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Abstract 

The microphthalmia-associated transcription factor gene (Mitf) is associated with congenital 

development in the retina, affecting visual ability of the eye. Most severe Mitf gene expression 

causes microphthalmia, hypopigmentation and blindness. Similar phenotypes can be found in the 

Waardenburg and Tietz syndrome in humans. The purpose of this study was to examine the role 

Mitf plays in age-dependent development in the retina, one month after birth. Four Mitf mutant 

mice ranging in mutational severity were selected, from the weakest phenotype used (Mitfmi-enu22) 

to the most severe one used (Mitfmi-wh/Mitfmi), with all of them possessing loss-of-function allele, 

and with two of them also showing intra-allelic complementation. One of the intra-allelic 

complementation mutant has proved to be suitable model for Waardenburg syndrome in humans. 

Retinal function was analyzed via electroretinography (ERG) as an evaluation of how the MITF 

protein affects retinal and visual development after birth. In addition, fundus images were taken 

and analyzed. All data from one month old mutants were compared to one month old wild type 

mice (C57BL/6J). To assess age-dependent development, further comparison to already existing 

data from same mutations in three months old mice was made. It was hypothesized that since the 

most severe genotypes used in this study possessed one allele with complementary ability, such 

allele mutation could serve as a protective factor in age-dependent developmental loss in vision. 

Existing results from three month old mutants possessing the complementary allele show 

blindness in both mutations. In this study however, results for same mutations indicate that those 

mice have vision one month after birth. Age-related comparison further suggested a fast 

degeneration in the RPE of those mutants, and a possibility of fast rod-cone dystrophy in the most 

severe mutant mouse. It was also hypothesized that similar degenerational processes have already 

began in the less severe mutant mice at one month old. Since those mutants have vision at both 

one and three months old, the degeneration process seems to happen at much slower rate. In the 

younger mice, the medians of the groups, measured in amplitudes, differed significantly among 

all light intensities used. 
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Vision 

Light-sensitive neurons are unique cells in the eye because of their ability to respond to a light 

stimulus and convert it to meaningful message for the brain to receive, translate and respond to; a 

process known as vision. The light must pass through transparent tissues of the optic components 

before reaching the neurons responsible for transducing such energy into electrical potentials. 

Visual neurons transfer electrical signals by interacting with biochemical messengers, uniting all 

the information in the optic nerve. From there, it travels via visual pathways to the brain for 

further processing, where perception takes place (Wolfe, Kluender, Levi, 2015; Carlson, 2014). 

Vision is a paramount human sense to lead an active life. The prevalence of ocular 

diseases is rising, leading to higher rates of blindness in developed countries (Koh et al., 2017). 

Various genetic mutations act as promoters for congenital and/or developmental change in vision, 

for example by affecting various transcription factors that control the replication of DNA by 

RNA. Waardenburg (Zhang et al., 2012; Steingrímsson, Copeland and Jenkins, 2004) and Tietz 

(Smith et al., 2000) syndrome in humans are two examples, which both derive from mutations in 

the microphthalmia-associated transcription factor (Mitf) gene. Both are mainly characterized by 

abnormal pigmentation resulting in age-related degeneration in vision and severe deafness 

(Shibahara et al., 2001). Because of similar cellular organization in mammalian retina to that of 

humans, mice have become valuable models for studying visual consequences of different Mitf 

mutations (Bauer et al., 2009; Hallson et al., 2000; Steingrímsson, Copeland and Jenkins, 2004). 

Before describing the role that Mitf plays in vision, an overview of ocular structure and retinal 

layers is essential. 

 

Structural overview of the eye 

Cornea is the first structure of the eye that a beam of light enters. It is completely transparent 

without any blood vessels but contains numerous sensory nerve endings, making the experience 

of corneal damage very uncomfortable. The cornea is like a window into the eye: it provides 

recordable information of light-induced membrane potentials in the retina (Wolfe, Kluender, 

Levi, 2015; Carlson, 2014; Kolb, 2007). Because of rich supply of sensory nerve endings in the 

cornea (Wolfe, Kluender, Levi, 2015), a sedative must have a pain-relieving effect for a subject 

during recordings (Riddler, Nusinowitz and Heckenlively, 2002). 
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Behind the cornea is the aqueous humor, a blood-derived, transparent fluid that supplies nutrients 

and oxygen to both cornea and the lens. Before reaching the lens, the light must pass through the 

pupil, a hole in the iris. The pupil controls the amount of light that reaches the retina; it expands if 

light decreases and contracts if light increases (pupillary light reflex) (Wolfe, Kluender, Levi, 

2015; Carlson, 2014; Kolb, 2007). With a pupil not maximally dilated, recordings from the eye 

based upon amplitude measurements of light-evoked responses generated by retinal cells, may 

lead to erroneous results. A three-fold change in pupil diameter means a nine-fold change in light 

intensity (about one log unit), leaving the pupil diameter during recordings as the major 

determinant of the retinal response. Subject is usually given eye-drops that contribute for 

maximum-dilated pupils by blocking the final synapses of the autonomic response, allowing 

maximum light stimuli to reach the retina (Perlman, 2007).  

Like the other ocular structures, the lens is also transparent because of densely packed 

proteins, transferring the light unscattered through the eye. If these proteins are structured 

differently, cataracts can appear; a condition where loss of transparency interferes with vision. A 

lens with cataracts appears white and foggy and interferes with the corneal recordings because 

less light gets through the eye (Wolfe, Kluender, Levi, 2015; Carlson, 2014; Riddler et al., 2002; 

Perlman, 2007).  

  Behind the lens is a chamber comprising 80% of the eyes internal volume. The vitreous 

chamber has gel-like, viscous and transparent humor allowing the light to reach the retina, its 

most important destination; where light-transduction is executed (Wolfe, Kluender, Levi, 2015; 

Carlson, 2014).  
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The retina 

Structural overview of the retinal layers 

All vertebrate retinas are organized in similar fashion; three main cellular layers divided by two 

synaptic plexiform layers. The most distal retinal cells form the retinal epithelium, connected to 

first-order neurons, the photoreceptors. The second-order neurons next to the photoreceptors are 

bipolar- and amacrine cells. Third-order neurons include amacrine- and ganglion cells. Glial cells 

such as Müller cells fill the space between retinal cells in each layer (Wolfe, Kluender, Levi, 

2015; Carlson, 2014; Ichinose and Hellmer, 2016). The mouse retina is organized in similar 

fashion to humans, with the exception of more densely packed rods and overall smaller retinal 

cells, making mice qualified human substitudes (Jeon, Strettoi and Masland, 1998). 

The synaptic layer between photoreceptors, bipolar- and amacrine cells is the outer 

plexiform layer (OPL); a layer consisting solely of diverse connections between different types of 

first- and second-order cells. The inner plexiform layer consists of even bigger connectional 

network between second- and third order cells. Since many variations of each cell type exist and 

different receptors serve different purpose, these connectional networks appear quite complex 

(Wolfe, Kluender, Levi, 2015; Carlson, 2014; Ichinose and Hellmer, 2016; Kolb, 2007).  

As figure 1 shows, ganglion cells make up the outermost layer of the retina. They unify 

their axons along with retinal vessels to form the optic nerve passing through the optic disk along 

with veins supplying the eye its necessities. There, arteries spread in all directions forming a tree-

like structure that stop short of the fovea (Wolfe, Kluender, Levi, 2015; Carlson, 2014). 

Examination of the vascular fundus is important because the retina is extremely sensitive to any 

disturbance in blood flow. Normally functioning retina requires normal pulsation as well as 

thickness and spreading of arteries. Abnormal pigmentation and color of the fundus can serve as 

possible clues for visual defects, making fundus images valuable aids (García Llorca, manuscript 

in preparation).  

Ganglion cells form the most complex information-processing system in the retina. Its 

unique structure includes circular receptive field; a region that changes the cells firing rate 

(number of action potentials) depending on where the light stimulates. One location on the 

receptive field can excite the ganglion cell and increase the usual firing rate, different location on 

the same cell can generate an opposite inhibitive response. ON-ganglion cell has a receptive field 

where stimulated center consequences a burst of action potentials while stimulation on the 
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surrounding decrease the number of action potentials. The opposite twin, OFF-ganglion cell, 

decreases its firing rate if the light sheds on the center, but increases action potentials when the 

surrounding is stimulated. As the luminance level increases, the ganglion cell fires faster, giving 

researchers larger response during measurements (Wolfe, Kluender, Levi, 2015; Carlson, 2014; 

Nelson, 2007; Kolb, 2007). 

This center-surround antagonism called lateral inhibition is limited by the size of 

excitatory part of the receptive field; if the light matches the size of the excitatory center in ON-

ganglion, the firing rate peaks. As soon as the light stretches to the inhibitory surrounding, the 

cell reduces its firing rate (Wolfe, Kluender, Levi, 2015; Carlson, 2014; Nelson, 2007; Kolb, 

2007). 

 

 

Figure 1. Layers of the retina, forming different visual pathways. The light reaches ganglion, 

amacrine, bipolar – and horizontal cells first before the photoreceptors sense it. Image from 

Pearson Education, Inc. 

 

Bipolar cells are located behind the ganglion cells (figure 1) and determine what information to 

send and where to by converge or diverge information before forwarding them. Golgi staining 

has revealed 13 types of bipolar cells in the mouse retina (Ichinose and Hellmer, 2016). Like 

ganglion cells, bipolar cells have receptive fields and lateral inhibition system. In the fovea, each 

cone contains two bipolar cells: ON-bipolar cell (excitatory center for increase in illumination 

captured by photoreceptor) and OFF-bipolar cell (inhibitory center and excitatory surrounding). 
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Because of different types of glutamate-receptors and G-proteins, ON- and OFF bipolar cells 

respond to the same chemical message in different manner, forming diverse visual connections or 

pathways, discussed below (Wolfe, Kluender, Levi, 2015; Carlson, 2014; Ichinose and Hellmer, 

2016; Vardi et al., 2002; Morgans, 2015).  

Photoreceptors make the backmost layer of the retina (figure 1) and thus are the last ones 

to capture the light traveling into the eye. In humans, the layer contains about 100 million 

neurons which transform light energy into neural energy. The human and mouse retina is duplex 

with two kinds of photoreceptors: rods and cones. As nocturnal animals, mice have slightly more 

rods than cones. Both have different distribution in the retina and get bigger with further 

eccentricity from the fovea (Wolfe, Kluender, Levi, 2015; Carlson, 2014; Kolb, 2012).   

Rods and cones consist of an inner segment, outer segment and synaptic terminal. 

Membranous discs in the outer segment store a visual pigment manufactured in the inner 

segment. The pigment molecule consists of an opsin (protein determining which wavelengths of 

light the pigment absorbs) and a chromophore (which capture photons by absorbing specific 

wavelengths of light) (Wolfe, Kluender, Levi, 2015; Carlson, 2014). The opsin molecule binds 

with chromophore 11-cis retinal to form the visual pigment, while the retinal is derived from the 

retinal pigment epithelium (Kolb, 2012; Strauss, 2011). Rhodopsin is found in the rods, whereas 

each cone contains three different cone-opsins that respond selectively to short, medium or long 

wavelengths (Wolfe, Kluender, Levi, 2015; Carlson, 2014; Kolb, 2012).  

In contrast to photoreceptors, bipolar- and ganglion cells forming a vertical pathway, 

horizontal and amacrine cells form a lateral pathway (figure 1). Horizontal cells collect 

information from many surrounding cones and modify such transmission in the OPL to provide 

surround information. By averaging light luminance over a wide area, they accomplish feedback 

inhibition from cones. When forwarding signal to bipolar cells, horizontal cells provide 

GABAergic signal detected differently by ON and OFF bipolar cells. In the IPL, about 21 types 

of amacrine cells receive inputs from second-order neurons and forward the information to 

ganglion cells and/or other amacrine cells (Ichinose and Hellmer, 2016; Vardi et al., 2002; Kolb, 

2007). Finally, the glial cells, including the Müller cells, maintain retinal homeostasis by support 

and nourish the layers around, supply oxygen and recycle waste (Wolfe, Kluender, Levi, 2015; 

Carlson, 2014). 
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The retinal pigment epithelium 

The retinal pigment epithelium (RPE) is the pigmented part of the blood-retinal barrier between 

the sclera and the photoreceptors (facing the photoreceptor outer segments as figure 1 shows). 

The role of RPE is quite versatile: its dark pigment, melanin, relieves the oxidative stress by 

absorbing the light energy focused on the retina. As a highly selective blood-retinal barrier, it 

picks up nutrients and oxygen from the blood, returning all metabolic waste back into the 

bloodstream. It maintains ion transportation by stabilize ion composition in the membrane, 

controlling the photoreceptors excitability. Furthermore, the photoreceptors are unable to re-

isomerize all-trans-retinal back into 11-cis-retinal by themselves, therefore, the RPE operates a 

visual cycle of photopigment regeneration. Another maintenance mechanism includes 

phagocytosis where digested cells are returned to the photoreceptors as a material needed to 

restore the light-sensitivity in the outer segments. In addition, the RPE secretes a variety of 

growth factors, and finally, it plays an important role in immune privilege of the eye by secreting 

immunosuppressive factors (Strauss, 2011; Kolb, 2012). 

 

Functional overview of the retina 

The retina has two main functions: to capture visual inputs (sense light stimulus via 

photoactivation) and encode them (translate light stimulus into neural message and forward it) via 

separate neural streams or visual pathways (Ichinose and Hellmer, 2016). 

 Photoreceptors capture visual inputs via photoactivation. Under scotopic conditions, rods 

and cones release steady amount of glutamate. When a beam of light travels through the optic 

component and stimulates the retina, a photoactivation takes place. In the dark, steady 

concentration of cGMP keeps Na+ channels open and the photoreceptor depolarized, with its 

glutamate release at maximum. When a rod absorbs light photon, the rhodopsin configuration 

changes from the 11-cis-isomer to all-trans retinal, further triggering a series of alteration in the 

protein component of the molecule. Such changes lead to an activation of the intracellular 

messenger, transducing, which further activates a phosphodiesterase that hydrolyzes cGMP 

within the disk membrane. The hydrolysis lowers concentration of cGMP throughout the outer 

segment of the chromophore. Because of fewer cGMP molecules available for binding to the 

channels of the outer segment membrane, the cGMP-gated channels permeable to Na+ and Ca2+ 

close, resulting in hyperpolarization of the photoreceptor. Cones act in similar fashion (Purves et 
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al., 2001; Wolfe, Kluender, Levi, 2015; Kolb, 2012). The number of photons absorbed by the 

photoreceptors determines the amount of glutamate release, promoting for bigger responses with 

increasing luminance (Carlson, 2014; Soucy et al., 1998).   

The eye operates over a wide range of light-intensities. Above 0,03 log cd*sec/m2 the 

cone mechanism mediates photopic vision, below this level, the rod mechanism is mainly 

involved, providing night vision. In a dark environment, plenty of photopigment is available in 

rods for photoactivation to take place, with ideal conditions allowing light-transduction of one 

single photon (Carlson, 2014; Soucy et al., 1998). 

Because of more sensitivity, rods use up all the pigment sooner than cones as the 

illumination increases. At some point, the rod system is overwhelmed by too intense stimulation 

and the RPE fails to keep the regeneration process up. In such case, the cone system takes over, 

extending visual operation over a wider dynamic range of illumination (Strauss, 2011). Because 

of more sensitive rods, longer dark-adaptation is needed (about 30 minutes) to restore the light 

sensitivity back to normal, compared to more-tolerating cones. During light adaptation, the eyes 

have to react quickly to bright illumination (Kalloniatis and Luu, 2007). 

 

Visual pathways 

The visual system operates over a vast range of luminance, transitioning between different cell 

types and circuits for optimal performance (Morgans, 2015). The second main function of the 

retina is to encode captured visual inputs into separate neural streams (Vardi et al., 2002). A 

Golgi-staining technique has been used to understand neural pathways in the retina (Kolb, 2007). 

Retinal cells communicate via two main synaptic relays; information that is passed forward via 

glutamatergic synapses and that are simultaneously modified by lateral inhibitory connections. 

Diverse neural streams start at the second-order neurons in the retina, where the main function of 

forward and lateral processes is to form the center-surround receptive field structure of bipolar 

cells discussed above. The two main retinal connectional networks exist in the outer plexiform 

layer (OPL) and inner plexiform layer (IPL) (Vardi et al., 2002; Ichinose and Hellmer, 2016; 

Morgans, 2015; Kolb, 2007).  

The first synaptic layer, OPL, consists of synaptic connections between photoreceptors, 

bipolar- and horizontal cells. Bipolar cells receive signal from photoreceptors in a separate 

manner, forming rod-bipolar pathway or cone-bipolar pathway. A rod terminal transmits scotopic 
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information about single photon to rod bipolar cells, while a cone terminal transmits information 

to 10 different bipolar cells via basal contact and synaptic triad. Both types of photoreceptors 

pass their information to bipolar cells via graded potentials varying in size due to diverse amount 

of presynaptic glutamate. The number of photons absorbed by rods and cones determines the 

amount of glutamate release, promoting for bigger responses with increasing luminance (Vardi et 

al., 2002; Ichinose and Hellmer, 2016; Morgans, 2015; Kolb, 2007).  

As mentioned earlier, bipolar cells are divided in two main classes: the ON- and OFF 

bipolar cells. There are five visual pathways in the photopic OFF channel and other five in the 

ON channel. Within each channel, those parallel pathways transmit different temporal 

frequencies (Vardi et al., 2002). Three of five OFF-bipolar types receive mixed inputs from rods 

and cones (Ichinose and Hellmer, 2016). The bipolar center is formed by convergence of several 

cones while the surrounding is formed by input from horizontal cells that average the light 

luminance over a wide area by collect input from large number of cones. Also, by feeding back to 

cones, the horizontal cells create surround at the level of photoreceptors that is then transmitted to 

ON and OFF bipolar cells via glutamate (Vardi et al., 2002; Ichinose and Hellmer, 2016; 

Morgans, 2015). Recently, a third visual pathway has been discovered, revealing a direct 

connection between rods and OFF cone bipolar cells. This new pathway also seems to be a 

common feature in mammalian retina (Lei, 2012). 

Under scotopic conditions, rods and cones release steady amount of glutamate, constantly 

depolarizing OFF bipolar cells via ionotropic glutamate receptors and hyperpolarizing ON 

bipolar cells via metabotropic receptor mGluR6 that activates the G-protein G01. While glutamate 

gates the OFF-receptors and opens cation channels, it closes such cation channels in ON-bipolar 

centers, resulting in different lateral inhibition reactions to the same neurotransmitter. Because 

light reduces glutamate release, light on the OFF bipolar receptive field center hyperpolarizes in 

photopic condition, while on the ON receptive field the same center depolarizes (Soucy et al., 

1998; Wyk, Wässle and Taylor, 2009; Kolb, 2007; Vardi et al., 2002; Ichinose and Hellmer, 

2016; Morgans, 2015).   

In the second synaptic layer, IPL, bipolar cells provide information to ganglion cells, and 

this information is modified by about 21 types of amacrine cells (Vardi et al., 2002). Cone-

bipolar pathways synapse ganglion cells directly, while rod-bipolar pathways intermediate via 

amacrine cells that depolarize ON-cone bipolar cells but hyperpolarize OFF-cone bipolar cells 
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(under scotopic conditions) thereby using the cone pathway to signal ganglion cells (Wyk et al., 

2009; Kolb, 2007). With increasing illumination, ON-center ganglion receives excitation signal 

from ON-cone bipolar pathway as well as hyperpolarization message from OFF-cone bipolar 

pathway. The OFF-ganglion cell receives hyperpolarization signal from ON-cone bipolar cells 

and inhibition message from OFF-cone bipolar cells (McGuire et al., 1986; Lei, 2012). 

Taken together, these connections form three main visual pathways in the eye. The 

primary pathway existing in all mammals is transmission from rods to rod bipolar cells to AII 

amacrine cells to cone ON and OFF bipolar cells to ganglion cells. The second pathway, also for 

rod signals is transmission from rods to cones via gap junctions, then to ON and OFF cone 

bipolar cells and finally to ganglion cells. The third one is more recent and suggests a direct 

relationship between rods and OFF cone bipolar cells (McGuire et al., 1986; Lei, 2012).  

 

Electroretinogram 

Electrical potentials in the eye reflect activity in different retinal layers, informing of visual 

pathways in a measurable manner. After shedding light through the pupil, the physiologist 

Frithiof Holmgren explored light-induced changes in electrical potentials in the eye, later calling 

such recordings electroretinogram (ERG), although he could not record the temporal changes and 

thus the components of the response (Lindberg, 2015). Basic ERG recording include stimulation 

of the eye via single light-flash from a strobe lamp, eliciting a biphasic waveform recordable via 

corneal electrode. Such response originates from extracellular currents in the retina (Perlman, 

2007; Creel, 2007). Holmgren’s followers divided ERG responses into four components: a, b, c- 

and d-wave. Under scotopic conditions, a negative a-wave initiates shortly after the early receptor 

potential (ERP), followed by a positive b-wave and prolonged c-wave and after termination of a 

long stimulus, the d-wave develops (Perlman, 2007).  

 The early receptor potential (ERP) ends within 1.5 ms in humans, right before initiation of 

the a-wave. ERP is believed to reflect dipole changes in the visual pigment molecules after 

photon absorption. The scotopic a-wave reflects the hyperpolarizing nature of photoreceptors 

after photoactivation in the outer segments (Perlman, 2007).   

The main ERG component with most clinical significance for humans is the b-wave, 

although there are still disputes about the exact source of it (Perlman, 2007). The scotopic b-wave 

reflects the activity of rod-bipolar pathways, while the photopic b-wave reflects the activity of 
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ON-cone bipolar cells (Vardi et al., 2002). Other sources such as membranous changes in Müller 

cells, OFF-center bipolar cells, amacrine cells and certain ganglion cells have as well been 

hypothesized to reflect the b-wave. Overall, the b-wave reveals information about electrical 

activity in retinal cells synapsing the photoreceptors, supported by the fact that by blocking 

transmission from photoreceptors to bipolar cells completely eliminates the b-wave (Perlman, 

2007). 

 A low amplitude oscillating waves appear in the rising b-wave phase, characterized as 

much faster and more complex waves compared to a- and b-waves. Typical range of oscillatory 

potentials (OPs) include 100-150 Hz and can be isolated via ERG band-pass filters. Research 

suggest that OPs originate in the inner plexiform layer, supported by differences in amplitude-

stimulus intensities between b-waves and OPs. The exact cellular origin of OPs is not yet known, 

but they are useful when measuring the balance between retinal metabolic needs and retinal 

vascular supply (Wachtmeister et al., 1998; Perlman, 2007;). 

When the retina is separated from RPE, the ERG response contains normal a- and b-

waves with no sign of c-waves, supporting the hypothesis that c-waves originates in the RPE. 

Such information can be used to study interaction between the photoreceptors and the RPE. The 

d-wave is only seen when ON and OFF ERGs are separated in time using light stimuli with long 

duration. In shorter durations, the d-wave combines with the b-wave. The d-wave can be used to 

study normally functioning cone system interacting with malfunctional rod system (Perlman, 

2007). 

One way to separate rod- and cone mediated vision is by using flicker-stimuli (multiple 

flashes), that measure critical fusion frequency (CFF). CFF is the maximum frequency of stimuli 

that can be perceived as flickering. Flickering light at different frequency is used to assess 

functional pathways. ON bipolar cells only respond to a low frequency light stimulus, whereas 

the OFF bipolar cells respond to broader ranges of frequencies (Ichinose et al., 2016). A 

frequency range below 5 Hz dominates the activity in the rod pathway (first one), 5-15 Hz reveals 

the cone-ON pathway (second one) dominated by rod-cone interaction and finally frequency 

range over 15 Hz reveals the cone OFF-pathway (third one) (Tanimoto et al., 2015; Tanimoto, 

2016). In other words, the relationship between CFF and stimulus intensity reveals discontinuity 

that makes a transition from rod to cone vision (Perlman, 2007).  Under cone vision condition, 
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high intensity stimuli can be perceived as flickering at frequencies of 30-50 Hz, the rods perceive 

flickering frequency at maximum 15 Hz (Tanimoto et al., 2015; Tanimoto, 2016). 

 

MITF 

The microphthalmia locus (mi) encodes for Myc supergene family members; basic helix-loop-

helix-leucine zipper (bHLH-Zip) transcription factor called microphthalmia- associated 

transcription factor (MITF). (Möller, Eysteinsson and Steingrímsson, 2003; Steingrímsson, 

Copeland and Jenkins, 2004; Hallson et al., 2000). All proteins from the Myc supergene family 

share a basic domain that encounters for DNA binding, as well as HLH and Zip domains that are 

used for homo and/or heterodimer formation (Steingrímsson, Copeland and Jenkins, 2004). Like 

other Tfe subfamily members, Mitf can bind to another family member via canonical CACGGTG 

E-box sequence as either a homodimer or a heterodimer to regulate gene expression. Such 

encoding and binding result in proteins such as Tfe3, Tfeb and Tfec. All three proteins share very 

similar HLH and Zip regions (Hallson et al., 2000; Steingrímsson, Copeland and Jenkins, 2004). 

Consistent with its role as a regulator of gene expression, Mitf is primarily located in the 

nucleus where it can activate the transcription for pigment-cell-specific tyrosinase (Tyr) and 

tyrosinase-related protein 1 (Tyrp1) promoters (Hallson et al., 2000; Möller et al., 2003). 

Defective MITF is associated with mutations at the microphthalmia locus. Over 60 years 

ago, Paula Hertwig examined white mice with small eyes, leading to a discovery of first 

mutations in the Mitf locus and those mutations are still available today. Her findings (Arnheiter, 

2010) suggested that such mutations affected the development of melanocytes to some degree, 

with few showing effect on retinal pigment epithelial (RPE) cells, resulting in small unpigmented 

or hypopigmented eyes (hence the name microphthalmia). Hertwig’s white mutants lacked all 

melanocytes and showed developmental failure in RPE, highlighting the role of the gene in 

functional and structural development of pigment cells in the eye (Arnheiter, 2010; 

Steingrímsson, Coperland and Jenkins, 2004; Möller et al., 2003). 

Besides affecting pigmentation in the RPE and the skin, Mitf affects cells in the inner ear, 

osteoclasts in bones, mast cells and B cells in the blood as well as NK cells, basophils and 

macrophages that play a role in inflammation. For all mutations, Mitf affects neural-crest-derived 

melanocytes at some level. Most common symptoms for Mitf mutations in mice include early 
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onset of blindness and deafness, loss of pigmentation and abnormal bone development 

(Arnheiter, 2010; Steingrímsson, Coperland and Jenkins, 2004; Möller et al., 2003).  

The gene encoding for microphthalmia-associated transcription factors can be found in 

vertebrate species such as mouse, rat, chicken, zebrafish, chimpanzee, dog, horse and cow as well 

as in invertebrates such as mosquitoes and oyster (Steingrímsson, Copeland and Jenkins, 2004).  

 

Mitf mutations and pathology 

Herwig’s discovery lead to identification of over 30 additional alleles at the locus that can be 

arranged according to phenotypic severity. About half of them are semidominant, indicating that 

coat color variations are expressed in heterozygotes, while the other half is recessive (phenotype 

visible in homozygotes) (Arnheiter, 2010). The semidominant mutations are largely basic region 

mutations (DNA binding) or are missing important transcriptional activation domains of the 

protein. These mutant proteins act as dominant-negative proteins by dimerizing with wild-type 

Mitf, or with one of the Tfe proteins, inhibiting its DNA-binding or transcriptional activation 

ability. The dominant-negative behavior of these mutant proteins is thought to account for the 

phenotype seen in heterozygous mutant mice (Hallson et al., 2000; Möller et al., 2003; 

Steingrímsson et al., 2004).  

Arranging Mitf alleles according to phenotypic severity, the mildest expression (leading to 

mutation Mitfmi-sp) shows normal development except for reduction in activity of pigment-cell-

specific tyrosinase (Tyr) and tyrosinase-related protein 1 (Tyrp1) promoters in homozygous mice. 

Phenotypes include light yellow coat with white spots. In contrast, most serious one causes death 

in Mitfmi homozygous-mutants three weeks after birth. Mitfmi phenotypes includes white coat, 

blindness and small, red eyes, deficiency of mast cells, abnormal spinal ganglia, adrenal medulla 

and dermis smaller than normal, inner ear defects causing deafness, incisors that fail to develop, 

dysfunctional basophils and NK cells, and finally osteopetrosis (Steingrímsson, Copeland and 

Jenkins, 2004; Steingrímsson et al., 2004).  

Mutations in the human homolog of microphthalmia-associated transcription factors 

(MITF) lead to similar phenotypic symptoms. Waardenburg syndrome is characterized by 

pigmentation changes, deafness and abnormal development of neural crest (Zhang et al., 2012; 

Steingrímsson, Copeland and Jenkins, 2004). The Tietz syndrome is also caused by mutation on 

the Mitf gene, leading to a severe congenital deafness and hypopigmentation (Smith et al., 2000; 
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Shibahara et al., 2001).  In addition, neural migration is seen in Müller cells and RPE in patients 

with age-related macular degeneration, showing yellow spots on fundus images, traceable to 

rewiring and reprogramming events due to gene expression (Jones et al., 2016). Because of the 

symptomatic similarities, mice are important human substitutes when studying Mitf mutations.  

 

The role of Mitf in the retina 

As discussed above, photoreceptors depend vitally on normally functioning RPE in the eye. RPE 

nurses the photoreceptor-layer and any malfunction in its activity can interfere with vision to a 

various degree. In his detailed discussion, Strauss (2011) mentioned several essential factors for 

determination of RPE differentiation during embryonic development. The expression of the 

transcription factors OTX2 (homeodomain-containing transcription factor) and Mitf 

(microphthalmia-associated transcription factor) appears to be critical initial steps of 

determination and differentiation of the RPE during embryonic development. Lack of Mitf 

function in embryonic development of the eye results in microphthalmic phenotype. Mitf thus 

seem to affect congenital structure and function resulting in primary photoreceptor degeneration 

and/or dysfunction, retinal degeneration and in worst cases, blindness (Strauss, 2011).  

 

Mutations used in this study 

Following mutant phenotypes were used in this thesis: Mitfmi-wh/Mitfmi compound-heterozygotes, 

Mitfmi-wh/+ heterozygotes, Mitfmi-enu22 homozygotes and Mitfmi-vga9/+ heterozygotes, compared to 

wild type (C5BL/6J) (table 1). Previous research conducted by Snæfríður Guðmundsdóttir 

Aspelund (2016) and Andrea García Llorca (manuscript in preparation) examined retinal function 

and morphology in all mutations above and the wild type at three months old.  

The Mitfmi-vga9/+ heterozygote (table 1) was selected because of accessible eyes; the 

homozygote is severe micropthalmic. The Mitfmi-vga9/+ is a loss-of-function mutation in the DNA 

affecting promoters, with one allele lacking expression resulting in a gene product with less or no 

function. Thus, the hetero-allelic combination reveals the function of a single copy of the Mitfmi-sp 

protein. They have black coat with white spots due to defective pigmentation at some level 

because the Mitfmi-vga9 homozygote has white coat, red small eyes and inner ear defects. Unlike 

the homozygote, Mitfmi-vga9/+ heterozygote has normally developed, pigmented eyes 

(Steingrímsson et al., 2004).  
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Symbol Mode of induction Heterozygote Homozygote Lesion Mutation

Mitf
mi X-irradiation

Iris pigment less than in wild 

type; occasional spots on 

belly, head or tail

White coat; eyes small and 

red; deficiency of mast cells; 

inscisors fail to erupt; 

osteopetrosis; inner ear 

defects

3-bp deletion 

in basic 

domains

Mitf
mi-wh

Spontaneous or X- 

irradiation

Coat color lighter than dilute 

(d/d); eyes dark ruby; spots 

on feet, tail and belly

White coat; eyes small and 

slightly pigmented; inner ear 

defects

I212N

Mitf
mi-enu22

Transgenic insertion 

N-ethyl-N 

nitrosourea

Normal

Black with white belly and 

spots over the rest of the 

body; eye development 

normal

Q26STOP

Mitf
mi-vga9 Transgene insertion Normal

White coat; eyes red and 

small; inner ear defects

Transgene 

insertion and 

882-bp 

deletion

Pheontype

The Mitfmi-enu22 homozygote (table 1) is a point mutation induced by N-ethyl-N-nitrosourea 

(ENU) via transgene insertion that reflects Mitf expression in both melanocytes and eye 

development (Justice et al., 1999; Bauer et al., 2009). The mutation is in the DNA where unusual 

stop-codon prohibits full creation of peptides, causing production of immature proteins with 

limited function (Bauer et al., 2009). The eyes are normally developed, coat color black with 

white marks, including a large one on the abdomen (Justice et al., 1999; Bauer et al., 2009). 

 

Table 1. Mitf mutant phenotypes used in this study arranged in allelic-severity from least Mitf-

effect revealing less pigmentation (top row) to most Mitf-effect revealing more pigmentation 

(bottom row) The table is adapted from Steingrímsson et al. (2004) and the images belong to a 

manuscript in preparation from Andrea García Llorca. 

 

 

The Mitfmi-wh/+ heterozygote (table 1) was selected because the Mitfmi-wh is the only Mitf mutation 

showing intra-allelic complementation; a restoration of activity in a heterozygote of two different 
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mutant alleles of the Mitf gene, resulting in a phenotype more normal that each homozygote 

alone. The consequences involve the eye-development and pigmentation (Steingrímsson et al., 

2004). The Mitfmi-wh homozygote has white coat, small eyes that are slightly pigmented and inner 

ear defects. The Mitfmi-wh/+ heterozygotes have been used as a model for Waardenburg and Tietz 

syndrome in humans (Ni et al., 2012; Zhang et al., 2012; Smith et al., 2000; Shibahara et al., 

2001) because of similar gene-expression causing profound hearing loss. This deafness can be 

traced to deficiency in melanocyte survival after birth causing loss of outer hair cells, and issues 

in developing functional melanoblasts during embryonic phase (Ni et al., 2012; Steingrímsson, 

Copeland and Jenkins, 2004). Their coat is gray with a white ventral spot and eyes normally 

developed (table 1) (Steingrímsson et al., 2004). 

The Mitfmi-wh/Mitfmi mutation was selected because it is a compound heterozygote with 

two different mutant alleles at a particular gene locus, one on each chromosome of a pair. One 

allele arrives from Mitfmi-wh homozygote mutant (the one with intra-allelic complementation), a 

quite severe Mitf phenotype because of serious reduction of Mitf production. The other arrives 

from Mitfmi homozygote mutant that lacks all pigmentation, showing very small eyes and 

osteopetrosis. The coat color of Mitfmi-wh/Mitfmi heterozygote is completely white, lacking all 

pigmentation like Mitfmi homozygote mutants, with red but normally sized eye, suggesting a less 

severe gene-expression on RPE development compared to melanocytes (Steingrímsson et al., 

2004). 
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Aims 

As mentioned before, previous researches have studied congenital development of RPE affecting 

vision. The purpose of this study was to examine age-dependent development in the retina after 

birth, both structurally via fundus images and functionally via electroretinogram recordings, 

using Mitf mutant mice that range in mutation-severity (García Llorca, manuscript in preparation; 

Aspelund, 2016).  

Mutations such as Mitfmi-vga9/+ and Mitfmi-enu22 have vision at three months old (García 

Llorca, manuscript in preparation). Both are located in the DNA, either affecting the promoters 

(Mitfmi-vga9/+) or having unusual stop-codons (Mitfmi-enu22) resulting in unfinished gene products. 

To assess the development of such expression, the goal was to compare these mutants at one 

month old to a wild type mouse at same age, hypothesizing that abnormal processes have already 

began at this age. 

Because of allelic severity of Mitf, it is known that both Mitfmi-wh/+ and Mitfmi-wh/Mitfmi 

mutations are blind at three months old (García Llorca, manuscript in preparation; Aspelund, 

2016). However, both include Mitfmi-wh mutational allele serving as an intra-allelic 

complementation. Thus, it was hypothesized that the Mitfmi-wh mutation could act as an 

antagonistic factor affecting age-dependent development in the retina. If that would be the case, 

those mutants might have vision at younger age. Since the Mitfmi-wh/+ mutant can be used as a 

model for Waardenburg- and Tietz syndrome in humans, age-related examination of retinal 

development is of great importance for future treatment. 
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Methods 

Animals 

A total of 15 mice were selected for this experiment, each one only tested once. The following 

genotypes were tested: 1 Mitfmi-wh/Mitfmi compound-heterozygotes, 4 Mitfmi-wh/+ heterozygotes, 2 

Mitfmi-enu22 homozygotes and 2 Mitfmi-vga9/+ heterozygotes. The control group included 6 wild 

types (C5BL/6J). The average body weight was 14.3 g with standard deviation 3.5 g, ranging 

from 9-24 g. The average age was four weeks ranging from three to five weeks. The number of 

animals tested was determined by the availability of animals with each mutation at the time. 

Eiríkur Steingrímsson provided mice that were bred and raised at the animal facilities in the 

Biomedical Center at the University of Iceland. The wild type was originally bred at the Jackson 

Laboratory but all mutations at the Biomedical Center.  

 All mice were raised under standard conditions. They were kept in transparent 

polypropylene cages with wire tops and bedding material at the bottom, including environmental 

enrichment material such as tubes. The mice had free access to water and food (Altromin 

International, Germany). They were maintained on a 12-hour light and dark cycle. The average 

temperature in the room was 23°C and the average humidity level was 50%.  

 

Ethical protocols 

All treatment and methodology followed the Association for Research in Vision and 

Ophthalmology (ARVO) statement on experiments with animals and the assigned MAST-

protocol, project licence number 2017-04-03, signed by the veterinary supervisor of the project, 

Bergþóra Eiríksdóttir. The license allows experiments on following mouse-genotypes:  

Wild type (C57BL/6), Mitfmi-wh/+, Mitfmi/mi, Mitfmi-wh/Mitfmi Mitfmi-enu22, Mitfmi-vga9/+ and 

MitfK243R/K243R/MitfTyrCre. 

Experiments involving mice were only conducted when a) there was no replacement for 

any other method and/or procedures, or when requests for using other methods were declined and 

mouse-experiments the only option, b) profits of one animal were great, reducing the sacrifice of 

many animals and c) only when it was possible to ensure maximum welfare of these animals, 

involving appropriate pain-relieving methods and interventions, rational and ethical decisions, 

ensuring stimulant environments for the animals etc. All the medical treatment, choice of 
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chemical mixtures and injection procedures used were approved by MAST and the veterinary 

supervisor of the project. 

 

Instruments 

For electroretinographic recordings (ERGs), a steel wire 0.2 mm in diameter was used as a 

corneal electrode. A platinum wire was placed in the mouth of the mouse for reference and 

another such wire in the tail, serving as a ground. The corneal electrode recorded neural 

responses from 10 μs white xenon single-flash and flicker-flashes from Grass PS-33 photic 

stimulator (Astro-Med/Grass Inc., West Warwick, USA). The trigger switch on the photic 

stimulator signals an analog/digital converter PowerLab 8SP (ADInstruments Ltd., Austria) and 

the lamp. The ERG data recording starts 50 ms before the light-flash and lasts for 2000 ms after 

the signal stimulation. The luminance settings of the photic stimulator are five, with each light-

intensity twice as bright as the one preceding it. The lowest luminance recorded at the retina was 

0.67 log cd*sec/m2 to the highest at 1.87 log cd*sec/m2 

The signal was amplified via MacLab BioAmp, model Ml131 amplifier (AD Instruments, 

Australia) about 1000 times. To minimize all noise, the recordings went through a 50 Hz notch 

filter. Standard settings for bandwidths included 0.3-500 Hz for both high and low pass filters. 

Before the signal arrived into the computer, it was converted via analog/digital converter 

PowerLab 8SP (ADInstruments Ltd., Austria) and recorded by the LabChart 8 Pro software 

(ADInstruments, Austria). This computer program divided the signal into different channels 

depending on different digital filters. One channel revealed the signal from 50-500Hz, with 

oscillatory potentials dominating the recorded signal, while there may be some contamination 

from the slower a- and b-waves, and the other two completely isolated the oscillatory potentials 

at 100-500 Hz. The sampling rate was set at 40 kHz. 

For fundus-images, a Phoenix Micron IV fundus camera designed for use on rodents was 

used, including the Phoenix ICON camera and MICRON platform (Phoenix Technology Group, 

Owens Drive Pleasanton, USA). The light intensity and focus were adjustable, and the ICON-

camera was movable. The subject was placed on a MICRON-platform, which could be 

heightened/lowered, turned left/right by altering the slope and with ascending/descending 

possibility as well. All recordings of images and videos went through the Discover 2.2, Phoenix 

Research Lab software (Phoenix Technology Group, Owens Drive Pleasanton, USA). 
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Research design 

This study is an experiment with a between series design. The purpose was to compare five 

experimental groups (five Mitf-mutations) to the comparison group (wild-type mice) at one 

month old and compare to already existing data for same mutant mice at three months old, to 

investigate age-related development in vision. The dependent variable, all mutations and wild 

type, had two levels: vision and no vision. The independent variable was the age of the mice, also 

with two levels: one month old (tested in this experiment) and three months old (García Llorca, 

manuscript in preparation; Aspelund, 2016). Mice in both experimental- and control group were 

one month old. Using homo- and heterozygote mutants arranged by allelic severity (especially 

Mitf alleles that complement each other such as Mitfmi-wh mutations) can reveal valuable 

information about age- related development in vision after birth. 

 To minimize all disturbances and to exclude any external light sources, the experiments 

were conducted in a closed, window-less room. For each experiment, the best equipment 

available was used and the technique was always up-to-date. All electrodes and other equipment 

that got in touch with the mice were cleaned regularly with 70% EtOH. 

 

Procedure 

The mouse was anesthetized with a mixture of 40 mg/kg-1 Ketamine (Pfizer, Denmark) and 4 

mg/kg-1 Xylazine (Chanelle Pharmaceuticals, Ireland) via intraperitoneal injection, with the 

average dose being 22.64 mg/kg-1. When spinal reflexes appeared in a prolonged fashion and/or 

before dark adaptation, the extra dose given for anesthetic maintenance was half of the original 

dose (20 mg/kg-1 Ketamine and 2 mg/kg-1 Xylazine). As soon as the mouse stopped responding to 

environmental stimuli, corneal anesthesia and pain-relieving eye drops of 1% tetra-cycling 

chloride (Alcon, Inc., U.S.A) was added in each eye. For pupil-dilation, 10% phenol chloride 

(Alcon, Inc., U.S.A) and 1% tropicamide (Mydriacil®) eye-drops (Alcon, Inc., U.S.A) were 

applied topically on both eyes. When the pupils were fully dilated, a drop of 2% methyl-cellulose 

gel was also applied topically on cornea of each eye for dehydration and cataract-prevention 

(Riddler, et al., 2002), as well as to improve electrical conduction for the corneal electrode. For 

further cataract-preventions, 2.0-2.5 mm contact lenses, Ocuscience LLC, specially designed for 

rodents (Kansas City, MO, U.S.A) was placed on top of previous drops on each cornea.  



25 
 

After anesthesia, the whiskers were cut away to prevent them interfering with recordings and 

fundus-imaging. The mouse was placed laterally on a heating mattress as soon as possible to 

prevent rapid drop in body temperature following anesthesia, but the body temperature was 

monitored intermittently with a skin temperature probe, and then continuously with a rectal 

temperature probe.  

For light-induced cone ERGs, the contact lens on the examination eye was removed. 

Usually, ERG measurement demands two electrodes monitoring potential charge between points 

A and B after light stimulus (Perlman, 2007). Here, the electrode was not inserted internally, 

instead, a platinum wire was placed in the mouth of the mouse for reference, and another such 

wire in the tail, serving as a ground. Then, the corneal electrode was positioned and extra 

methylcellulose gel added for a better signal. A thin string was threaded behind the upper front 

teeth of the mouse to assure properly open airways. When a clear signal from corneal electrode 

was achieved, the recordings began.  

The recordings were collected separately for cone- and rod response. Each phase (light- 

and dark adaptation) had similar routine. First, a single flash at luminance level 0.67 log*cd s/m2 

was casted on the cornea via Grass Ps-33 photic stimulator, and recorded at least twice. The same 

was done for single-flash at 1.27, 1.57 and 1.87 log*cd s/m2, each repeated at least twice. 

Between each flash, researchers waited for one minute. Here, the photopic b-waves were 

obtained as well as oscillatory potentials (OPs). Then, a 10 Hz flicker at light intensity 1.87 

log*cd s/m2 was recorded, with one-minute waiting period between each.  

Before rod ERG recordings, extra dose of anesthesia (20 mg/kg-1 Ketamine and 2 mg/kg-1 

Xylazine) was added and contact lense put back on the examination eye, then the mouse is left in 

a completely dark room for 30-minute dark-adaptation. After the waiting-period, the contact 

lense was removed from the examination eye under dim red illumination to minimize light 

interference, and the corneal electrode placed on the cornea again. For a better signal, extra drop 

of 1% methyl cellulose was added. Here, the scotopic a- and b-waves were recorded as well as 

OPs and flicker response at 10 Hz. Researchers repeated the routine with same intensity light-

levels.  

After ERG recordings, the mouse was placed on the MICRON-platform and the Phoenix 

Micron IV ICON-camera was used to explore the back of the eye. When the mouse had cataracts, 

imaging the eye was hard resulting in low-quality pictures. Before imaging, the lens was cleaned 
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with distilled water. Then the camera was white-balanced via Discover 2.2 (Phoenix research 

labs, USA) program. For regular fundus images, barrier and filter 1 were used. All images were 

saved as JPEG files, videos were saved as avi-files. After finishing all experiments, the 

anaesthetized animals were sacrificed via cervical dislocation. The mice were then prepared for 

further examination such as histology. 

 

Data analysis 

From photopic measures, the b-wave amplitude was measured from baseline to the highest peak 

within 200 ms after the stimulus onset. From the scotopic measures, the a-wave amplitude was 

measured from the baseline (lowest point of the b-wave) to the lowest peak of the corneal-

negative reflection. The c- and d-waves were not recorded, and the implicit time was not 

analyzed.  

 The mean amplitude of the 10 Hz flicker responses were measured as the difference 

between the apex and base of the first three peaks. The amplitude of the oscillatory potentials was 

not analyzed.  

One-way ANOVA was performed on the ERG photopic b-wave and scotopic a- and b-

waves in all mutations compared to wild type, at one month old. 

All the recordings were made in LabChart 8 (ADInstruments, Austria) and then analyzed 

via Microsoft Office Excel (Microsoft, U.S.A) and SigmaPlot 13 (SYSTAT, U.S.A) was then 

used to plot the graphs.  
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Results 

In order to evaluate the difference in retinal function between Mitf mutations, ERGs were 

recorded in one month old mice and compared to one month old wild type mice, as well as to 

already existing data for same mutations in three months old mice. For further comparison, 

fundus images were taken in each mutant at one month old and compared to existing data for 

same mutations in three months old mice. 

One-way ANOVA was used to test if the results for all mutations at each luminance level 

were significantly different. Because of unequal number in the experimental groups, it was 

assumed beforehand that the standard error would not be normally distributed, nor would the 

standard deviation in the sampling groups be similar to the one in the population. The results 

from the ANOVA test must therefore be interpreted with such in mind. Because mouse-mutations 

used in this study range in severity, it was expected that if organized by intensity in 

responsiveness from least to most luminance, the median value measured in amplitude would 

also range according to mutation severity. Thus, ANOVA was also performed for the medians. 

The normality test used was Shapiro-Wilk test, and the test used for further comparison was the 

Tukey test, although post hoc results were not published in this thesis. 
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Figure 2. Photopic ERGs recorded for one wild type mouse at one month old (bottom row) and 

from each of the Mitf mutations at one month old, arranged in allelic-severity from least Mitf-

effect revealing least pigmentation (top row) to most Mitf-effect revealing most pigmentation 

(fourth row) in response to a white light stimuli of 1.87 log cd*sec/m2. Here, all mutations show 

some kind of ERG components. Calibrations apply to all recordings. 
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Figure 3. Scotopic ERGs recorded for one wild type mouse at one month old (top recording) and 

from each of the Mitf mutations at one month old, arranged in allelic-severity from least Mitf-

effect (second row) to most Mitf-effect (second bottom row) in response to a white light stimuli 

of 1.87 log cd*sec/m2. Again, all mutations show some kind of ERG components. Calibrations 

apply to all recordings.  
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Figure 2 shows an example of photopic ERGs starting with Mitfmi-wh/Mitfmi at the top followed 

by each mutation, ending with wild type (C5BL/6J at the bottom) as comparison, in response to 

stimuli at brightest light intensity; 1.87 log*cd s/m2. The figure shows all mutations responding at 

some level, indicating that all have vision to some degree, with Mitfmi-wh/Mitfmi showing the least 

response and Mitfmi-vga9/+ the largest one. The amplitude of the scotopic b-wave appears higher in 

Mitfmi-vga9/+, Mitfmi-enu22 and Mitfmi-wh/+ compared to the wild type. 

Figure 3 shows scotopic ERGs of the same arrangement of mutations compared to wild 

type in response to stimuli at brightest light intensity. Again, all mutants seem to have vision at 

some degree, with cautious interpretation considering the Mitfmi-wh/Mitfmi because it is only based 

on one animal. The amplitude of both a- and b-waves in Mitfmi-wh/+ and Mitfmi-enu22 appear larger 

compared to wild type. In this sample, both Mitfmi-wh/+ and Mitfmi-enu22 show larger photopic b-

waves and scotopic a- and b-waves at one month old, compared to the wild type. 
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Cone ERG in response to white light stimuli of 1.87 log cd*sec/m2 

Figure 4. All graphs show cone ERGs in response to highest light stimuli of 1.87 log*cd s/m2. 

The upper two graphs show photopic response from Mitfmi-wh/Mitfmi (coloured gold) and Mitfmi-

wh/+ (coloured purple) compared to wild type (coloured black), at one month old (upper left) and 

three months old (upper right). The lower two graphs show photopic response from Mitfmi-vga9 

(coloured blue) and Mitfmi-enu22 (coloured red) compared to wild type (coloured black), at one 

month old (lower left) and three months old (lower right).  
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Rod ERG in response to white light stimuli of 1.87 log cd*sec/m2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. All graphs show rod ERGs in response to highest light stimuli of 1.87 log*cd s/m2. The 

upper two graphs show scotopic response from Mitfmi-wh/Mitfmi (coloured gold) and Mitfmi-wh/+ 

(coloured purple) compared to wild type (coloured black), at one month old (upper left) and three 

months old (upper right). The lower two graphs show scotopic response from Mitfmi-vga9 

(coloured blue) and Mitfmi-enu22 (coloured red) compared to wild type (coloured black), at one 

month old (lower left) and three months old (lower right).  
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Figure 4 shows cone ERGs in response to highest light stimuli, comparing one month old mutants 

to three months old mutants. At three months old (upper right graph), Mitfmi-wh/+ and Mitfmi-

wh/Mitfmi show no measurable ERG response compared to wild type. At one month old (upper left 

graph) both show photopic ERG response to some degree, although visual ability in Mitfmi-

wh/Mitfmi genotype is depatable. The photopic b-wave also shows larger amplitude-range 

compared to wild type response in three months old mice. 

At three months old, Mitfmi-vga9 and Mitfmi-enu22 both have vision, responding similar to the 

wild type (lower right graph), as well as when one month old (lower left graph). The cone 

response, expressed as b-wave, appears much larger in those two mutants and wild type 

compared to data from three month old mutants. When comparing wild type mouse at one month 

old to another at three months old, the older one shows reduced ERG response although no 

mutation is causing any effect. 

Figure 5 shows rod-ERGs in response to highest light stimuli, comparing one month old 

mutants to three months old mutants. At three months old (upper right graph), Mitfmi-wh/+ and 

Mitfmi-wh/Mitfmi show no measurable ERG response compared to wild type. At one month old 

(upper left graph) the Mitfmi-wh/+ shows large scotopic a- and b-waves, similar to the wild type 

mouse. Again, the Mitfmi-wh/Mitfmi is a risky interpretation, although there appears to be some 

ERG response, more data is needed. 

At three months old, Mitfmi-vga9 and Mitfmi-enu22 both have vision, responding similar to the 

wild type (lower right graph), as well as when one month old. The rod response is much larger in 

those two mutants and wild type compared to data from three month old mutants, with the Mitfmi-

enu22 appearing with the largest response and Mitfmi-vga9 lowest compared to the wild type. Again, 

a decline in ERG responsiveness is seen in the wild type mice when comparing the older one and 

the younger, although the genotype is free from all abnormal Mitf functioning. 

Figure 6 depicts the relationship between the mean amplitudes scotopic a- and b-waves 

for all mutations compared to the wild type at one month old mutants, depending on 

responsiveness to each of the light intensities. The scotopic a-wave amplitude means (left graph) 

for Mitfmi-wh/+ and Mitfmi-vga9 are higher on average compared to the wild type. The scotopic a-

wave amplitude means for Mitfmi-enu22 also appear higher, with an exception for luminance 1.27 

and 1.87 log*cd s/m2. The Mitfmi-wh/Mitfmi shows lowest scotopic a-wave amplitude on average 

compared to the wild type. 
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Figure 6. Mean scotopic ERGs from all 6 wild-type mice (colored black) and from 4 Mitfmi-wh/+ 

(colored purple) 1 Mitfmi-wh/Mitfmi, (colored gold), 2 Mitfmi-enu22 (colored red) and 2 Mitfmi-vga9 

(colored green) at one month old. This Figure shows the relationship between the mean 

amplitudes (±SEM) of the scotopic a-waves for all mutants (left graph) as well as scotopic b-

waves (right graph) compared to wild type, in response to all of the light stimuli intensities used. 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 7. Mean photopic ERGs from all 6 wild-type mice (colored black) and from 4 Mitfmi-wh/+ 

(colored purple) 1 Mitfmi-wh/Mitfmi, (colored gold), 2 Mitfmi-enu22 (colored red) and 2 Mitfmi-vga9 

(colored green) at one month old. This Figure shows the relationship between the mean 

amplitudes (± SEM) of the photopic b-wave compared to wild type, in response to all of the light 

stimuli intensities used. 
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In Figure 6, the right graph depicts the same arrangement for scotopic b-wave amplitude means 

(right graph) for one month old mutants, with Mitfmi-wh/+ showing highest scotopic b-wave 

amplitude on average (compared to wild type) and Mitfmi-wh/Mitfmi the lowest, with an exception 

of luminance 0.67 log*cd s/m2. Both Mitfmi-enu22 and Mitfmi-vga9 show lowest scotopic b-wave 

amplitude means at luminance 0.67 log*cd s/m2 but higher on average or same as the wild type 

for all other light intensities. The Mitfmi-wh/Mitfmi seems to show lowest scotopic a-wave means 

(left graph) and b-wave mean (right graph), with an exception of luminance 0.67 log*cd s/m2 in 

the scotopic b-wave. 

Figure 7 depicts same arrangement as figure 6 for photopic b-wave amplitude means. 

Here, Mitfmi-enu22 appears to have the highest amplitude on average (compared to wild type) and 

Mitfmi-wh/Mitfmi the lowest. The Mitfmi-wh/+, Mitfmi-vga9 and Mitfmi-enu22 all show higher amplitude 

means compared to the wild type except for Mitfmi-vga9 at luminance 0.67 log*cd s/m2. 

The difference in amplitude between groups in the scotopic a-wave condition at 

luminance 0.67 log*cd s/m2 was significant at α = 0.05 level, F(3,10) = 7.31, p = 0.007 and at 

luminance 1.27 log*cd s/m2, F(3,10) = 5.59, p= 0.016. The difference in amplitude between 

groups for luminance 1.57 log*cd s/m2 was not significant, F(3,10) = 1.87, p= 0.199, nor for 

luminance 1.87 log*cd s/m2, F(3,10) = 2.96, p= 0.084. Because of unequal number in groups 

affect the means, the median was analyzed as well. The difference in the median values among 

the groups were greater that would be expected by chance; there was statistically significant 

difference (P = < 0.001). 

The difference in amplitude between groups in the scotopic b-wave condition (table 2, 

right) at luminance 0.67 log*cd s/m2 was significant at α = 0.05 level, F(3,10) = 4.16, p = 0.037. 

The difference in amplitude between groups at luminance 1.27 log*cd s/m2 was not significant, 

F(3,10) = 2.83, p= 0.093, nor at luminance 1.57 log*cd s/m2, F(3,10) = 1.55, p= 0.261 nor for 

luminance 1.87 log*cd s/m2, F(3,10) = 1.69, p= 0.232. Again, the difference in the median values 

among the groups were greater that would be expected by chance (P = < 0.001). 

The difference in amplitude between groups in the photopic b-wave condition (table 3) at 

luminance 0.67 log*cd s/m2 was not significant at α = 0.05 level, F(3,10) = 4.18, p = 0.744, nor at 

luminance 1.27 log*cd s/m2, F(3,10) = 2.17, p= 0.155, luminance 1.57 log*cd s/m2, F(3,10) = 

1.26, p= 0.114 or at luminance 1.87 log*cd s/m2, F(3,10) = 0.39, p= 0.763. But once more, the 
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difference in the median values among the groups were greater that would be expected by chance 

(P = < 0.001).  

Figure 8 shows photopic 10 Hz flicker ERG recordings from all mutants compared to 

wild type mice at one month old, in response to highest light intensity. All mutants show normal 

responses, except for Mitfmi-wh/Mitfmi. Similar is seen in scotopic 10 Hz flicker ERG recordings 

from all mutants compared to the wild type mice at one month old, in response to highest light 

intensity (figure 9). All mutants show normal ERG responses compared to wild type, except for 

for Mitfmi-wh/Mitfmi, that appears to show little if any ERGs. The other mutants show reduced 

responses compared to the wild type, possibly at a slower rate as well. Statistical testing for both 

photopic and scotopic flicker ERG recordings is however required to confirm if the difference 

among the groups are greater that would be expected by chance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



37 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

 

 

 

 

Figure 8. Light adapted flicker ERG recordings from wild type (bottom graph) and all mutations 

arranged in allelic-severity from least Mitf-effect (first row) to most Mitf-effect (second last row) 

in response to 10 Hz flicker stimuli of 1.87 log cd*sec/m2. Calibrations apply to all recordings. 
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Figure 9. Dark adapted flicker ERG recordings from wild type (bottom graph) and all mutations 

arranged from arranged in allelic-severity from least Mitf-effect (first row) to most Mitf-effect 

(second last row) in response to 10 Hz flicker stimuli of 1.87 log cd*sec/m2. Calibrations apply to 

all recordings. 
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Figure 10. Scotopic OP-recordings from wild type (bottom graph) and all mutations arranged in 

allelic-severity from least Mitf-effect (first row) to most Mitf-effect (second last row) in response 

to luminance of 1.87 log cd*sec/m2. Calibrations apply to all recordings.  

 

In figure 10, scotopic OPs appear normal in all mutants compared to wild type except for Mitfmi-

wh/Mitfmi, with Mitfmi-wh/+ and Mitfmi-vga9 showing bigger responses than the wild type. The Mitfmi-

wh/Mitfmi is not showing any OP respose. For further confirmation of significant difference 

between groups, statistical testing is required. 
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Figure 11. Fundus images organized in allelic series, from wild type to Mitfmi-wh/Mitfmi.  
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Figure 11 shows fundus images taken from each mutation, with the wild type mice at the bottom, 

most severe Mitf-mutant mouse at the top and least severe mutation in the second row. The one 

month old mice appear in the left column while the same mutations and the wild type at three 

months old appear in the right column. The fundus color is different in all mutants compared to 

the wild type with none of them similar to the wild type mouse. The pigmentation is consistent 

with the allelic arrangement, with Mitfmi-vga9 mutation showing most pigmentation compared to 

the wild type and the Mitfmi-wh/Mitfmi mutants showing least. When comparing one and three 

months old mutants, less pigmentation is seen in the older mice, expressed in more white spots 

and larger depigmented areas of the fundus. In one month old mutants, the retinal vascularity 

appears greater in size and number compared to each mutation at three months old, with the wild 

type showing less change. The arteries appear thinner and fewer in number in the older mice, 

again happening in allelic series with the Mitfmi-vga9 mutation showing least change in retinal 

vascular system and the Mitfmi-wh/Mitfmi mutants the most dramatic change. The yellow spots 

seen in the Mitfmi-vga9 mutation at three months old also appear to a lesser extent in one month old 

mice. 
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Discussion 

The purpose of this study was to examine age-dependent development in the retina after birth 

using four Mitf mutations differing in allelic-severity, thus each genotype impacting retinal 

function differently. Such was assessed with ERG recordings and fundus images. In this study, 

the following Mitf mutations were examined: 1 Mitfmi-wh/Mitfmi compound-heterozygotes, 4 

Mitfmi-wh/+ heterozygotes, 2 Mitfmi-enu22 homozygotes and 2 Mitfmi-vga9/+ heterozygotes. The 

comparison group consisted of 6 wild type mice. The number of animals tested was determined 

by the availability of animals with each mutation at the time. The results from the mutants at one 

month were compared to the wild type at one month old and then further compared to already 

existing data for same mutations in three months old mice.  

It was hypothesized that because the intra-allelic complementation expressed in Mitfmi-wh 

mutation could possibly serve as a protective factor, Mitfmi-wh/+ and Mitfmi-wh/Mitfmi mutants 

might have vision at younger age than three months. Interestingly, ERG measurements revealed 

that the Mitfmi-wh/+ mutation showed vision at one month old, with just as large or larger ERG-

responses compared to the wild type. It showed large rod response, indicating normal 

photoactivation process in outer segments of rods and cones. Large photopic cone response 

suggested normally functioning connections in the rod-bipolar pathway, and a large scotopic cone 

response that reflected normal ON-cone bipolar processes. Thus the Mitfmi-wh/+ mutants seem to 

show a normal relationship between increase in light intensity and glutamate secretion. 

Responses to 10 Hz flicker stimuli at highest light intensity revealed normally functioning 

cone-ON pathway in one month olds; a good omen for healthy rod-cone interaction. The scotopic 

OPs from the Mitfmi-wh/+ mutation were larger compared to the wild type (no statistical 

confirmation available though) indicating a good balance between retinal metabolic needs and 

retinal vascular supply. Fundus images supported this, with one month old mutants showing 

thicker vessels, greater in number, with more pigmentation expressed in less white spots. At three 

months old, the Mitfmi-wh/+ mutant showed more white spots, suggesting a developmental 

abnormality in the RPE. Since photoreceptors depend on normal function in the RPE, it appears 

to be a case of fast photoreceptor-degeneration in the retina. Thinner and fewer arteries in the 

retinal vascularity in three months old fundus images confirmed such results; declining cell layers 

in the retina require less vascular supply. However, since the wild type showed changes in 

vasculature-development between each age, some degeneration seems to be inevitable. But since 
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the difference between the Mitfmi-wh/+ and the wild type was quite drastic, degenerational 

processes in the Mitfmi-wh/+ mutant appear to be much faster. Thus this mutation showed fast 

developing retinal degeneration and hence could possibly serve as a feasible model for such 

disease processes, while the others for slower degeneration processes. 

The Mitfmi-wh/Mitfmi mutant, most severe Mitf allele tested, also seems to have vision to 

some degree, although responding weakly and irregularly to the light stimuli used. The a-wave 

was absent but irregular photopic cone responses and more symmetrical scotopic cone responses 

appeared in a prolonged fashion, indicating that the connectional network forming rod-bipolar 

pathways were broken. The ON-bipolar cells appear to be receiving glutamate increase from 

cones but less if any from rods, raising the possibility of fast photoreceptor-degeneration, because 

at three months of age, visual function was completely lost. Because of absence of the a-wave, 

the rods most likely decline first, followed by cones, suggesting a rod-cone dystrophy. Irregular 

photopic and scotopic flicker-responses supported this, showing no sign of rod and cone 

interaction compared to the wild type. The relationship between increase in glutamate release 

with higher light intensity also seemed to be affected, supporting the possibility that fewer 

photoreceptors are secreting it. Small OPs response were consistent with fundus images; both 

indicated for imbalance and abnormality in the vascular system, including thin vessels with 

declined number at three months old compared to the younger mutant, as well as loss of 

pigmentation, indicating abnormal development in the RPE. Hence, this mutation may serve as 

another feasible model for fast developing retinal degenerations. However, only one animal was 

tested in this thesis, more data is clearly needed along with statistical testing. 

It was also hypothesized that abnormal development in the retina of Mitfmi-vga9/+ and 

Mitfmi-enu22 mutants have already began in one month old mice. Rod and cone responses in both 

mutants were similar to the wild type, when one and three months old mice were compared. With 

growing light-intensity, the relationship between stimulus and response seemed to be irregular. 

Both showed weak cone response to the lowest luminance tested in a dark room, the Mitfmi-enu22 

showed irregular rod pattern and the Mitfmi-vga9/+ irregular photopic cone pattern. The photopic 

flicker revealed normal function in rod and cone interaction although both mutants seemed to 

respond less to scotopic flicker stimuli compared to the wild type. OPs indicated for normal 

balance between retinal metabolic needs and retinal vascular supply. In fundus images, both had 

less pigmentation at a younger age, with no drastic difference though. The Mitfmi-vga9/+ mutation 
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showed yellow spots at both ages, with three months old mice showing more of them. It has not 

yet been confirmed what such yellow spots reveal. To some degree, results seem to support the 

hypothesis that some age-dependent changes have already began in the younger mice, however, 

further statistical confirmation is required and because of only two animal of each mutation, more 

data is clearly needed. 

In the future, it would be interesting to examine Mitfmi-wh/Mitfmi and Mitfmi-wh/+ before one 

month old, as well as on later stages to see if they become blind at earlier age than three months 

old. Because the Mitfmi-wh is the only mutation with intra-allelic complementation, creating new 

mutants with one Mitfmi-wh allele could help researchers understand better the role it plays in age-

dependent developmental changes in the retina. Regarding Mitfmi-vga9/+ and Mitfmi-enu22 mutations, 

mutants older than three months old should be examined to see if they develop blindness at some 

point during life. Identification of the development of yellow spots in the Mitfmi-vga9/+ mutation is 

also needed. Because of white spots in the fundus indicating for RPE degeneration, a c-wave 

ERG component is essential addition of information, as well as the d-wave to separate ON and 

OFF ERGs by light stimuli with longer duration. Because of a possible rod-cone dystrophy in 

Mitfmi-wh/Mitfmi mutants, it would be interesting to collect flicker-data at highest light-intensity 

for 5 Hz and 20 Hz frequency or higher, highlighting other visual pathways as well as separating 

rod and cone CFF because under cone vision condition, maximum CFF can be perceived at 

frequencies of 30-50 Hz but the maximum for rods at 15 frequency of 15 Hz. 

Because of individual reaction to anesthesia, it can interfere with the measurements. This 

can be dealt with by physiological recordings such as heart- and breath rate per minute, oxygen 

saturation and pulse extension. Those parameters measure interactive physiological processes 

meaning that if one change, others change as well. If the mouse is having a poor reaction to the 

anesthesia causing measurement error in ERG recordings, physiological status reveals when it is 

safe to start recording, ensuring that best possible data is collected each time. Such parameters 

could be a good tracking device, allowing researchers to explore and learn about the relationship 

between a physiological status and the quality of ERG recordings. 

Other future examination includes histology to reveal the retinal layers, 

immunocytochemical analysis of retinal and RPE cell proteins and electron microscope images of 

the retina and the RPE. All could shed further light on this age-related degeneration in retinal 

layers. Finally, larger sample of all mutations as well as the wild type at one month old before 
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such results can be generalized to the population. No post-hoc results were presented in this 

thesis, however, they reveal multiple comparisons between each mutations, showing difference 

between them all, again essential information for future research. 
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