than s· per 1 000 

J..Lm were observed in the outer nuclear layer or ganglion cell layer at this age in 

either group of animals. Statistical analysis indicated that the inner nuclear laye·r 

contained significantly more apoptotic cells than the other layers (analysis_ of 

variance, F= 12.09, P= 0.0007). There were however, no significant differences 

between control and vitiligo mice. 

The second major finding of this assay was that at ages beyond 1 week, 

normal retinas had few TUNEL-positive cells regardless of the cellular layer 

examined. Mutant retinas, ·however, continued to display positive cells for many 
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weeks. The major difference was that TUNEL-positive cells were no· longer 

present in the inner nuclear layer but were much more prevalent in the outer 

nuclear layer containing. the nuclei of photoreceptor cells. There was not a 

significant difference between controls and mutants for the number .of TUNEL-

positive inner nuclear layer or ganglion cells. Between the ages of 2 and 16 

weeks, however, there was a significant difference in the number of TUNEL-

positive photoreceptor cell nuclei (analysis of variance, F = 7.24, P = 0.01). 

These data are shown in· Figure 1 B. Note that at 32, 40, and 52 weeks, the 

number of TUNEL-positive cells was extremely low in mutant. retinas and 

controls. By these ages, the number of photoreceptor cells is greatly reduced in 

this mutant, though there does appear to be a phenomenon of photoreceptor cell 

sparing in the periphery (Smith, 1995). 

Light photomicrographs illustrating these data are shown in Figure 2. The 

similarity in TUNEL-positive inner nuclear layer cells of 1 week normal (Fig. 2A) 

and mutant (Fig. 2B) mice is apparent. The shift of TUNEL-positive cells to the 

photoreceptor cells of the outer nuclear layer is evident in the photomicrograph 

of the 16··week vitiligo retina· (Fig. 2C). At this age, the number of rows of 

photoreceptor cell nuclei in the degenerating retinas is approximately 7 to 8 

(rather than 10 to 11, typical of normal retinas) .. A more advanced stage of the 

degeneration of the mutant retina is shown in Figure 20. By this age. (40 weeks), 

the retina is thin, the outer segments (seen autofluorescing at the. top of the 

·figure) are considerably shorter, and the number of photoreceptor cells is 
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reduced. In this particular field of a midperipheral portion of retina, two adjacent 

photoreceptor cells are positive for the TUNEL assay. Interestingly, retinal 

pigment epithelial cells were not positive for the TUNEL assay at any age in the 

mutant mice or in normals. Owing to the lack of any fluorescent labeling of these 

cells, photomicrographs a.re not shown. 

Examination of TUNEL-Iabeled cells at higher magnification than used in 

the morphometric analysis revealed photoreceptor cell nuclei in various stages of 

apoptosis. Figures 3A and 38 (2-week mutant retina) show the fluorescently 

positive photoreceptor cell nuclei with the dye segregated at the boundaries of 

the nucleus. Figure 3C shows a photoreceptor cell in which the nucleus appears 

to be dissociating from itself. Transmission electron microscopic examination of 

retinas revealed photoreceptor cells that had condensed chromatin in their 

nuclei. This feature was observed only occasionally on any given section, and 

the· altered nuclei were typically surrounded by normal-appearing nuclei. Figure 

3D shows an example of this phenomenon in a 2-week vitiligo retina. An 

example of peripherally condensed chromatin in the viti-ligo photoreceptor cells 

is shown in Figure 3E. Although these ultrastructural features were present in 

vitiligo photoreceptor cells at ages older than 2 weeks, they were rarely observed 

in age-matched control photorec~ptor cells. 
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DISCUSSION 

An important finding of the current study is that photoreceptor cell death in 

the vitiligo mouse occurs through an apoptotic ·mechanism. This is a significant 

observation because it represents the first report of this process in a .retinal 

degeneration model in which the genetic defect is not restricted to the eye. Two 

·groups have reported apoptotic photoreceptor cell death in the Royal College of 

Surgeons rat in which the genetic defebt is thought to reside in the RPE (Tso et 

al., 1994; Papermaster and Windle, 1995). Three groups have reported 

comprehensive studies demonstrating that mice with defects in photoreceptor 

cell-specific genes (p subunit of cGMP-PDE, peripherin-RDS, and Rhodopsin) 

lead to photoreceptor celi death ·by apoptosis {Chang et al., 1993; Portera

Cailliare et al., 1994; Lolley et al., 1994). Chang and co-workers (1993) proposed 

that, although the mechanisms of pathogenesis were different in the three 

models they tested, the photoreceptor cells die by a final common pathway of 

progra~med cell death. They point out, however, that "not all forms of 

photoreceptor cell death occur via apoptosis." 

In the current work, we have had the opportunity to examine the 

mechanism of photoreceptor cell death ·i_n a mouse that does not have an ocular

specific genetic defect, much less a defect of photoreceptor cells. Yet, our data 

clearly supports an apoptotic mechanism of photoreceptor cell. death. ·in this 
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mutant with a defecf in the microphthalmia (Miff) gene. We have shown that 

there is a prolonged period of elevated TUNEL positivity in the photoreceptor 

cells that parallels the slow, progressive loss of the photoreceptor cell nuclei in 

this model. The ~ltrastructural analysis revealed that the features characteristic 

.of apoptosis, as describe·d by Kerr et al, (1972) are evident in the photoreceptor 

cells of the vitiligo mouse, particularly between 2 and 16 weeks. 

Further confirmation of the presence of active cell death in the neural 

retina of this mutant is evidenced by the detection of a DNA internucleosomal 

fragmentation ladder (work of P. ·wang. -In .collaboration with S.B. Smith (Smith et 

al., 1995)). Also, the expression of TRPM-2/clusterin mRNA isolated from neural 

retina of vitiligo mice correlates with the timing of photoreceptor cell loss (work of 

G. Kutty in collaboration with S.B. ·smith (Smith et al., 1995)). Increased retinal 

TRPM-2/clusterin mRNA levels have been shown to be increased concomitant 

with photoreceptor cell death in two mouse models, rd and rds (Wong et al., 

1994). 

The Miff gene ·is expressed in several tissues, including heart and skin 

(Hodgkinson et · al., 1993 ~nd Hughes et al., 1993). The precise cellular location 

of expression of ·Mitt in the normal adult mouse eye, however, has not been 

determined. Its expression in· the ·outer (pres,umably pigment epithelial) layer of 

the retina in the normal mouse embryo at day 13.5 ( Hodgkinson et al.~ 1993) 

implicates the RPE as the primary site of the vitiligo ocular defect~ but remains to 



30 

be tested. A defect in Miff could have far-reaching effects on normal RPE cell 

lunction, which in turn may have an impact on surrounding cell populations, 

notably the photoreceptor cell. Complications leading to decreased phagocytosis 

of shed photoreceptor disks by RPE cells, decreased production of survival 

factors, the abnormal expression of secreted enzymes that can distort the 

extracellular matrix could act as biological signals for adjacent cells (e.g., 

photoreceptor cells) to undergo apoptosis. 
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Figure 1. Comparison of TUNEL-positive cells in vitiligo and control retinas. 

(A) Comparison of TUNEL-positive cells in nuclear layers in the vitiligo and 

control mice retinas at 1 week. Three nuclear cellular layers were examined: the 

ONL (outer nuclear layer) that contains photoreceptor cell nuclei; the INL (inner 

nuclear layer); and GCL (ganglion cell layer) that are the second-order neurons 

of the vision system. The INL showed the largest number of TUNEL-positive 

cells at this age, but there was not a significant difference in control and vitiligo 

group. (B) Comparison of TUNEL-positive photoreceptor cell nuclei (ONL) in 

mutant and normal mice 2 weeks and older. Each point represents assays of two 

to four eyes as described in the methods section. Error bars represent the 

standard deviation. 



Figure 2. In situ labeling of cells undergoing apoptosis using TUNEL assay. 
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Figure 2. In situ labeling of cells undergoing apoptosis using the TUNEL 

assay in formalin-fixed, paraffin-embedded mouse retinas. TUNEL-positive 

cells are indicated at the arrow. (A) Control retina at 1 wk. Most TUNEL + cells 

are in the inner nuclear layer (INL), although two positive cells are observed in 

this field in the ganglion cell layer (GCL). No TUNEL + cells are observed the 

outer nuclear layer (ONL) in this field, although they were occasionally observed 

in other sections. (B) Vitiligo retina at 1 wk. TUNEL+ cells· are most prevalent in 

the INL, but a few are seen in the ONL of this particular field. (C) Vitiligo retina at 

16 wk. The retina is deteriorating at this stage which is why the outer segments 

(OS) are disrupted and vesiculated in appearance. TUNEL + cells are present in 

the ONL but are rare in either INL or GCL. (D) Vitiligo retina at 40 wk. The retina 

is more disrupted and no outer segments remain. A few TUNEL + cells are 

observed in the ONL, but in general they were rare by this age. Inner segments 

(IS) were autofluorescing in these sections. (Bar= 20 pm) 



Figure 3. High-power microscopic examination of TUNEL-positive photo
receptor cells 
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Figure 3. High- power microscopic examination of TUNEL positive photo

receptor cells from 2-week-old vitiligo retinas. Note two examples of 

fluorescent dye at the boundary of the nucleus in A and B. In C, part of the 

nucleus is dissociating from itself and forming an apoptotic body (arrow). 

Transmission electron micrographs of 2 week-old vitiligo photoreceptors are 

shown in D and E. Marked condensation of the nucleus is seen in D (arrow), but 

normal appearing nuclei (N) are nearby. In E, the nuclear material is segregated 

at the periphery. 



CHAPTER 3. ASSESSMENT OF ADHESION BETWEEN THE. NEURAL 

RETINA AND RPE OF THE VITILIGO MUTANT MOUSE. 

ABSTRACT 

The vitiligo (Miff vit) mutant mouse is a model of retinal degeneration in 

which there appears to be a detachment of the neural retina from the retinal 

pigment epithelium (RPE). One possible factor that may be responsible for the 

disruption is an abnormality of adhesiveness at the neural retina/RPE interface. 

To directly assess whether in vivo adhesion is altered, a mechanical separation 

experiment was performed in which neural retinas were peeled from the RPE 

and examined for amount of pigment adherent to it as an indicator of adhesion 

strength. The retinas ~nd RPE were also examined by scanning electron 

microscopy (SEM) to determine the extent of cellular damage. We also 

examined, using an in vitro recombination experiment, whether control and 

mutant retinas were capable of reattaching to mutant RPE. The peeling 

experiment indicated that control retinas. contained significant amounts of 

adherent pigment while vitiligo retinas contained minimal pigment. SEM indicated 

·that the RPE cells of control mice were variably damaged and displayed 

40 
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different . planes of cleavage while those of mutant mice did not. The 

recombination experiment demonstrated that the mean percentage a~achment 

of control retinas to vitiligo eyecups ~t early ages (1 0 and 16 weeks) was similar 

to attachment of vitiligo retinas to vitiligo eyecups at the corresponding ages At a 

older age (36 weeks), attachment of vitiligo eyecups to control retinas was 

· markedly greater than to vitiligo retinas. Regardless of age there was no 

significant difference in control retina attachment to mutant eyecups but 

attachment of mutant retinas declined significantly with age. In the present study 

we have directly asses_sed the adhesion of neural retina to RPE in the vitiligo 

mutant and demonstrated that it is greatly diminished. In addition, we have 

shown that surprisingly vitiligo eyecups in vitro have some ability to reattach to . 

neural retinas·. 

INTRODUCTION 

Adhesion of the neural retina to the retinal pigment epithelium (RPE) is 

essential for proper functioning _of photoreceptor cells. . Several factors are 

important in maintaining· the. Close apposition . between these tissues including 

RPE~os (outer segment) interdigitation, fluid. transport, interphotoreceptor matrix 

(I PM) composition and RPE structure (reviewed by· .Marmor, 1993). A mutant 

mouse, designated the vitiligo (Miff vit). mouse, has been described recently, that 
, . 

appears to have a disruption of the neural retina/RPE interface (Smith, 1992; Nir 
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et al., 1995). One possible factor that may be responsible for this disruption is an 

abnormality of adhesiveness. This study directly addressed the question of 

adhesion in the vitiligo mouse retina. 

The genetic defect in the vitiligo mouse maps to the microphthalmia locus 

of chromosome 6 (Lamoreux et al., 1992; Tang et aL, 1992) and codes for a 

basic-helix-loop-helix-zipper (b-HLH-zip) DNA transcription factor designated 

microphthalmia transcription factor (Mitt) (Hodgkinson et al. ~ 1993; Hughes et al., 

1993). Alterations in the tissues of the eye of this mutant mouse include a central 

amelanotic patch around the optic nerve head (Boissy, Moellman and Lerner, 

1987), uneven· pigmentation of the RPE, with areas of hyper- . and 

hypopigmentation (Smith,1992; ~idman et al., 1996), and retinal degeneration 

characterized by a slow progressive ·toss of photoreceptors by apoptosis (Smith 

et al., 1995). In addition the mutant retina appears to be detached from the RPE 

(Smith, 1992; Smith et al., 1994; Sidman et al., 1996). The RPE microvilli of the 

cen.tral retina an~ short and malformed in twelve day-old animals and are 

separated from the outer segments in young (three to eight week old) animals 

(Nir et al., 1995). The ability of RPE to phagocytose shed ·rod outer segment 

disks is decreased as indicated by reduced numbers of phagosomes at 4 weeks 

.(Smith et al., 1994; Kosaras et al., 1996); and outer segment renewal is 

abnormal by 6 weeks of age ( Smith and Defoe, 1995). 

Based upon the defects of vitiligo RPE, it was of interest to determine 

whether there was a bonafide disruption of adhesion at the RPE/neural retina 
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interface. We wanted to directly assess the. level of adhesion present in vivo 

between normal RPE/neural retina versus vitiligo. RPE/neural retina. This was 

accomplished by . mechanically separating the retinas ·from the RPE and 

examining the retina for pigment adherence as well as ·the level RPE cellula·r 

disruption. In addition, an in~ vitro reattachment experiment was performed to 

determine whether the mutant RPE had the ability to attach to either control or 

vitiligo retinas. We speculated that the defects of the mutant RPE would greatly 

diminish its ability to adhere. 

MATERIALS AND METHODS 

ANIMALS 

The C57BL/6-m/~it/ m1~it mice were the offspring from our bre~ding colony. 

Age-matched wild-type controls (C57BU6-+/+) were purchased from Harlan 

Sprague-Dawley (Indianapolis, IN). Animals were maintained in clear plastic 

cages and subjected to standard lighting conditions (12 hr. light/12 hr. dark). 

Mice were fed a Harlan Teklad rodent diet. Care and use of mice adhered to the 

principles set forth in DHEW Publication NIH80-23 (guiding ·principles in the care 

and use of animals). 

In order to directly address the state .of neural retina/RPE adhesion in the 

vitiligo mouse, the amount of pigment adherent to mechanically separated 

(peeled) retinal preparations (Marmor, 1993; S:ndo et al., 1988) were ex~mined. 
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Furthermore, scanning electron microscopy (SEM) was used to evaluate the 

. physical condition of the peeled retinal and RPE surface structure. To determine 

whether the vitiligo RPE was capable of attaching to control as well as vitiligo 

retinas under controlled conditions, an in vitro recombination assay (Defoe et al., 

1992) was used. 

MECHANICAL SEPARATION OF RPE AND RETINA 

Whole Mount Retinas 

Four to six control and vitiligo eyes at ages 12, 20 and 36 weeks were 

removed and placed in 0.1 M sodium phosphate buffer, where they were carefully 

dissected to separate retinas from eyecups. Retinas were placed on welled glass 

slides, fixed with 1 ~5°/o glutaraldehyde in cacodylate buffer for 15 miri, rinsed with 

cacodylate buffer, mounted under glass coverslips and examined under a 

dissecting microsco'pe. Images were taken with a Kodak digital camera, and 

processed on a Kodak XLS 8600 printer. 

Scanning Electron Microscopy 

Four to six control and vitiligo eyes were removed and immediately placed 

in 0.1 M PBS. Retinas were peeled free from the RPE and pinned down on 

styrofoam blocks. Eyecups were incised to lay flat. Both tissues (neural retina 

and RPE) were fixed in 1.5% glutaraldehyde in cacodylate buffer for 3 hr. at 4°C. 
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They were then placed in 100%. ~lcohol followed by critical point drying in liquid 

C02 using a. Tousir:nis Samdri-790 critical point dryer (Tousimis Res. Corp. 
' ' 

Rockville, MD). The tissues were mounted on SEM stubs and sputter ·coated with 

5-10nm of goid in a Technics sputtering system (Technics, Alexandria, VA) .. 

Samples were visualized on a Philips ·XL30-F~G sca~ni.ng electron microscope 

(Eindhoven, Netherlands). Images were digitized and printed on a Kodak XLS 

8600 printer. 

RECOMBINATION 

Three to five vitiligo and age-matched control mice at <:ach of the ages 10, 

16 and 36 weeks were used. The animals were dark-adapted overnight in dim 

red light and euthanized in pairs (control and vitiligo). Eyes were removed, 

collected in Hank's balanced· salt solution with 25~0mM HEPES, MEM amino· 

acids, pH 7 .4, 2.0mM L-Giutamine, Penicillin-Streptomycin, ~nd Fungizone and 

immediately dissected (within 1 min) to separate neural retina from eyecups (all 

components of this ~elution were purchased from Sigma, St. Louis, MO.). The 

retinas were· then recombined with eyecups in the following· manner: Vitiligo 

eyecup with control retina, vitiligo eyecup with vitiligo retina, control eyecup with 

vitiligo retina and control eyecup with control retina. A small glass bead (1 mm) 

was placed over the retina to keep the retina from· floating· free during 

subsequent transfers. The recombined tissues were transferred to a 24 well plate 
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containing 2ml medium of 50% DMEM, 50o/o F12 with 147mg/100ml glutamine. 

The plate was placed into an incubating chamber and flooded with a mixture of 

95% 0 2 and 5o/o C02 for 1 minute at 2psi. The chamber was placed in an 

incubator for 3 hr. and maintained at 37°C. The glass beads were removed and 

the eyes were fixed with 1.5o/o glutaraldehyde in cacodylate buffer on a shaker 

allowing the retinas which did not attach to come free from the eyecup. The 

eyecups with attached retinas were then processed for JB-4 (Polysciences, 

Warrington, PA) embedding. Samples for SEM were bisected with a razor blade 

and processed as above. Sections for light microscopy. were cut at 2.5 J..Lm and 

stained with Harris's hematoxalin and eosin stain. Attachment was defined as 

apposition of RPE to retina. Using an eyepiece micrometer, the extent of 

attachment was determined by measuring the total length of RPE, .and then the 

length of neural retina in direct contact with the RPE. The ratio of attached retina 

to total RPE length was calculated. Ratios from the four combination groups 

were analyzed by two-way analysis of variance; factors were age of specimen 

and recombination group. A p value of 0.01 was considered significant. Post-hoc 

comparison used the Bonferroni t-test. 



47 

RESULTS 

Mechanical separation of neural_ retina from the RPE. 

We first examined the peeled retinas to assess the amount of pigment 

adherent to them during the peeling process as an indicator of the strength of 

adhesion. During peeling of retinas from. the RPE of control mice, the amount of 

pigment adherence was extensive in both young and older animals~ Figure 1 a 

shows a whole mouht retina of a 20 week old control mouse with patches of 

pigment attached. In contrast, when the mutant retina was peeled from the 

eyecup the extent of pigment adheren~e was quite low. Figure 1 b and 1 c shows 

the peeled retinas of 12 and 36 week old vitiligo retinas, · respectively. These 

retinas appear to have only minuscule amounts of pigment adhering at . the 

periphery and are for the most part devoid of pigment adherence. 

We further examined peeled lietinas as well as RPE surfaces at higher 

magnification withr scanning electron microscopy. Figures 2 and. 3 show peeled 

· surfaces from control retinas and RPE, respectively,. at 12 weeks of age. Figure 

2 shows the peeled retina of a 12 wk control mouse. In 2A an area of retina· is 

shown in which outer segments are obscured by patches of dense pigment 

(inset) as well as. cellular portions from the epithelial cells which suggests 

greater adhesiveness whereas in an adjacent area (28) outer segments are 

relatively free of pigment. Figure 3A depicts the typical appearance of the control 

RPE surface where some outer segments are adherent to the bed of apical 
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microvilli during peeling. Figure 38 shows an area of RPE in which significant 

damage has occurred presumably due to th~ peeling process. On the left one-

third of the micrograph there is an absence of microvilli. In the middle of the 

photograph the nuclei of RPE cells have been exposed after the apical portion of 

the cell was torn ·away. The inset shows an area of microvilli which has 

remained. 

Figure 4 shows the appearance of the peeled retinal and RPE surfaces 

from 12 week old vitiligo eyes. Fig 4A depicts the severely deformed outer 

segments of the vitiligo mouse. In Fig 48 the RPE cells have no outer segments 

associated with them as was seen in controls. There is also debris present that is 

presumably from the degenerating outer segments. 

From these peeling studies, we have shown that under normal conditions 

(i.e. in control eyes) the RPE and neural retina are strongly adherent to each 

other and that during mechanical separation of these tissues several planes of 

cleavage are formed. These planes are at the level of the outer segments, the 

microvilli, the apical ·RPE cell or at Bruch's membrane. We. also showed that in 

the vitiligo mouse the different cleavage planes are not formed indicating that 
I -

retinal separation in the mutants· occurs with decreased resistance at the RPE-

OS interface. 
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Recombination 

The mean percentage attachment of control and vitiligo retinas to vitiligo 

eyecups is shown in Figure 5. At 10 and 16 weeks the extent. of attachment 

between control retina and vitiligo eyecups was 69% and· 70%, respectively. 

This was an unexpected finding because it was predicted ·that the retinas would 

not attac~ well to mutant eyecups based on the earlier literature about the 

mutant RPE defects. Attachment of vitiligo retinas to vitiligo eyecups was 53o/o 

and 66o/o at 10 and 16 weeks, respectively. Thus, at these. _early ages, mutant 

retinas attached to mutant eyecups i~ a manner similar to the attachment of 

control retinas to these eyecups. Therefore there was no statistical significance 

. due to treatment (control or vitiligo retina) (F=0.989, p=0.338) or age (F=0.550, 

p=0.472). 

To determine whether retinas from much older mice were capable of 

similar levels of reattachment, a subsequent experiment was performed in which 

retinas from 36 week old mice were recombined with 36 week · old vitiligo 

eyecups. At this later age·, attachment of control retinas was 61%, ·similar to the 

attachment at tO and 16 week ages (F=0.382, p=0.689) .. However attachment of 

vitiligo retinas was significantly decrease,d with only 16% attachment cor11pared 

to control retinas (p=0.007). This was predicted because older mutant retinas by 

this age are severely deformed and contain virtually no outer segments 

The data presented in Figure 5 was obtained by examining sections of the 

recombined tissues. The quality of the attachment was assessed by examination 
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of the stained sections. Some representative regions of RPE/neural retina 

apposition are shown in Figures 6 and 7. 

Sections of recombined control retinas to vitiligo eyecups are shown in 

Figure 6. At 10 weeks of age (A) the outer segments are distinct, there are 9-10 

rows of photoreceptor nuclei in the outer nuclear layer and attachment appears · 

normal. A few clumps of pigment can be seen at the RPE-OS interface which 

have presumably remained on the retina during separation from the control 

eyecup. At 36 weeks (B) attachment is similar to that of the younger tissues. 

Figure 7 shows the a~achment observ~d between vitiligo retinas and vitiligo 

eyecups. At 10 weeks (A) the mutant outer segments are .disorganized as is 

expected at this time d_uring the degeneration and there are only 6-7 rows of 

·photoreceptor nuclei in t~e outer nuclear layer. Attachment does not appear to 

be as well complete and organized as that of the control retina to vitiligo eyecup 

(figure 6). At 36 weeks, when there are only 2-3 rows of photoreceptor cell nuclei 

remaining, areas of attachment were fewer. In those regions judged to be 

attached, the inner segments and only residual disrupted outer segments were 

apposed to the- RPE. Scanning electron microscopy was p·erformed to examine 

the RPE and outer segment interface. Figure. 8 is a scanning electron 

micrograph of a region of attachm~nt between a vitiligo eyecup and control retina 

at 16 weeks of age. In 8A the RPE can be seen alon·g with the ·attached retina. A 

higher magnification of the boxed area is· ·shown in Fig. 88 in which the outer 
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segments are attached to a extracellular matrix-like material between the RPE 

and neural retina. 

Figure 9 presents the mean perce~tage attachment of control and vitiligo 

retinas to control eyecups .. In general attachment was between 30 and 50% in 

both groups however the data was highly variable and we suspect that this was 

the result of damage sustained by the control eyecups during separation of the 

retinas due to the strong adhesion which is normally present between these two 

tissues. 

DISCUSSION 

The photoreceptor cell depends upon the RPE for nourishment, for 

recycling of retinoids and for phagocytosis of shed outer segment membranous 

disks. Apposition of photoreceptors to the RPE is vital for maintenance of these 

functions. The mechanism of adhesion between these interdependent tissues is 

multifactorial. Major factors include hydrostatic pressure from · the vitreous, 

osmotic pressure from the choroid, OS-RPE microvilli ·interdigitation, 

interphotoreceptor matrix (IPM) composition and RPE structure and metabolic 

function (Marmor, 1993). Defects in any of these factors may compromise 

adhesion and render the RPE-neural retina interface susceptible to separation. 

The vitiligo mouse has a retinal detachment which occurs as early as 12 days 

postnatally (Nir, 1995). The pathogenesis of the' retinal detachment in this mouse 
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is not known; however, several hypotheses in this and related mouse mutants 

have been proposed. Low intraocular presswre has been postulated to cause 

retinal detachment in the cinnamon mouse, homozygous for a defect of the 

microphthalmia gene (Hero et al., 1991 ). In the vitiligo mouse the RPE cells 

display a higher rate of cell proliferation than in controls (Tang et al., 1996) which 

niay cause a greater eye. cup curvature than that ·of the retina thereby leading to 

separation·. (Sidman et al., 1996). The malformed and short microvilli of the 

. central region of RPE (Nir et al., 1994) may be incapable of forming appropriate 

connections with the outer segments of the· neural retina. Yet another hypothesis 

is that the interphotoreceptor matrix is abnormal. Clearly it is possible that any or 

all of these factors may be involved in the pathogenesis of the detachment. 

With the peeling studies we have shown that during dissection the vitiligo 

retina separates easily from. the pigment epithelium, with little or no pigment 

adherent to it. Control retinas in contrast,_ demonstrated .significant amounts of 

pigment ~dtierence throughout the retina.· Previous studies (Endo et al., 1988; 

Marmor, 1993) have correlated the amount of pigment adherence to retinas with 

the strength of adhesion ~etween neural retina and RPE.: There: is, clearly a 

difference in pigment adherence between vitiligo' and control retinas suggestive 

of a difference in strength of adhesion. Furthermore,: scanning electron 

microscopic evaluation of the peeled tissues showed that control retinas 

dissected from eyecups contained significant amounts of pigment as well as 

cellular portions of RPE. Examination of the corresponding . control RPE 
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demonstrated different planes of cleavage, ·suggesting different levels of 

adhesion between these tissues. Vitiligo retinas and RPE did not exhibit these 

different cleavage planes suggesting that adhesion at the RPE-outer segment 

region is severely impaired or is weak. These findings are not surprising 

considering the previous observation. that microvilli of the ·vitiligo RPE are short 

and malformed which would limit their ability to interdigitate with the outer 

segments and keep the retina in close apposition to them. 

In the present study we have also demonstrated, using an in vitro 

recombination assay, . that control retinas were able to attach to vitiligo 

RPE/eyecups at a level· of about 70%; and could attach to young mutant retinas 

at a s'imilar level. Hence, the vitiligo RPE has the ability to adhere to retinas in 

vitro. The significant decrease in the ability of the vitiligo retina· to adhere to 

vitiligo RPE at 36 weeks reflects that adhesion is also dependent upon a healthy 

retina. 

In order for the RPE and retina to reattach after separation, two 

requirements must be fulfilled. First the neural retina must come into close 

approximation with the RPE. Bringing the two tissues together likely requires that 

the substantial volume of fluid separating RPE from the· retina must be removed 

to such a degree that they come into contact. In vitro, in the· absence of passive 

hydrostatic pressure from the vitreous and oncotic pressure frol'!l the choroid, the 

RPE of the vitiligo mouse must be functioning in removing this fluid. We 
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speculate that in vitro, the fluid removal function of the vitiligo RPE is normal. 

The second req-uirement for reattachment of the retina to RPE in l(itro is that 

there must be factors that function to keep ~he retina attached to the RPE once 

the tissues are in contact. As mentioned, interdigitation of RPE microvilli with 

outer segments- and the interphotoreceptor matrix are believed to be two of the 

major factors which are responsible for attachment in vivo (Marmor, 1993). 

Interdigitation of microvilli with the outer segments most likely did not occur in 

the 3-4 hr incubation period of this experiment._ According to Anderson et al. 

(1986) several days may be required for such interdigitation to be· reestablished. 

Involvement of the IPM in causing the observed reattachment is a possibility. In 

normal eyes, during peeling of the retina from the RPE, structural elements of 

the IPM remain attached to both the RPE and retina (Hageman arid Johnson, 

1991; Hollyfield ef al., 1990). The observati9n that control retinas adhered. to 

vitiligo eyecups consistently at different ages suggests that the I PM, which may 

have remained with the control retina, is more abundant than in vitiligo retinas. 

Clearly, the outer segments of mutant retinas are degenerating and. the IPM is 

less abundant in the older Vitiligo retinas and ma_y account for the decreased 

reattachment to vitiligo eyecups with age. 

We predicted that the vitiligo RPE would not be capable of attaching to 

mutant _ and control neural retinas however our recombination experiments 

indicated that they were in fact better at reattaching than control RPE/eyecups. 
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This paradox was explained by the finding that peeled RPE incurred severe 

cellular damage when physically separated.· This extensive damage was not 

observed in the mutant RPE/retina samples. 

A question which arises is whether the retinal deta~hment in the vitiligo 

mouse is due to abnormal RPE morphology and function or if detachment 

·causes the abnormalities. Retinal detachment has been causally associated with 

many of the pathologic features that are characteristic of the vitiligo mouse. The 

effects of detachment can include structural changes in both the RPE and 

photoreceptors (reviewed by Steinberg, ~ 986). Marmor et al. (1980) and 

Anderson et al. (1983) and showed that shortly after the mammalian retina 

detaches, the surface morphology of the RPE changes. RPE proliferation has 

also been observed under conditions of induced detachment (Cook et al., 1995). 

Such detachments lead to photoreceptor degeneration (Erickson, 1983) that 

proceeds through an apoptotic pathway (Cook, 1995). Apoptotic cell death has 

been shown also for photoreceptor death in the vitiligo mouse (Smith et al., 

1995). 

Since RPE abnormalities are observed prior to detachment and 

photoreceptor cell death is delayed we suggest that the cell death is a result of 

the detachment which is due to altered adhesion of the neural retina to the RPE. 

Recent evidence indicating that the cellular site of the microphthalmia gene 

product is the RPE and that this gene is important developmentally (Hodgkinson 
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et al.; 1993) suggests that RPE cell development is .affected. The RPE-neural 

retina interaction which is initiated during ocular development may therefore also 

be affected. In addition, the RPE as ·well as neural retina produce glycos-

aminoglycans and proteoglycans of the IPM (Hageman and Johnson., 199_1). 

Studies of the developmental expression of IPM components· revealed that 

glycoproteins are produced as early as embryonic day 10 (Hageman and 

Johnson., ·1991). Abnormal production of these IPM components during 

development could cause an alteration of adhesion. Whether or not these or 

·other components are affected in the vitiligo mou.se during early retinal 

development will require further study. 
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Figure 1. Whole mount retinal preparations 
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Figure 1. Whole mount retinal preparations demonstrating pigment 

adherence (63x). (A) a control retina at 20wks of age showing significant 

amounts of pigment (arrows) adherent throughout its surface after being peeled 

free from the RPE .. (B) a vitiligo retina at 12wks. showing no adherent pigment. 

Some pigment was seen in other samples around the peripheral retina. (C) a 

vitiligo retina at 36wks. with a small amount of pigment (arrows) present in 

peripheral retina. 



Figure 2. Scanning electron micrographs of peeled retinal surfaces from 
12 week old control mice. 
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Figure 2. Scanning electron micrographs of peeled retinal surfaces from 12 
- ·~ . ·. 

wk. control mice. (A.) In· this area ·of the retina most .of the outer segments are 

obs~ured by the apical portions of the RPE cells which are adherent to them 

(1857x). /he clumps (arrows), which ·have a ·similar shape to pigment epithelial 

cells contain pigment granules which are shown in the inset. (7428x) .. (B.) An 

area of retina show_ing outer segments free of pigment (1857x). Inset of whole 

retina (29x). 



Figure 3. Scanning electron micrographs of peeled RPE surfaces from 
12 week old control mice. 
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Figure 3. ·scanning electron micrographs of peeled. RPE surfaces from 12 

wk. contra/. mice. (A) This is an area of RPE containing outer segments (os) 

adherent to microvillous processes (m) (1857x). The inset (29x) shows the 

whole eyecup specimen at low magnification. (B) Other areas of RPE from the 

same eyecup show different planes of cleavage. The left 113 of this micrograph 

demonst~ates an area .where microvilli have been sheared off. In the middle 113, 

RPE nuclei are visible after the apical portions of the cells were torn away. The 

right 113 contains patches of microvilli still present (1857X). The microvilli are 

enlarged in the inset (7 428)(, Bar=20pm). · 



Figure 4. Scanning electron micrographs of peeled RPE and retinal surfaces 
from 12 week old vitiligo mice. 
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Figure 4. Scanning electron micrographs 'Df peeled retinal and RPE 

surfaces of vitiligo mouse aged 12 weeks. (A) The retinal surface did not 

contain portions of the RPE as in the contro_Is and the outer segments appear 

sever:ely deformed. (B) This RPE surface unlike that of the controls did not show 

different planes of cleavage. No distinct outer segments were seen, however 

. there were various amounts of debris which may be fragments of outer segments 

(1857X, Bar=20pm). 
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Figure 5. Mean percentage attachment of vitiiigo eyecup to vitiligo retinas 

vs. control retinas. (A) at 10 and 16 weeks the attachment. to control retinas 

was 69% and 70% re,spectively. Attachment to vitiligo retinas was 53% and 66% 

at 10 and 16 weeks respectively. Two way .AN OVA indicated that there was no 

statistically significant difference due to treatment (control or vitiligo retina), 

(F=0.989, p=0.338) or age (F=0.550, p=0.472). (B) at 36 weeks attqchment of 

control retinas was 61% and was significantly higher than vitiligo retinas at 13% 

(p=0.007). Each bar represe.nts three. to eight recombinations and error bars 

represent SEM. 



Figure 6. Regions of attachment between recombined vitiligo eyecup and control 
retina. 
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Figure 6. Regions of attachment between recombined vitiligo eyecups and 

control retinas. (A) at 10 weeks of age outer segments are distinct, attachment 

appears normal, except that some areas contain RPE fragments (arrow) at the 

RPE!retina interface. (B) at 36 weeks of age reattachment appears similar to 

younger ages. (H&E 630X). (Bar= 14pm) 



Figure 7. Regions of attachment between recombined vitiligo eyecup and vitiligo 
retina. 
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Figure 7. Regions of attachment betwe~n recombined vitiligo eyecup and 

vitiligo retina (H&E 630X). (A) 1.0 . weeks: although attachment declines 

markedly between 10 and 36 weeks, there· were small areas where attachment 

was measurable. At 10 weeks when at least 6. rows ofPRC nuclei were present, 

the OS though disrupted, were able to attach to a similar extent as that with 

control retinas. (B) at 36 weeks when only 2-3 rows of photorfJceptor nuclei are 

present, there were select areas of attachment. 



Figure 8. Scanning electron micrographs of recombined tissues. 
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Figure· B. Scanning electron micrographs of recombined tissues. This 

photograph shows the RPE-neural retinal interface of a 16 week vitiligo eyecup 

attached to a control retina. (A) The retina is closely apposed to the RPE and the 

retinal/ayers are clearly visible (1000x, Bar= 20pm). (B) The boxed area from 

(A) is enlarged in this photograph and shows the site of contact which appears to 

contains an extracellular-like matrix material extending at the RPE neural retina 

. interface (7697x, Bar= 2pm ). 
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Figure 9. Mean percentage attachment of control eyecup to vitiligo retinas 

vs. control retinas. In general attachmen·t was between 30 and 50% in both 

groups however the data was highly variable due to damage sustained by the 

control RPE during the peeling process. 



CHAPTER 4. EARLY DEVELOPMENTAL EXPRESSION OF . THE 

MICROPHTHALMIA (MITF) GENE IN WILD-TYPE AND MITFv1r. MUTANT 

MOUSE EYES. 

ABSTRACT 

The murine microphthalmia gene (Miff) encodes a basic helix-loop-helix 

transcription factor thought to regulate transcription of genes encoding proteins 

of .the pigmentation pathway and may promote pigment cell survival and 

development. It appears to be critical to eye development as mutant alleles 

demonstrate varying degrees of ocular malformation. One of t~e mildest of these 

is the Mitfit mutant aflele, which exhibits uneven pigmentation of the. retinal 

pigment epithelium (RPE) and slow progressive photoreceptor cell loss 

eventually leading to blindness. In this study we compared the expression of Mitt 

during early eye development in the Mitt vit mutant with that of pigmented wild-. 

type mice. Mitt expression was quantified by RT-PCR amplification which 

demonstrated a transient elevation of Mitt between E1 0.5-E13.5 in the Mitt vit

mutant compared to wild-type. In situ hybridization analysis confirmed this 

elevation and locali~ed Mitt expression to the neuroepithelium during onset of 

optic vesicle formation (E9.0-E9.5) and subsequently to the .RPE during optic cup 

formation (E1 O-E11.5) in both mutant and wild-type eyes. The results 

demonstrate that Mitt is expressed specifically in the RPE and expression 

80 
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precedes the normal. onset of pigmentation and expression of pigmentation 

genes, thus supporting the putative role of Mitt in the regulation of these gene.s in 

the eye. In addition, the transient dysregulation of Mitt in the Mitfit mutant may 
I 

·reflect its importance during early eye -development and may subsequently lead 

to the ocular abnormalities observed in this mutant allele. 

INTRODUCTION 

During early vertebrate eye development, the optic vesicles, which are 

' I ' 

evaginations of the ventrolateral forebrain neuroepithelium,- undergo a series of 

interactions th~t eventually form the optic cup consisting of the retinal pigment 

epithelium (RPE) and a multilayered neural·-retina (reviewed by Zhao et al., 

1997). Transcription factor genes thought to be fundamental to this process 

include Pax~2, Pax-6, Hox-7.1, Hox-8.1, Chx10, Gli and Mitt (Burmeister et al., 

1996; Zhao et.al., 1997). The Miff gene encodes a basic-helix-loop-helix-leucine-

zipper (bHLH-Zip) transcription factor (Mitf) (Hodgkinson et al., 1993; Hughes et 

al., 1993) that has been shown in vitro to regulate the transcription of two genes 

in the tyrosinase family, tyrosinase (Tyr) and tyrosinase related protein 1 (Tyrp-1) 

(Shibahara et al., 1991; Lowings et al., 1992; Yavuzer"and Goding 199~). Mitfis 

also thought to be important for melanocyte differentiation and survival 

(Hemesath et al., 1994; Opde~amp et al., 1997). 
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The role of Mitf in the developing ,eye is less understood. Mutations of the 

murine Mitf gene, of which there are at least 21, produce reduced pigmentation 

of the RPE and choroid as well as varying degrees of neural retinal degeneration 

(Steingrimsson et al., 1996; Moore, ·1995; Opdecamp et al., 1997). Recently, 

Nakayama et al (1998) reported the early expression of Mitf in the 

neuroepithelial-derived RPE cells. They demonstrated marked decreases in Miff 

expression in three severe Miff mutants, Mitl'98-
9

, Mitf'i, , Mitfv1i-wh. . Their data 

suggested that the initial development of RPE cells i,s ·not perturbed by the Miff 

mutations whereas initial development of melanocytes is severely perturbed. 

Nevertheless, they point out that subsequent development of the RPE in these 

severe Mitf mutants is characterized by abnormal proliferation, morphology and 

altered expression of Tyrp-1 and Tyr. 

. One of the least severe phenotypic mutations occurs in the vitiligo mouse 

(Miff vit) which has a point mutation in the region of Mitf encoding the first a-helix 

(Steingrimsson et al., 1994). The G to A point mutation at base pair 793 causes 

an Asp222Asn transition. At birth, mice exhibit uneven pigmentation of the skin. 

In this mutant allele, the eye has a normal size unlike many of the other mutant 

alleles (reviewed by Moore, 1995). There is however a slow progressive retinal 

degeneration (Smith, 1992; Nir et al., 1995; Sidman et al., 1996) in which 

photoreceptors die. by apoptosis (Smith et al., 1995). The photoreceptor cell 

death appears to be secondary to defects of the RPE including abnormal 
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pigmentation, short apical microvilli around the optic nerve head region (Nir et 

al., 1995), altered retinoid metabolism (Smith et al., 1994a) and a reduced 

phagocytic activity (Smith et al., 1994b; Kosaras and Sidman, 1996). In addition, 

there is excessive multilayering of the RPE cells as early as E11.5-12.5; and 

reduced RPE cell size and increased cellular proliferation by E18.5 (Sidman et 

al., 1996; Tang et al., 1996). The RPE/choroid of Mitfit mice also .demonstrates 

reduced levels ·of the pigmentation proteins, tyrosinase (Tyr) and tyrosinase 

related protein 1 (TRP-1) during the early perinatal period (Smith et al. In Press). 

Mitt has been detected in the developing albino mouse eye as early as 

E9.5 in the presumptive RPE (Nakayama et al., 1998). This age precedes 

expression of the genes encoding Tyr and TRP-1, at E1 0.5 and E11.5 

respectively (Beermann et al., 1992; Steel et al., 1992). Mitt expression at this 

developmental time-point preceding the onset of expression. of these putative 

target genes supports its role in their regulation. In the present study we sought 

to establish the levels of Mitt expression during embryonic development of the 

pigmented _eye in wild-type (C57BU6) mice and to determine whether there are 

differences in the temporal, spatial and/or level o.f expression in the Mitt vit mutant · 

mouse. We provide evidence that there are alterations of expression in the Mitf~t 

mutant which correlate with changes in cellular proliferation and differentiation of 

the RPE. 



MATERIALS AND METHODS 

Animals and tissues. 

84 

Mice homozygous for the vitiligo mutation of the microphthalmia gene 

(Mitfit) and age-matched, wild-typecribed (Smith et al., 1995). For the 

developmental studies, timed pregnancies were obtained by checking mating· 

plugs and the morning a plug was detected was defined as EO.S. Pregnant 

females were sacrificed by cervical dislocation and embryos collected in 0.1 Ofc> 

cold DEPC treated PBS. For whole mount in situ hybridization, at least 4-5 age 

matched embryos per embryonic age were fixed in 4o/o paraformaldehyde in 

PBS. For RNA isolation, eyes were dissected from embryos and frozen at -70°C. 

The number of litters used for RNA isolation varied depending on age (1 0 litters 

for E10.5, 8 for E11.5, 4 for E12.5-E14.5, 2 for E15.5 and E16.5, and 1 for 

postnatal day 10 (P1 0). 

Reverse transcriptase-polymerase chain reaction (RT -PCR) 

A crude RNA preparation was performed on wild-type embryos E7 .5, 

E8.5, and E9.5 using a technique ·in which embryos were digested with 

proteinase-K buffer, followed by DNAse treatment. eDNA synthesis was 

subsequently performed using the supernatant from the digestion. 

Total RNA from wild-type and Mitf vit mutant mouse embryonic eyes 

(E1 0.5-E16.5 and P1 0) was extracted using a combined technique of vortexing 
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with sterile Ottawa sand (Fisher, Pittsburgh, PA) in a lysis buffer containing ~

mercaptoethanol (Liou et al., 1992) and using the homogenate with the 

RNAeasy RNA isolation kit (Qiagen, Chatsworth, CA). 

The isolated RNA was used for reverse transcription with the, SuperScript 

·preamplification system (GibcoBRL, Gaithersburg, MD) and Oligo(dT) as primer. 

To control for variations in RNA isolation, reverse transcription efficiency and gel 

loading, the synthesized eDNA was initially used for PCR amplification of the 

housekeep.ing gene GAPDH. Using upper primer (GP1) [5']ACCGGATTTG

GCCGTATT[3'] and lower primer (GP2) [5']TCTGGGATGGAAATTGTGAG[3'], 

an 11 OObp sequence was amplified. PCR amplification specific for Miff was 

performed using two oligonucleotide primers designed to amplify a 370bp 

sequence between nt 653 and nt 1040 (presence of the 18bp splice variant, 

Miff+, also produced a 388bp fragment). The sequence of the flanking primers 

were: (MiP1) upper [5']CAGCCAACCTTCCCAACAT[3'] and (MiP2) lower 

[5']GTGGATGGGATAAGGGAAAG[3']. The reactions were carried out in a 25Jll 

volume consisting of 12.5pmol each of the flanking primers, 0.25U Promega Taq, 

1.5J.1M dNTP. Controls included control RNA (supplied with kit), eDNA from wild-· 

type adult heart, genomic DNA and linearized plasmid containing the original Mitf 

eDNA (see in situ hybridization protocol). The PCR was run for 28 cycles with a 

denaturing phase of 30 sec at 94°C, an annealing phase of 45 sec at 58°C and 

an extension of 2 min at 72°C. 1 OJ.!I of the PCR products were electrophoresed 
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for 90 min. on a 4~20% gradient polyacrylamide gel (Novex, San Diego,· CA), 

visualized by ethidium bromide staining and digitally photographed with a Bio

Rad Gel Documentation system (Bio-Rad, Hercules, CA). The- digital images 

were imported into :the Metamorph computer image analysis software where the 

average. grayscale intensities of the banos. corresponding to GAPDH and Miff 

(combined Miff+ and Miff-) were measured. A background in_tensity reading was 

recorded initially and subsequently the intensities of the .bands ··at interest were 

made using the marquee tool to outline a fixed are'a around each band. The 

program automatically calculated the average intensities within the marquee 

correcting for background. The readings were. recorded and the ratio of 

Miff!GAPDH was plotted as a func~iori of embry9nic age. 

An internal standard was constructed 'for semi-quantitation of PCR results 

by recombinant PCR techniques as _describ~d previously (Innis, Gelfand and 

Sninsky, 1990). Two addit!,onal primers were synthesized that produced an 84bp 

deletion in the Miff eDNA insert of the plasmid. The sequence of the inside 

primers were (MiP3) upper [5'] TAAGGAGCTAAAGTTGCAACG [3'] and (MiP4) 

lower [5'] CGTTGCAACTTTAGCTCCTTA [~']. Primar-y PCR was performed 

using linearized plasmid with primer· pairs MiP1 and MiP4 in one reaction and 

MiP2 and · MiP3 in another. Products were gel -purified, mixed together and 

secondary PCR was performed ~sing··fhe flanking primers MiP1 and MiP2. The 

secondary- PC.R product was gel purified ·using QIAEX II Agarose Gel Extraction . 
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Kit (Qiagen, Chatsworth, CA) and cloned using pGEM-T Easy vector system 

(Promega, Madison, WI). The concentration of the insert was determined by 

spectrophotometry. A 5X a~d 2X dilution series of the standard was. made and 

amplified by PCR. Densitometry. was performed as previously indicated and 

results of linear regression analysis were plotted as a function of initial starting 

concentration of the competitor. The internal standard was placed in subsequent 

PCR amplifications of wild-type and Miff vit eDNA at embryonic ages E11.5, 

E13.5 and P1 0. 5J.LI of the PCR reaction product was electrophoresed on a 1 °/o· 

EtBr/agarose gel and photographed~ Densitometric measurements of the PCR 

bands were made and the ratio of competitor to Miff was determined. 

Whole mount in situ hybridization 

The plasmid (pBiuescript SK-) containing the EcoRI/Xbal 1830bp 

sequence (18bp alternatively spliced exon not present in plasmid) of the 

published mouse. Miff eDNA (Hodgkinson et al., 1993) was a gift from Dr. H. 

Arnheiter (NIH). A single. stranded antisense riboprobe was prepared by 

linearizing the plasmid with restriction enzym·e Xho1 and in vitro transcribed with 

T3 RNA polymerase using using a digoxigenin labeling kit (Boehringer

Mannheim, Indianapolis, IN). A sense (control) riboprobe was prepared using 

Xbal restriction enzyme and T7 RNA polymerase. 
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In situ hybridization was carried out on at least 4-5 mutant and wild-type 

embryos at ages E7.5-E14.5 using the techniques described previously 

(Wilkinson, 1992; Conway et al., 1997). 

RESULTS. 

Demonstration of Mitf and Mitf;t expression levels in eyes by RT -PCR. . . . 

To detetmine ·the temporal expression pattern of Miff, RT-PCR was 

performed. on pigmented wild-type whole embryos ages E7.5, E8.5 and E9.5 

(Fig. 1A) and on eyes at ages· E1~.5-E16.5 and postnatal (P) 10 (Fig. 18). 

Analysis of the PCR products revealed that Mitf is expressed as early as E7 .5 in 

whole embryos. Marked expression was detected in eyes from E1 0.5 through 

E16.5 and also at P1 0. Initial electrophoretic analysis on a 2°/o agarose gel 

indicated that Mitf appeared as a double band (data not shown). This finding was 

confirmed by resolution of PCR products on a 4-20o/o gradient polyacrylamide · 

gel. The double band represents the product of an alternatively spliced 18 bp 

·exon ·which gives rise to a Mitf plus form (Mitt+) containing the exon and the Mitf 

minus form (Mitt-) which does not (Hodgkinson et al., 1993; Steingrimsson etal., 

1994). The alternative splice form is present in approximately 50°/o ·of RT-PCR 

products from various wild-type tissues (Hodgkinson et al., 1993). Expression 

appeared relatively constant through the ages examined with approximately 
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equal levels of Miff+ and Miff- forms except at E10.5 and E16.5 where the Mitt

form appeared to be at higher levels. PCR of the original Miff eDNA .in plasmid 

pBiuscript SK- only produced a single band of 388bp, identical to the upper band 

identified in wild-type and Mitl'it PCR products. This finding confirms that the 

double band was not the product of contamination and that it was· the Miff 

transcript. GAPDH PCR products, which produced an 1100 bp band, showed 

uniform expression at the different ages tested indicating that the efficiency of 

RNA isolation, reverse transcription and gel loading were approximately 

equivalent. 

The expression of Miff in Miff vit mutant eyes differed from wild-type eyes. 

Expression levels were greater between E10.5-E13.5 in mutants versus wild

type, yet were slightly lower from E14.5-P10 (Fig 1C). While both Miff+ and Miff

forms were detected in mutants, the Miff+ form appeared greater at E1 0 than in 

wild-types and the Miff- form. was strong~r in mutants atE 13.5. 

Densitometric measurements of the Miff bands followed by normalization 

with GAPDH measurements indicated that expression in the wild-type eyes was. 

uniform throughout development whereas there was marked transient 

overexpression in Mitl';t between E10.'5 and E13.5 (Fig 2). 

In order to assess whether the observed differences in Miff expression 

were due to differences in PCR amplification efficiency or to inherent differences 

between mutant and wild-type eyes, three ages were selected for sem'i_

quantitative PCR with the use of an·exogenous homologous internal standard or 
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competitor. The standard which was constructed from the original Mitt eDNA, 

contained an 84bp deletion and therefore produced a smaller fragment than 

native Miff. To demonstrate that increasing amounts of starting template in the 

PCR reaction produced a linear increase in PCR product, serial dilution's from 

6000 fgram of the standard were PCR amplified (Fig 3A). The linear relationship 

is shown with linear regression analysis. Next, different concentrations of the 

competitor were PCR amplified along with equal volumes of native Mitf template 

(Fig 38). Again, the linear relationship is maintained when the ratio of the 

competitor to Miff is analYzed. The standard was then used to confirm the 

differences observed in Miff expression between wild-type and Miff vit eyes at 

E11.5, E13.5 and P1 0 (Fig 4A and B). At E11.5, the age at which the greatest 

difference was noted, a 4.8 fold difference in Miff .vit was_ observed compared to 

wild-type Miff. At E13.5 the difference in expression was 2.6 fold. In P10 samples 

there was 1.5 fold less expression in Miffvit than in wild-type. 

Mitf expression pattern during ocular development in wild-type and Mitf;t 

mutants 

In situ hybridization analysis was performed· to determine the location of 

Miff expression within the developing eye. In addition, we were interested. in 

determining whether there were detectable differences in Miff expression in 

vitiligo mutant mice versus the wild-type as had been observed by RT -PCR. We 

also wanted to determine whether there were correlations between Mitf 
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expression and/or cellular proliferation and differentiation of the· RPE previously 

observed by others. 

Results from whole ·mount in situ hybridi~ation are shown in Figure 5. 

Figure 5A shows an E10.5 wild-type embryo hybridized with the sense RNA 

probe (negative control). There were no Miff-transcripts observed in any iocation 

of the embryo. Beginning at E9.0 (data not shown) and 69.5 (Fig 58) Miff was 

expressed strongly throughout the optic vesicle- as visualized by the antisense 

riboprobe in wild-type embryos. At this optic vesicle stage (E9.0-E9.5), the future 

pigmented epithelial cells and neural retina have not yet been specified thus Miff 

expression precedes cell specification. At E10.5 (Fig 5C), expression is localized 

to the dorsal aspect of the eye and is similarly expressed at E11.5 (Fig 50). By 

E 14.5 (Fig 5E) Miff expression is limited· to the anterior portion of the eye and is· 

somewhat obscured by pigment. This region of the eye may represent the future 

ciHiary epithelium which is a derivative of the RPE (Barnstable, 1991 ). Analysis of 

the vitiligo mutant shows that Miff vit transcripts w·ere expressed as early as E9.0 

: and E9.5 :(Fig 5F,G). At E10.5 expression was somewhat greater in the mutant 

that in wild-type (compare Fig 5H to 5C). At E11.5 (51) expression of Miff in 

mutants was much greater than in wild-type and supported the RT-PCR data that 

revealed overexpression at E11.5. Finally, by E14.5 (Fig 5J) the Miff expression 

pattern appeared similar to age-matched wild-types in which there was minimal 
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expression which was obscured by pigment. The lack of a strong signal at this 

time point may reflect .that Mitf levels are too low to be detecte~ by our riboprobe. 

Histological sections of·the embryos presented in Figure 5 are shown in 

Figure 6 .. At E9.5 (Fig 6A and 68) Mitf. expression was clearly· confined 

throughout the thickness of the evaginating neuroepithelium. Subsequently, 

expression diminishes anteriorily (arrow head) as shown in another E9.5 embryo 

(Fig 6C). Figure 60 shows a sagitta! section through an E1 0.0 embryo showing 

Mitf expression around the circumference of the eye cup in the RPE with 

stronger expression dorsally. A coronal section of an E1 0.5 embryo clearly 

shows that by this stage the RPE and neural retina have been specified and Mitf 

expression was specific to the RPE. Figure 6F shows that by E11.5 expression 

in the RPE was sfronger towards the dorsal aspect of the optic cup. There was 
/ . 

also higher expression peripherally than centrally (data not shown). Finally by 

E14.5 (Fig 6G, H),: overall Mitf. expression diminished and was present only 

minimally at the peripheral RPE. Expression was also greatly. obscured by 

pigment. In vitiligo mutants, expression at E11.5 (Fig 61) was· stronger in the 

dorsal aspect of the eye as well as peripherally· (data not shown). These data 

indicating that expression of Mitf'it is higher in the mutant than in wild-type is 

consistent with the RT-PCR results. By E14.5 (Fig 6J and K) similar to wild-type, 

expression in mutants was present peripherally but to a lesser degree 
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(arrowheads). Figure 6L illustrates· Miff expression pattern during development 

as elucidated by this study. 

As additional confirmation that our riboprobe was detecting Miff mRNA, · 

we examined other tissues reported to express the gene. Our whole mount in 

situ hybridization analysis revealed expression of Mitf in a cell population in a 

region located caudal to the otic placode, the structure which. gives rise to the 

inner ear, at E10-~0.5 (Fig. 7A and B) and also in the heart. Our demonstration 

of. Miff expression, in the tissues mentioned verifies· that we were in fact 

examining the product of the Miff gene. 

DISCUSSION 

In the present study, the developmental expression of the Miff gene has 

been demonstrated in the pigmented normal mouse eye and in one of the least 

severe Miff mutants, the Mitfit. Our findings complement the studies of 

Nakayama et al., (1998) in which Miff express·ion was documented during 

development of the albino· mouse eye and in three severe Miff mutants ·Mitfga.,9:: 

Mitfli and Mitt'i-wh. 

Our developmental studies of eyes of pigmented wild-type mice revealed 

Miff expression in the neuroepithelium as early as E9.0. This age precedes the 

time when the RPE becomes a monolayer epithelium and it precedes the onset 
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of the expression of the genes encoding Tyr and TRP-1 (at E1 0.5 and 11.5 

respectively).lt is possible that Miff plays a role in specifying th~ differentiation of 

the RPE. into a monolayer as suggested by Moore (1995) and supports the in 

vitro data suggesting that Mitf regulates the transcription of Tyr and Tyrp-1 

\ 
(Shibahara et al., 1991; Lowings et al., 1992; Yavuzer and Goding 1994). Shortly 

I 

after its initial detection throughout the neuroepithelium, Miff expression 

diminishes anteriorily and by E1 0.0 is found only in the RPE. At E11.5 in wild-

type eyes there appeared to be less expression in the central RPE compared 

with peripheral RPE. This gradient of Miff expression within the RPE parallels the 

well-established gradient of photoreceptor cell differentiation in which cells of the 

central retina (around the optic nerve) differentiate. before those in the peripheral 

retina (reviewed by Jeffery, 1997). Miff therefore appears to be turned off earlier 

centrally than peripherally. In addition to the central-peripheral gradient, a greater 

level of .Miff expression was apparent dorsally and may reflect RPE multilayering 

in this region characteristic of the eyes of normal mice (Sidman et al., 1996). At 

E16.0 and beyond, Miff expression diminished and was difficult to detect by in 

situ hybridization, a finding similar to that of Nakayama et al (1.998) who showed 

that Miff was not detectable in the RPE and choroid postnatally. Interestingly, by 

RT-PCR we found that Miff is still detectable in.normal eyes at P10. 

Developmental studies of Miff expression in the Miff vit mutant showed that 

during the early stages .of eye· development (E9.0-E9.5). there was not an 
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appreciable difference in gene expression compared with wild-type eyes. This 

observation supports the observation by Nakayama et al (1998) that the initial 

stages of RPE development are not altered by Miff mutations, severe or mild. 

Slightly later· in eye development however, the level of Miff increased 

significantly. RT-PCR analysis revealed greater levels of expression,'between 

E1 0.5-E13.5 compared to wild-types. In situ hybridization experiments confirmed 

this observation and revealed that the. greater levels of expression in mutants 

. were concentrated in the dorsal aspect of the mutant eye. This observation is 

relevant to the.observations of Sidm~n and colleagues who noted that the dorsal 

aspect of the Mitfit eye had. extensive RPE multilayering and . altered 

pigmentation at E12.0 and E13.0 compared to wild-type (Sidman et al., 1996). 

The elevation of Miff in the Mitfit wa.s transient and by E14.5 leyels were slightly 

lower than the wild-type. 

The observation that levels of Mitfwere greater, albeit transiently, in the Mitfit 

compared to wild type mice contrasts with the apparent decreased expression of 

this gene in the developing eyes of more severe mutants (Nakayama et al., 

1998). In those mutants, in v.thich the genetic mutation ranged from a transgenic 

insertional allele, which accumulates little if any Miff mRNA in the case of. the 

Mitfga-9
, to mutations that affect the DNA binding domain of the protein in the 

case of the Miff mi and Mitf'i-ew, there was a marked decrease in Miff expression 

at E14.5 detected by in situ hybridization. This result was confirmed by 
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immunohistochemical analysis of the protein. Immunohistochemical analysis of 

the Mitt protein in wild-type and Mitfit mutants revealed detectable levels of the 

protein in the developing RPE of mice by E12.5-E13.5 . (unpublished 

observation). Unlike the severe mutations of Miff mentioned above, the Mitfit 

mutant has a point mutation in helix 1 in which an aspartic acid is replaced with 

an asparagine (Steingrimsson et al., 1993). Using the electrophoretic mobility 

shift assay, .Hemesath and co-workers (1994) determined the DNA binding 

capacity of the Mitfit and found that it bound DNA indistinguishably from wild

type protein suggesting that this mutation disrupts a function other than DNA · 

binding. Steingrimsson et al. (1994) suggested that dimerization of the Mitfit was 

less stable based on three-dimensional modeling studies which showed that the 

amino acid change was in a region of salt-bridge formation critical for. 

dimerization.·Whether.our results of a transient elevation of Miff gene expression 

reflect an effort to compensate for unstable dimerization remains to be tested. 

Interestingly, the transient increase in expression of Miff in the Mitfit 

mutant was greatest at E11.5, the age at which Tyrp-1.is first detected in the 

RPE of wild-type mice (Steel et al., 1992). This is also the age when the mouse 

RPE becomes pigmented (Buse and de Groot, 1991). Although Miff levels were 

increased at this age,· levels of the gene:encoding TRP~1 were·decreased in the 

Mitfit mutant (D. Maddox, ·unpublished observations). Studie~:·ofthe levels of the 

pigmentation proteins in the RPE of the Mitfit mutant during the early p·ostnatal 
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period revealed a marked. decrease in TRP-1 ·protein levels and a decrease in 

tyrosinase levels slightly later (Smith et al., In Press). It is not known whether the 

limited TRP-1 expression in the eyes of the Mitfit mouse and in the severe Miff 

mutants (Nakayama et al., 1998) is directly related to abnormalities in ·the RPE or 

is simply coincidental. 

A phenomenon common to the Miff mutants is hypercellularity of the 

developing RPE. Moore (1995) noted that correct expression seems to limit RPE 

proliferation resulting in a monolayer of pigmented cells. Evidence to support this 

hypothesis comes from Nakayama's study as well as the present work. In the 

case of the three severe mutants reported by Nakayama et al (1998), reduced 

expression of Miff in the RPE resulted In abnor~al proliferation, shape, and Tyrp-

1 and Tyr expression as well as markedly reduced pigmentation. In the Mitfit 

mutant, transiently elevated levels of Miff may have resulted in abnormal 

proliferation (Tang et al., 1996); abnormal shape (Nir et·al., 1995; Sidman et al., 

1996) uneven pigmentation (Smith 1992; Sidman et al., 1996), and reduced 

levels of TRP-1 (Smith et al., In Press). The transient elevation of Miff in the 

Mitfit mutant occurred between E1'1.5 arid E13.5 suggesting -that this stage of 

development may be a control point for regulation of RPE proliferation. Although 

levels returned to normal beyond E13.5 in the Mitfit, the transient incorrect 

expression was apparently sufficient to result in the hypercellularity observed. · 

Interestingly, the Miff elevation is not sufficient to completely abolish the 

pigmentation of the RPE, nor to render the RPE incapable of performing other 
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·.critical functions. For example, the Mitfit RPE can phagocytose shed 

photoreceptor outer segment disks though not at normal levels (Smith et al., 

1 995; Kosaras and Sidman, 1 996) and the RPE can metabolize retinoids 

essential for regeneration of the visual pigment, rhodopsin, during the first few 

postnatal weeks (Smith et al., 1 994; Evans and Smith, 1 997). We conclude that 

Miff expression is dysregulated in Mitfit coincident with increased RPE 

proliferation and the onset of pigmentation. The factor or factors which 

precipitate this dysregulation are not known but provide fertile ground for future 

study. 
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Figure 1. RT-PCR demonstrates developmental expression of Mitf and Mit1' mRNA. 
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Figu,re 1. RT-PCR demonstrates developmental expression of Mitf and 

Mitf'it mRNA. (A) Expression in wild-type whole· mouse e~bryos at embryonic 

(E) days E7. ~' EB. 5 and E9. 5. Agarose gel. electrophoresis of P;PR products 

obtained at 35 cycles shows a single band corresponding to ·the predicted 370 

bp. representative of Miff. Mitt expression is apparent as early as E7.5 (B) 

Expression of Miff in wild-type eyes from E10.5-E16.5 and P10. Initially a 1100 

bp fragment of mouse C?APDH was amplified from the eDNA samples to 

determine if equal concentrations of RNA was reverse transcribed as well as 

serving as a control for gel loading. Subsequent amplification using Miff primers . 

yielded a band corresponding to 370 bp. This 4-20% polyacrylamide gel 

electrophoresis resolved a double band . at fhe predicted Miff size. The upper 

band represents the Mitt+ form and the lower band represents the Miff- form. (C) 

Expression of Mitt in Mitfit mutant eyes demonstrqted that there were differences . 

in the levels of mRNA transcripts. Expression of GAPDH was uniform through 

indicating differences in levels was specific to Mitt expression. 
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Figure 2. Graphical representation ofRT-PCR results. Densitometric. analysis 

of the bands separated by polyacrylamide gel electrophoresis shown in Fig.i.Jre 1 

were performed as described in the text. Measurements represent a combination 

of both Miff+ and Miff-· forms. The X-axis represents the embryonic ages tested 

and the y-axis represents arbitrary densitometric units of the ratio of Miff to 

GAPDH ·.which was us~d as the correction factor.· Expression in Mitfit at E10. 5 

appeared slightly less than in wild-type· and increases greatly at E11.5, E12.5 

and E13. 5. From E14. 5-P1 0 expression is slightly lower than in wild-type eyes. 
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Figure 3. PCR amplification of synthesized competitor. In order to test if the 

observed Miff differences shown in figures 1 and 2 were influenced by tube to 

tube variability in PCR ·efficiency, an internal standard (competitor) was 

constructed. In (A) the PCR products from amplification of different 

concentrations of the· standard are shown to demonstrate the linear nature of the 

PCR amplifications. The corresponding graph represents linear regression · · 

analysis of the PCR products. Panel (B) demonstrates PCR amplification 

products obtained from inclusion of varying concentrations of the competitor with 

a constant amount. or. eDNA reverse transcribed from P1 0 eyes. The band 

corresponding to f\.1iff appears to be similar at all three amplifications while that of 

the competitor increases as predicted. The graph represents_ the ratio 'of 

competitor to Miff and regression analysis shows ·that the linear relationship is 

maintained when'· a competitor is introduced in the PCR . reaction with an 

unknown concentration of the target (Miff): 
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Figure 4. Semi-quantitative RT-PCR with the use of a competitor. Panel (A) 

shows simultaneous ·PeR amplifications of Miff and the competitor in the same 

reaction and compares Miff expression between wild-type and Mitfit mutant at 

ages, E11.5, £13.5 and P10 when there were noted differences (Figure 1 and 2). 

At E11. 5 3000 fgrams of competitor was introduced into both samples and Miff 

expression was higher in· Mitfit than in wild-type. Similarly at E.13. 5 where 1500 . 

fgram of competitor was v;ed Mitfit expression was also higher than in wild-type. 

At P19, 6000 fgram of competitor was used and expression in Mitfit was lower 

than in wild-type. Panel (B) graphically represents corrected Miff expression 

using the ratio of competitor to Miff. . There was .a 5 fold and a 3 fold greater 

expression in mutants at E11.5 and E13.5 respectively. At P10 expression was 

1. 5 fold lower in mutants than in wild-type eyes. These results confirm our initial 

· PCR data (Figures. 1 and 2), suggestive of differences between wild-type and 

Miff vit at these embryonic ages. · 
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Figure 5. Whole mount in situ hybridization analysis o.f Miff and Miff vit 

mRNA. Panels A-E represent C57/BI-6 wild-type mice. In (A) the sense 

riboprobe did not hybridize to Miff mRNA and therefore did not yield a positive 

signal. (B) an E9. 5 embryo in w~ich Miff is expressed specifically in the eye 

(optic placode). There also appears to -be some staining in the heart region. (C) 

at E10.5 expression is still present and appears stronger dorsally. At E11.5 (D) 

the pattern of expression is similar to E10.5. By E14.5 the Miff riboprobe is 

obscured significantly by the presence of pigment· with in the RPE. Panels F-J 

demonstrate Miff expression in the Mitfit mutant mouse eye. As early as E9 (F) 

and E9.5 (G), Miff appears to be expressed strongly in the eye. At E10.5 (H) 

there appears to be stronger expression than in age-matched wild-type eyes. At 

E11.5 (I) expression seems to be significantly greater in the mutant than in wild

type eyes. By E14.5 (J), as with wild-type eyes, pigmentation obscures 

resolution of the probe. 
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Figure 6. Histological examination of Mitf expression. Panels A-H are 

sections from paraffin embedded wild-type embryos hybridized with . Miff probe 

from wild-type mice. Panel (A) and (B) are 2 coronal serial sections through the 

optic vesicle ( ov) of an E9 wild-type embryo demonstrating Miff expression 

specific to the neuroepithelium (ne). At E9.5 (C) expression appears to diminish 

towards the anterior region (arrow head) apposing the surface ectoderm (not 

present). By E10 (D) this sagittal section shows that expression is specific to the 

developing RPE. The future retina can be seen in the center and does not 

express .Miff. A coronal section at E10.5 (E) clearly shows that expression is 

confined within in the RPE and diminishes at the retinal margin. At this stage the 

developing lens is also seen. By E11.5 (F) the RPE cells have decreased in 

height and 'Miff expression appears stronger superiorily (damage to the section 

resulted in Joss of a fragment of the RPE dorsally). The choroidal fissure (cf) can 

be seen in the inferior region. At E14. 5 (G), the RPE is strongly pigmented and 

there is only slight Miff expression seen around the peripheral region (arrow 

heads). The strongest expression appears to be at the margin of the RPE and 

retina which is more distinct in panel (H). Panels 1-K are from ~v1itfit ·mutants. At 

E11.5 (/)Miff expression was stronger dorsally (arrow head). At E14.5 (J and K) 

expression is present peripherally (arrow heads) and is Jess than in wild-type (J 

and H). Panel (L) diagramatically illustrates the pattern of Miff expression during 

early ocular development. · 
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Figure 7. Mitf expression in different locations. (A) an E10.5 mutant embryo 

demonstrating expression of Miff in a cell population located post otically. These 

celis were located bilaterally on either side of the· neural tube. A histological 

section (B) through this region clearly shows that the staining is specific to a 

cluster of cells which presumably will give rise to melanocytes (C) a section of 

the E9. 5 wild-type embryo in figure 5 shows that Miff is expressed in low levels in 

the embryonic heart (arrows). 



CHAPTER 5. DISCUSSION 

The purpose of the present study was three-fold. First, to determine 

whether apoptosis was the underlying mechanism of photoreceptor cell death in 

the vitiligo mouse, a model which has a non-ocular specific genetic mutation. 

Second, to assess using functional assays the adhesion between neural retina 

and RPE of the. vitiligo mouse compared with wild-type mice since retinal 

detachment is known to induce photoreceptor cell apoptosis. Third, to establish 

the normal spatia-temporal expression of the microphthalmia (Mitt) gene in. wild

type mice and to determine whether this pattern was disrupted in ·vitiligo mutant 

mice. This third set of experiments was designed to. provide data about gene 

expression that might explain the alterations of the RPE that ultimately trigger 

photoreceptor cell apoptosis ·in this mutant. 

Two methods were used to address the first issue: determination of the 

mechanism of photoreceptor cell death. First, -the TUNEL assay .was used to 

quantitate the: level of apoptosis of photoreceptor cells by labeling chromatin that 

was cleaved by endogenous endonucleases, a hallmark of programmed cell 

death. The TUNEL assay results ·indicated that the number of photoreceptor cells 

undergoing apoptosis was significantly higher in vitiligo mice at the· initial stages 

of the degeneration, moreover it remained higher. than in wild-type mice 

120 
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beyond a stage at which normal histogenic cell death occurred. These findings 

were confirmed by transmission electron microscopy by· which it was determined 

that the classical morphologic hallmarks of apoptosis such as nuclear 

condensation were also present. These observations were extended by. studies 

of others (Drs. Wong and Kutty, National Eye Institute) in which DNA laddering 

was observed. lncreased·levels of TRPM-2, a gene upregulated during apoptosis 

were also detected in the RPE of vitiligo mutant mice. Collectively, the results of 

the present studies and Drs. Wong and Kutty's work demonstrated that 

photoreceptor cells die by apoptosis in the vitiligo mouse. Unlike other rodent 

models in which the genetic defect is specific to the eye (as is case of rd and rds 

mice) or the RPE (in case of RCS rat), yet the death of PRC's still utilize the 

apoptotic pathway. 

Two methods were used to address the second issue of RPE/neural 

retina adhesiveness. An RPE/neural retina organ culture recombination assay 

tested in vitro whether the RPE eyecup of vitiligo mutant mice could become 

attached to neural retinas of control mice and in separate cultures to neural 

retinas of mutant mice. Though initial consideration of this experiment might 

predict that the mutant RPE would be incapable of attaching to neural retinas of 

either strain, and the wild-type RPE would attach well, ·in fact the converse was 

true. That is, the mutant RPE attached to retinas of both wild-type and mutant 

mice similarly (-70o/o) while wild-type RPE attached only to 50o/o of the length of 

the apposed retina. Scanning electron microscopy of the mutant RPE to control 
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retina revealed that attachments were formed, however they were not normal. 

The attachments did not involve microvillous processes enveloping outer 

segments but instead were comprised of a matrix-like material. Scanning 

electron microscopy further revealed that during the peeling of neural retina from 

the RPE, the wild-type tissues adhered to each other with such force that 

_patches of RPE frequently remained with the neural retina indicating marked 

·damage of the control RPE which compromised its ability to attach in the 

recombination assay. Mutant RPE on the other hand .lacked such adhesivity and 

hence was not disrupted prior to peeling. It had an ability to form an apposition to 

neural retinas though not a true attachment. This . experiment examining 

adhesion provided in vitro experimental evidence that the detachment observed 

in fixed tissue in the vitiligo mouse is not merely an artifact of histological 

processing, rather -the· RPE is not as adhesive as normal. The decreased 

attachment may underlie the photoreceptor cell degeneration observed in this 

mutant. 

Finally, to determine the spatia-temporal expression of· Miff, the gene 

defective in the vitiligo mouse, two additional methods were used. RT-PCR was 

used to determine that the earliest day of Miff expression in normal m~use 

embryos was E7.5. Additional RT-PCR experiments showed that Miff was 

expressed in the eye beginning at E1 0.5. ·Polyacrylamide gel electrophoresis 

(PAGE) of PCR products revealed that there were two alternatively spliced forms 

of Miff present, a positive form (Miff+) which contains a 18bp insert and negative 
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form (Miff-) without the 18bp insert. The RT-PCR studies of vitiligo mutants. 

revealed a similar onset and timing of expression, although the Mitf · mRNA 

transcript levels in mutants were much higher than normals at E1 0.5-E13.5. The 

transient elevation of Mitt· mRNA coincides with the ·onset of normal RPE 

pigmentation and the expression of genes. responsible for pigmentation (genes 

encoding TRP-1, TRP-2 and tyrosinase),· though the relevance of this is not 

known. In situ hybridization methods were used to localize the expression ofthe 

Mitt gene in developing wild-type· and mutant mice. The-' ·first sites of Miff 

expression in normal mice were the eye and heart at E9.0. In the eye it was 

present in the neuroepithe!ium at a stage prior to retinal specification and then 

was detected subsequently in the RPE. Beginning at E9.0, Mitt gene expression 

was most pronounced in the dorsal portion of the developing eye. Though the 

location of gene expression in the vitiligo mouse was also the dorsal· aspect of 

the develop.ing eye, the intensity of the digoxigenin-labeled probe was far greater 

than the wild-type. The in situ hybridization data confirms ·the findings of the RT

PCR studies that M~tf expression is transiently elevated· in the vitiligo mutant eye. 

Subsequent sectioning of the whole mount embryos revealed expression of the 

mRNA in the RPE. The findings of this third study provided evidence that the Miff 

gene is expressed early during eye development underscoring that it has a role 

in RPE specificity ·during ocular development. It's specific expression in the RPE 

provides molecular evidence verifying that the primary site of defect in the Mit(At 
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is the RPE, a notion that· had been hypothesized by several g·roups but not 

demonstrated. 

How might the increased Mitf gene expression in Mitfit relate to dimin_ished RPE 

attachment and precipitate photoreceptor cell. apoptosis? The interaction of the 

RPE and neural retina is essential for proper visual functioning and survival. 

Without proper development of the RPE in the Mitfit, this interaction is 

subsequently compromised. We can speculate that if Mitf is responsible·for cell 

specific expression of genes required for this interaction such as extracellular 

matrix components and cell surface receptors, then dysregulation of Mitf may 

affect the interaction. The diagram which follows outlines a possible scenario of 

events which may occur in ·wild-type vs. mutant mouse eyes. It may be that 

during development, Mitf in the vitiligo mouse RPE _is unstabie due to the G-A 

point mutation which according to Steingrimsson's work causes the replacement 

of one of three putative ionic bonds required for proper dimerization. If this dimer 

is unstable it can be predicted that it would break apart leading to ._less than 

adequate leve.ls of functional dimers. Since one of the· functions of Mitf appears 

to be to limit proliferation, decreased levels of functional Mitf could lead to 

hypercellularity. We can speculate that increased cellularity and the resulting 

Interaction between the cells could then provide a feedback signal to increase 

Mitf expression in an attempt to inhibit_ further proliferation. It appears that the 

pigmentation genes, which are regulated by Mitf, are indeed affected as 
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indicated by the uneven pigmentation of the RPE cells and decreased .levels of 

their protein products. In addition, other potential gene targets of Miff which are 

as yet unknown, could also be affected. Such genes could be responsible for 

proper <?ell development without which the RPE would develop abnormally. That 

is, genes which specify RPE properties such as formation of microvilli could be 

affected. Such abnormal .RPE development could affect its· interaction with 

developing photoreceptor cells leading to detachment, which ultimately would 

cause photoreceptor degeneration by apoptosis. 

Development of most cells, including retinal cells, involves a number of 

processes including control1ing of cell cycle, cell birth, growth, death, migration 

and expression of cell specific properties .. All these aspects of development 

require that the cells communicate with one another and organize themselves in 

relation to the other cells. This communication can occur by two major ways: 1) 

through diffusable substances such as hormone_s and growth factors 2) by direct 

contact or interaction between cells as well as between cells and extracellular 

matrix. It ·is likely that most cell processes require a combination of both 

mechanisms. Receptor proteins in the cell surface can bind signals such as 

growth factors or other. substrates and transmit the signal into the. cell thus 

affecting the cells function and behavior, often through regulation of gene 

transcription. Miff is thought to ·be one of only a few essential genes required for 
·.·" 

eye development. Many master genes such as Hox genes are differentially 

expressed based on cellular interactions and we can speculate that the Miff gene 
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may also be regulated in such a manner. It is currently not known how Mitt is 

regulated nor which non-pigment genes are potential targets of its regulation. 

The studies described herein form the scaffold upon which these future studies 

can be built. 
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APPENDIX 

DETAILED PROTOCOLS OF TECHNIQUES 

In Situ hybridization 

In situ hybridization (ISH) is a powerful technique that enabled us to map· the 

onset, position and pattern of Mitf mRN.A expression both the normal and Mitt'it 

mutant embryos. In situ hybridization was· performed on whole embryos during 

optic development (ages E9 to E16.5 and P10),. 

Animals 

Mice homozygous for the vitiligo mutation of th~ microphthalmia gene 

(Mitt'it) were the offspring from our colony of breeding pairs. Age-matched, wild

type control (C578L/6 +/+) mice were obtained from Harlan Sprague Dawley · 

(Indianapolis, IN}. Animals were maintained in clear plastic cages and subjected 

to standard light cycles (12 hr light/12 hr dark). Light levels measured from the 

bottom of cages ranged from 1.2 to 1.5 foot-candles (12.9-1·6.1 lx). Temperature 

in the room was 24±1 oc. Mice were fed a Teklad (Madison, Wisconsin) High Fat 

rodent diet (min crude protein: 16.9o/o, min crude fat: 1 0'.8o/o max crude fiber: 

2.18o/o). Care. and use .of mice adhered to ~he principles set forth in DHEW 

Publication NIH80-23 (guiding principles in the care and use of animals). 
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For the developmental studies, timed· pregnancies were obtained by checking 

mating plugs and the morning a plug was detected was _pefined. as E0.5. 

Pregnant females were sacrificed by cervical dislocation ~nd embryos collected 

in·o.1 o/o cold DEPC treated 0.1 o/o phosphate buff~red saline (PBS). For whole 

mount in situ hybridization, at least 4-5 age matched embryos per embryonic age 

were fixed in ~0/o paraformald~hyde in PBS on a .shaker at 4°C for 3 hours. For 

RNA isolation,. eyes were dissected from embryos and frozen at -70°C~ The 

number of litters used for RNA isolation varied depending on age (1 0 litters at 

E10.5, 8 for E11.5, 4 for E12.5-E14.-5, 2 for E15.5 and E16.5, and 1 for 

postnatal day 10 (P1 0) . 

. Probe preparation. 

The plasmid (pBiuescript SK-) containing a EcoRI/Xbal 1830bp sequence 

of the published mouse Mitf eDNA was obtained from Dr. Arnheiter (NIH, 

Bethesda MD). Single stranded antisense· RNA probes (riboprobes} were 

prepared by linearizing the plasmid with restriction enzyme EcoRI and in vitro. 

transcrib~d using T3 RNA polymerase. Sens·e riboprobes were prepared With 

Xbal restriction enzyme and T7 RNA polymerase. The synthe~i~ed probes were 

labeled using a digoxigenin ·labeling kit (Boehringer) for in. situ hybridization 

analysis. 
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Whole mount in situ hybridization 

Fixed samples prepared for in situ hybridization were washed. for 5 min 

_each in PBT (PBS + 0.1 o/o Tween 20) 2 times and dehydrated through a series of 

methanols (PBT/25o/o,,50%, 75% and 100o/o). Following overnight storage in 

100% MeOH, embryos were rehydrated stepwise to PBT. Samples were then 

bleached ·with 6o/o hydrogen peroxide in PBT. for 1 hr to inhibit endogenous 

alkaline phosphatase activity, washed . in PBT three times and t_reated with 

proteinase· K in PBT for 7 min to allow penetration of labeled probes. ·Following 

treatment, samples were washed in 2mg/ml glycine in PBT, two times in PBT, 

refixed in fresh 0.2°/o glutaraldehyde and 4°/o paraformaldehyde in PBS for 20 

min and washed ·twice in PBT. Tissues were then·placed in pr~hybridization mix 

(50% formamide, 5X sse P,H 4.5, 50mg/ml yeast RNA, 1 °/o SDS, 50 mg/ml 

heparin) and incubated at 70°C for 1 hour. After replacing the prehybridazation 

mix, 1 Of..ll/ml hybridization ·mix (prehybridization mix with 1 J..Lg/ml digoxigenin

labeled RNA probe) was added and incubated overnight at 70°C." On day. two, 

hybridization mix· was removed and tissues washed with Solution 1 (50% 

formamide; 5X SSC pH 4.5; 1% SDS) two times for 30 min each at 70°C, 

. washed twice for 30 min each in Solution 2 (50% formamide; 2xSCC pH 4.5) at 

65°C, and washed three times ,with TBST (NaCI; KCL; TrisHCI, pH 7.5; 1 °/o 

Tween..;20; Levamisole) for 5 min ·each at RT. Tissues w~re then preblocked 

with 1 Oo/o goat serum in TBST for 90 min then treated with goat anti-digoxigenin-
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alkaline phosphate antibody (1 :3000) overnight. The following day embryos were 

washed three times 5 min. each and 5 times 1 hr each in TBST and left rocking 

overnight. The next day embryos were washed three times with NTMT (1OOm~ 

NaCI; 100mM TrisKCL, pH 9.5; 50mM MgCI2; 1°/o.Tween-20; 2 mM Levamisol) 

and -incubated with NBT/BCIP solution (nitroblue tetrazolium/X-phosphate) for 

several hours in the dark at 4°C. When an insoluable blue color· developed, 

samples were washed in PBT and stored in PBT with 0.02 °/o sodium azide. 

Embryos were postfixed for 20 min.· in 4°/o paraformaldehyde a.nd cleared l:JSing 

10, 20, 40, 50 and 80% glycerol in PBS for 1 hr. each. Embryos were then 

photographed under a dissecting microscope after the last clearing step in 80o/o 

glycerol. Those cells which express the Mitt mRNA will appeared as a blue 

stain. Embryos were prepared for histological sectioning by dehydration in 1 OOo/o 
I 

ETOH twice for 30 min and Hemo-DE twice for 1 hr. each. Samples were 

infiltrated with 1 OOo/o paraffin three times in a vacuum oven, embedded and 

subsequently sectioned at 20J.Lm. Sections were analyzed histologically to 

determine the cellular location, intensity and pattern of signal present within the 

embryos. 
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Reverse transcriptase-polymerase chain reaction (RT -PCR) 

RT-PCR is a method of analyzing mRNA by reverse transcribing mRNA 

into eDNA then amplification with the polymerase chain reaction. This method is 

extremely sensitive and is useful for detection and analysis of rare mRNA, 

mRNA is small number of cells or in small amounts of tissue samples. This 

method is useful for detecting the presence of a ~pecific transcript and is useful 

for determining when a certain gene is being expressed. It can also give relative 

differences in expression. Analysis of PCR products for quantitation of initial 

starting amounts of mRNA is difficult because there are two sequential 

enzymatic reactions, reyerse transcription and PCR. PCR is an exponential 

reaction and ultimately results in a plateau and makes quantitation difficult. The 

goal of quantitation is to deduce from the final amount of PC.R product, the initial 

number of target mRNA or relative starting levels. 

A rough RNA preparation was performed on wild-type embryos E? .5, 

E8.5, and E9.5 using a technique in which embryos were digested with 

proteinase K buffer, followed by DNAse treatment. eDNA synthesis was 

subsequently performed using the supernatant from the digestion. 

Total RNA from· wild-type and Mitt'it mutant mouse embryonic eyes (E1 0.5-

E 16.5 and P1 0) was extracted using a combined technique of vortexing with 

sterile Ottawa sand (Fi.sher) in a lysis buffer containing ~-mercaptoethanol (Liou 

et al., 1992). The supernatant from the homogenate is then washed and purified 
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by passing it through a filtered spin column several times. The RNA remaining on 

the filter is then eluted with sterile RNase free water. This method has proven to 

be easier and produces greater yields of RNA than conventional methods of 

extraction from embryoni<? eyes. The compounds were supplied in the _RNAeasy 

RNA isolation kit (Qiagen). The optical density of the RNA ·isolated by both 

. methods was measured on a spectrophotometer at an absorbance of 260nm 

and 280nm to determine the purity of the samples and to calculate their 

concentration. 

The isolated RNA was used for reverse transcription with the SuperScript 
.. 

preamplification system (GibcoBRL). 5J.Lg of total RNA was used from each 

sample and reverse transcribed using and Oligo(dT) as primer which was 

specific for recognizing the poly-A tail in mRNA. To control for variations in RNA 

isolation and reverse transcription efficiency, the synthesized -eDNA was initially 

.used for PCR ·amplification of the housekeeping gene GAPDH . . Using upper 

primer (GP1) [5']ACCGGATTTGGCCGTATT[3'] and lower primer (GP2) 

[5']TCTGGGATGGAAA TTGT.GAG[3'], a 11 OObp sequ_ence was amplified. PCR 

amplification sp.ecific for Mitf ·.was performed using two.olig·onucleotide primers 

designed ·.to amplify a 370bp sequence between bp 653 and bp 1040 (presence 

of the 18bp splice variant, . Miff+; also produced a 388pp fragment). The 

sequence of the flanking primers, were: (MiP1) upper [5']CAGCCAACCTTCCC

AACAT[3'] ·and (MiP2) lower [5']GTGGATGGGATAAG-GGAAAG[3']. The 
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reactions were carried out in a .25!-!1 volume consisting of 12.5pmol each of the 

flanking primers, 0.25U Promega Taq, 1.5mM dNTP. Controls included control 

RNA (supplied with kit), eDNA from wild-type adult heart, genomic DNA and 

linearized plasmid· containing Miff eDNA (see in situ hybridization protocol). The 

PCR wa.s run for 28 cycles with a denaturing phase of 30 sec at 94°C, annealing 

phase of 45 sec at 58°C and an extension of 2. min at 72°C. 101-11 of the PCR . 

products were electrophoresed for 90 min. on a 4-20%> gradient polyacrylamide 

gel (Novex), visualized by ethidium bromide staining and digitally photographed 

with a Bio-R-ad Gel Documentation system. The digital images were imported 

.into the Metamorph computer image ·analysis software where the average 

grayscale intensities of the bands corresponding to GAPDH and Miff (combined 

Miff + and Miff-) were measured. A background intensity reading was .initially 

recorded and subsequently the intensities of the bands of interest were made 

using the ma·rquee tool to outline a fixed area around each band. The program 

automatically calculated the. average intensities within the marquee correcting for 

background. The readings were recorded and the .ratio of Mitf!GAPDH was 

plotte9 as a function of embryonic age. 

Competitive RT-PCR 

An internal standard is used . to control for· variations ·in the PCR 

amplification efficiency due to tube to. tube variation and to determine the relative 
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amounts of mRNA. ·one type of internal ·standard is an exogenous homologous 

competitor which is the same sequence as the target and contains. the same 

primer binding site but it produces a different sized fragment. The use of an 

internal standard has the advantage of· knowing. the exact amount of standard 

added to ·the sample. Once the competitor is made, a dilution series of the 

competitor is made and PCR amplified for comparison with unknown target 

samples. The change in the amount of standard is then proportional to the 

change in the target and the amounts of unknown starting sample can be 

calculated. 

An internal standard was constructed for semi-quantitation of Mitf PCR ·results by 

recombinant PCR techniques as described previously (Innis. M., Gelfand. D. and 

Sninsky. J.J., 1990). Two primers were synthesized that produced an 84bp 

deletion in the original Mitf eDNA insert in the plasmid obtained from Dr. 

Arnheiter. The . sequence of the inside primers was· (MiP3) upper f5] 

-

TAAGGAGCTAAAGTTGCAACG [3'] and (MiP4) lower [5'] CGTTGCAACTT-

TAGCTCCTTA [3']. A Primary PCR was performed using 200pg of linearized 

plasmid. Two separate reactions were carried out in a 50J.!I reaction mixture. One 

reaction contained primer pairs (MiP1) and (MiP4) while tHe other contained 

(MiP2) and (MiP3).· PCR was carried out at an initial denaturing temperature of 
. . 

94°C for 5 niinut~s and .for 30 cycles with. a de~aturing .temp. of 94°C for ;30 ~ec, 

al')neal.ing at 58°C for 30 sec and extension for 1 min at 72°C. The PCR products 
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of the two reactions were electrophoresed on a 4-20% gradient polyacrylamide 

gel for 90 minutes, and stained with 0.51-Jg/IJI ethidium bromide. The two bands of 

286 bp were excised under UV light and placed in a single microfuge tube. The 

PCR fragments were then purified using 0.1 o/o SDS, 0.5M NH40Ac, 1 OmM 

MgOAc, 1 mM EDTA overnight, alcohol precipitated and resuspended in 501-JI TE 

buffer. Secondary PCR (3' extension) was performed on 11-JI of the purified 

primary mixture for 1 min. at 95°C, 5 min at 55°C and 5 min at 72°C. 11-JI each of 

the flanking primers P1 and P2 was added to the PCR mix and amplified for 30 

cycles (94°C, 30sec; 58°C, 30 sec; 72°C, 2 min) The secondary PCR product 

was gel purified using QIAEX II Agarose Gel Extraction Kit (Quigen, Chatsworth, 

CA) and cloned using pGEM-T Easy vector system· (Promega, Madison, WI). 

· The concentration of the insert was determined by spectrophotometry. A 5X and 

2X dilution series of the standard was made and amplified by PCR. Densitometry 

. was performed as previously indicated and results of linear regression analysis 

was plotted as a function of initial starting concentration of the competitor. The 

internal standard was placed in subsequent PCR amplifications of wild-type and 

Mitf;t eDNA at three relevant embryonic ages (E11.5, E13.5 and P1 0). 5J..LI of the 

PCR reaction product was electrophoresed on a 1 o/o EtBr/agarose gel and 

photographed. Densitometric measurements of the PCR bands were made and 

the ratio of competitor to Mitfwas plotted. 



Figure 1. Riboprobe Synthesis 
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Figure 2. microphthalmia riboprobe 

5' 1 tcgggatgcc ttgtttatgg tgccttcttt 
51 tggaattaca gaaagtagag ggaggaggac 

101 ctgggcttgg ggctgcctga aaccttgcta 
151 agtcactacc aggtgcagac ccacctggaa 
201 acagcaagct cagaggcacc aggtaaagca 
251 caaataaaca tgccagccaa gtcctgagct 
301 ggcgaccatg ccatgccacc agtgccgggg 
351 tatggctatg ctcactctta actccaactg 

atgccggtcg ctcttcgaat 
taagtggtct gcggtgtctc 
tgctggaaat gc~agaatac 
aaccccacca agtaccacat 
gtacctttct accactttag 
caccatgtcc aaaccagcct 
agcagcgcac ccaacagccc 
tgaaaaagag gcattttata 
agtgcccagg tatgaacacg 401 agtttgagga gcagagcagg gcagagagtg 

451 c·actctcgag cgtcgtgcat gcagatggat gatgtaattg atgacatcat 
\ 

501 
551 
601 
651 
701 
751 
801 
851 
901 
951 

1001 
1051 
1101 
1151 
1201 
1251 
1301 
1351 
1401 
1451 
1501 
1551 
1601 
1651 
1701 
1751 

cagcctggaa 
ccttgcaaat 
tacagcaacc 
tccagccaac 
ccacagagtc 
aatcacaact 
taaggagcta 
ggaacaaggg 
caacgggaac 
ggagcatgcg 
aggctagagc 
cctgatctgg 
cagccaggaa 
tggatctcac 
ccggagagca 
ggaagacatc 
cactgctgtc 
agcagtatga 
tgctctgcct 
atttacctga 
gtgctttatc 
cagacttgta 
ccttcagcgt 
gagcaagggg 
ttcaggggaa 
attaacatg't 

tcaagttata 
ggcaaatacg 
agggcctgcc 
cttcccaaca 
tgaagcaaga 
tgattgaacg 
ggtactctga 
aaccattctc 
agcaacgagc 
aaccggcacc 
gcatggactt 
tgaatcggat 
cttgtacagc 
ggacggtacc 
gcccggccta 
ctgatggacg 
atcagtgtcg 
gcgcagaaga 
ctgcacggac 
agaggttttc 
agtagccctg 
tattctattt 
gcagtatctg 
atttttttgc 
aacttggtgt 
aaagtttaat 

atgaagaaat tttg ~gcttg atggatccgg 
ttacccgtct ctgg ~aactt gatcgacctc 
accgccaggc etta bcatca gcaactcctg 
taaaaaggga gctcacagcg tgtattttcc 
gcattggcta aagagaggca gaaaaaggac 
aagaagaaga tttaacataa a*ccgcat 
tccccaagtc aaatgatcca gacatgcggt 
aaggcctctg tggactacat ccggaagttg 
taaggacctt gaaaaccgac agaagaagct 
tgctgctcag agtacaggag ctggagatgc 
tcccttatcc catccaccgg tctctgctcg 
catcaagcaa gaaccagttc ttgagaactg 
accaggcaga cctgacatgt acgacaactc 
atcaccttta ccaacaacct cggcaccatg 
cagcatcccc aggaagatgg gctccaactt 
atgccctctc acctgttgga gtcaccgacc 
ccaggagctt caaaaacaag cagccggagg 
aacggagcat gcgtgttagc gagcctgcct 
cgctccctct cttcttcagg agactttata 
ttgataattt tcctttaata .tgaaattttc 
catatatttt atttttagaa ttttgtgagc 
tacaactaca aaggcctcct aagtattgta 
tgaactgatt tctccaagtg tgagctttct 
ttcagagaag taagtgtctg tccgttttca 

~:e.c t t tgtc tgtctgtgac ctcctttgaa 
t acgaatg taaagcaacc aaaagaagaa 

1801 aacaaagaag atgatgatta tgatagaaga aggagaagag gaggaagagg 
1851 aagaggagga ggaagaggag gaagaaagat ggtgggaaag acatccaaga 
1901 ctttctcgct ttctaatacg cg 

The riboprobe recognizes the open boxed area of the Mitf 
mRNA sequence containing the Mitf'it point mutation (g). 
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51 

101 
151 
201 
251 
301 
351 
401 
451 
501 
551 
601 
651 
701 
751 
801 
851 
901 
951 

1001 
1051 
1101 
1151 
1201 
1251 
1301 
1351 
1401 
1451 
1501 
1551 
1601 
1651 
1701 
1751 
1801 
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Figure 4. MitfPCR primers 

tcgggatgcc 
tggaattaca 
c tgggc t tgg. 
agtcactacc 
acagcaagct 
caaataaaca 
ggcgaccatg 
tatggctatg 
agtttgagga 
cactctcgag 
cagcctggaa 
ccttgcaaat 

ttgtttatgg 
gaaagtagag 
ggctgcctga 
aggtgcagac 
cagaggcacc 
tgccagccaa 
ccatgccacc 
ctcactctta 
gcagagcagg 
cgtcgtgcat 
tcaagttata 
ggcaaatacg 

tgccttcttt 
ggaggaggac 
aaccttgcta 
ccacctggaa 
aggtaaagca 
gtcctgagct 
agtgccgggg 
actccaactg 
gcagagagtg 
gcagatggat 
atgaagaaat 
ttacccgtct 

atgccggtcg ctcttcgaat 
taagtggtct gcggtgtctc 
tgctggaaat gctagaatac 
aaccccacca agtaccacat 
gtacctttct accactttag 
caccatgtcc aaaccagcct 
agcagcgcac ccaacagccc 
tgaaaaagag gcattttata 
agtgcccagg tatgaacacg 
gatgtaattg atgacatcat 
tttgggcttg atggatccgg 
ctggaaactt gatcgacctc 

tacagcaacc agggcctgcc 
tcpagccaac cttcccaaca 
~=-------~~--~---a~ccgccaggc 
~~~~~~~~~~-t~paaaaggga 

cttaccatca gcaactcctg 
gctcacagcg tgtattttcc 

ccacagagtc 
aatcacaact 

aggctagagc 
cctgatctgg 
cagccaggaa 
tggatctcac 
ccggagagca 
ggaagacatc 
cactgctgtc 
agcagtatga 
tgctctgcct 
atttacctga 
gtgctttatc 
cagacttgta 
ccttcagcgt 
gagcaagggg 
ttcaggggaa 
attaacatgt 
aacaaagaag 
aagaggagga 
ctttctcgct 

tgaagcaaga 
tgattgaacg 

aaccggcacc 
gcatggaJCtt 
tgaatcggat 
cttgtacagc 
ggacggtacc 
gcccggccta 
ctgatggacg 
atcagtgtcg 
gcgcagaaga 
ctgcacggac 
agaggttttc 
agtagccctg 
tattctattt 
gcagtatctg 
atttttttgc 
aacttggtgt 
aaagtttaat 
atgatgatta 
ggaagaggag 
ttctaatacg 

gcattggcta 
aagaagaaga 

aagagaggca gaaaaaggac 

tccccaagtc aaatgatcca gacatgcggt 

taaggacctt gaaaaccgac agaagaagct 
tgctgctcag agtacaggag ctggagatgc 
tcccttatcc catccaccggltctctgctcg 
catcaagcaa gaaccagttc ttgagaactg 
accaggcaga cctgacatgt acgacaactc 
atcaccttta ccaacaacct cggcaccatg 
cagcatcccc aggaagatgg gctccaactt 
atgccctctc acctgttgga gtcaccgacc 
ccaggagctt caaaaacaag cagccggagg 
aacggagcat gcgtgttagc gagcctgcct 
cgctccctct cttcttcagg agactttata 
ttgataattt tcctttaata tgaaattttc 
catatatttt atttttagaa ttttgtgagc 
tacaactaca aaggcctcct aagtattgta 
tgaactgatt tctccaagtg tgagctttct 
ttcagagaag taagtgtctg tccgttttca 
gagctttgtc tgtctgtgac ctcctttgaa 
tacacgaatg taaagcaacc aaaagaagaa 
tgatagaaga aggagaagag gaggaagagg 
gaagaaagat ggtgggaaag acatccaaga 
cg 

Open boxes: PCR primer sites 

Shaded boxes: Helix regions of Mitf 
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Figure 5. RT-PCR 
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