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Ágrip 

Sjónhimnan þekur bakhluta augans og inniheldur margar gerðir frumna sem þjóna mikilvægu 

hlutverki fyrir sjón og virkni augans. Aðliggjandi sjónhimnunni er litþekjan (retinal pigment epithelium), 

en hún sinnir verkefnum sem hagkvæm eru sjónhimnunni.  

Markmið rannsóknarinnar var að skoða aldurháðar breytingar í Mitf stökkbreyttum músum og meta 

aldursháða hrörnun og áhrifa á virkni og uppbyggingu sjónhimnunnar. Stökkbreyttar mýs af gerðinni 

Mitfmi-enu22(398)/Mitfmi-enu22(398) og Mitfmi-wh/Mitfmi  voru skoðaðar og bornar saman við villigerð (C57BL/6J). 

Mýsnar voru skoðaðar við eins, þriggja, sex og tólf mánaða aldur. Sjónhimnurit (electroretinogram 

(ERG)) var notað til að meta virkni auk þess sem augnbotnamyndataka (fundus imaging), sneiðmyndir 

af augnbotni (optical coherence tomography) og rafeindasmásjá (electron microscope) voru notuð til að 

meta uppbyggingu vefja.  

ERG mælingar sýndu hæga hrörnun í  Mitfmi-enu22(398)/Mitfmi-enu22(398) músum í samanburði við 

villigerð. Þetta átti við um mælingar bæði í rökkurs- og ljósaðlögun á öllum aldursskeiðum. Niðurstöður 

sýndu lítinn stærðarmun á bylgjum við eins mánaða aldur en aukinn stærðarmun á milli svara mátti sjá 

við sex mánaða aldur þegar Mitfmi-enu22(398)/Mitfmi-enu22(398) mýs sýndu stærri svör í öllum tilfellum ERG 

mælinga. Ekki tókst að vekja ERG svör í Mitfmi-wh/Mitfmi músum, hvorki í rökkurs- né ljósaðlöguðum 

mælingum við öll aldursskeið. Í samræmi við ERG niðurstöður var uppbygging sjónhimnu í Mitfmi-

enu22(398)/Mitfmi-enu22(398) músum eðlileg og öll sjónhimnulög voru til staðar á sneiðmyndum af augnbotni en 

sneiðmynd af augnbotni  Mitfmi-wh/Mitfmi músa sýndi miklar hrörnunarbreytingar.   

 Niðurstöðurnar  sýndu að virkni í sjónhimnu er góð í Mitfmi-enu22(398)/Mitfmi-enu22(398) músum  á 

meðan alvarlegar hrörnunarbreytingar og  skerðing í virkni sjónhimnu mátti sjá í  Mitfmi-wh/Mitfmi músum 

í samanburði við villigerð. Með auknum aldri mátti sjá útlitsbreytingar í sjónhimnulögum þar sem sum 

sjónhimnulög þykknuðu í Mitfmi-enu22(398)/Mitfmi-enu22(398) músum en hrörnunarbreytingar jukust í Mitfmi-

wh/Mitfmi músum með auknum aldri, þar sem einstaka sjónhimnulög voru ekki lengur til staðar.  

 

 

Lykilorð: Ljóshimna, hrörnun sjónhimnu, ERG, fundus, OCT 
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Abstract 

The retina covers the back of the eye and includes many cell types important for visual function. 

Adjacent to the retina is the retinal pigment epithelium (RPE), performing tasks that are economical for 

the retina.   

The aim of this study was to examine age-related changes in Mitf mutant mice and estimate the rate 

of degeneration with increasing age and how it affects function and structure in the retina. We used 

Mitfmi-enu22(398)/Mitfmi-enu22(398) and Mitfmi-wh/Mitfmi mice in the study with wild type mice (C57BL/6J) for 

comparison. Mice were examined at one, three, six and 12 months of age. Electroretinography (ERG) 

was used to determine retinal function,while fundus imaging, optical coherence tomography (OCT) and 

electron microscope (EM) were used for structural examination.    

 ERG recordings revealed slow degeneration in Mitfmi-enu22(398)/Mitfmi-enu22(398) mice compared to 

wild type. This applies to dark- and light adapted recordings at all ages. Results show little difference in 

amplitude at one month of age between wild type and Mitfmi-enu22(398)/Mitfmi-enu22(398) mice but the difference 

in amplitude started to increase at 6 months of age when Mitfmi-enu22(398)/Mitfmi-enu22(398) mice show higher 

amplitude in all cases. ERG responses could not be evoked in Mitfmi-wh/Mitfmi mice which, showed a flat 

line in both dark- and light-adapted recordings at all ages. Consistent with the ERG results, the retinal 

infrastructure of Mitfmi-enu22(398)/Mitfmi-enu22(398) mice showed all retinal layer’s present in OCT images while 

Mitfmi-wh/Mitfmi images revealed severe degeneration.      

 These results suggest that Mitfmi-enu22(398)/Mitfmi-enu22(398) mice have normal retinal function while 

Mitfmi-wh/Mitfmi mice have severe degeneration and impaired retinal function when compared to wild type. 

Changes in retinal structure appears with increasing age where some layers appear thicker in Mitfmi-

enu22(398)/Mitfmi-enu22(398) but retinal degeneration increases in Mitfmi-wh/Mitfmi with increasing age compared 

to wild type, with some retinal layers absent.  

 

 

Keywords: Retina, retinal degeneration, ERG, fundus, OCT  
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1 Introduction 

1.1 Visual axis 

Visual perception is mediated by the eyes as they allow us to recognize colors, depth, size and 

motion. This is possible with interaction of light and membrane potential changes generated by neurons 

where light is processed. Light rays travel into the eye at the anterior portion and are delivered as a 

processed light in the form of neural signals at the posterior end (Frederic Martini, 2012).  

The pupil is centrally located in the iris and controls the amount of light flowing into the eye (Figure 

1). The diameter of the pupil is determined by two sets of smooth muscles, located in the iris, shaping 

the pupil with its contraction. Both iris and pupil can be seen through the transparent cornea that serves 

as a protection to the adjacent layers with its numerous free nerve endings, ensuring sensitivity to 

prevent damage that can cause a following blindness. The cornea is located anteriorly and is continuous 

to the white-colored sclera that covers the spheroid ocular surface. Three cavities are found in the eye, 

one in between the cornea and iris/pupil (anterior chamber), second located anterior to the lens 

(posterior chamber), and the last one in the center of the eye known as the vitreous chamber. Both the 

anterior- and posterior chambers are filled with aqueous humor that circulates and provides nutrition to 

adjacent tissue layers like the cornea that is avascular. The vitreous chamber contains the vitreous 

humor that fills the chamber and maintains shape of the eye and internal tissues (Frederic Martini, 2012).  

From the pupil, light passes through the lens, located posterior to the iris, and then via vitreous 

chamber to the retina that covers the back of the eye (Figure 1). The lens is convex and variable in 

shape, either widens or thickens, thus varying the focus of the lens based on distance of the visual 

image that the lens focuses on to the retina. The retina covers the posterior portion of the eye and can 

be divided into neural- and pigmented retina. The neural retina contains the light sensitive 

photoreceptors and other supporting cells and neurons that mediate the processing of visual information. 

In the human retina light rays viewed by the eye are focused to a common point, the fovea, that is 

located about 3.5-5.5mm from the optic disc, in an area also known as macula lutea and is known for 

having the sharpest vision because of composition of high concentration of cone photoreceptors in that 

area.      

Millions of photoreceptors absorbing light rays at different light intensities initiate phototransduction 

where interactions of neural- and pigmented retina results in a release of neurotransmitter glutamate 

after being processed through the retinal layers. Finally, the neural signal is transported to the brain 

through the optic nerve. (Bringmann et al., 2018; Frederic Martini, 2012; Meiss, 2003; Sridhar, 2018; 

Strettoi & Parisi, 2014) 
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1.2 The retina  

The retina covers the inside portion at the back of the eye. It is about 200 µm thick and as a part 

of the central nervous system (CNS) it serves as a sensory organ where light stimuli are transformed 

into a visual image. The retina is multi-layered and consists of neurons that transfer signals evoked by 

light stimuli. These signals are processed throughout the retinal layers to the brain along the optic nerve. 

Retinal neurons are of different types and include the light sensitive photoreceptors, bipolar cells, 

horizontal cells, amacrine cells and ganglion cells (Figure 2) (Strettoi & Parisi, 2014).   

The retinal pigment epithelium (RPE) is located at the junction of the retina and choroid and its role 

is to serve other retinal layers and maintain retinal homeostasis. That is done by transportation of 

supplies to the retina as well as providing enough blood flow with tight junctions between RPE cells 

forming outer blood-retinal barrier (oBRB) to the retinal circulation (Chen et al., 2019; Strettoi & Parisi, 

2014).  

The photoreceptors work closely with the RPE and are sensitive to light and found in the adjacent 

photoreceptor layer (Figure 2). Photoreceptors receive light energy, that they can absorb because of 

their visual pigments. Visual pigments are present in photoreceptors outer segments (POS) and 

transduce light energy to electrical signals. There are two types of photoreceptors, rods and cones, that 

are tightly packed in the photoreceptor layer. These two types differ in both appearance and function 

where cones are shorter, thicker and sensitive to bright light and play a role in color- and daytime vision. 

Rods are longer, slimmer and are sensitive to very low levels of light in the dark and are much more 

sensitive to light than cones (Strettoi & Parisi, 2014). Cones can be divided into 3 types in the primate 

retina and are located adjacent to the outer limiting membrane (OLM) with their cell bodies in a row in 

the outer nuclear layer (ONL). Rods are found in greater number than cones in most mammals, there is 

only one type in the mammalian retina and they are more scattered than cones with their cell bodies in 

multiple layers (Hoon, Okawa, Della Santina, & Wong, 2014). Both rods and cones contain inner – and 

outer segments that stretch toward the RPE and into the subretinal space (Strettoi & Parisi, 2014).  

Figure 1. Eye structure.  

Cross section of the human eye (Omari A, 2020). 



  

3 

POS have important features that play essential roles in light absorption and phototransduction. Their 

disc structure consists of lipid bilayer membranes packed tightly with photopigments, rhodopsin in rods 

and cone pigment in cones. The photopigment is a member of G-protein-coupled receptors (GPCRs) 

that forms signaling pathways for phototransduction in the retina (Lamb & Pugh, 2006; Martemyanov & 

Sampath, 2014). Its light sensitivity is possible because of combination of the opsin and light-sensing 

chromophore, 11-cis-retinal, so that visual pigment is formed. After photoactivation the visual pigment 

must be regenerated. This makes the pigment in need for new chromophore, 11-cis retinal, in order to 

continue its role in visual function as the used pigment is released and returned to the RPE. 

Photoactivation of the pigment and photon absorption by the visual chromophore triggers isomerization 

of the 11-cis retinal to all-trans retinal that results in decayed pigment so for resetting of the visual 

pigment the opsin and all-trans retinal separate. Still within the POS, all-trans retinal is reduced to all-

trans retinol via vitamin A regeneration and is finally removed from POS where the chromophore is 

transported to the adjacent RPE or in some cases for cones to Müller cells. This interaction and 

regeneration process is called the visual cycle (Sahu & Maeda, 2016; J.-S. Wang & Kefalov, 2011).  

With renewal of visual pigments continuous phototransduction is possible with the GPCRs signaling 

pathways. Activated rhodopsin activates G-protein that leads to opening of cGMP -gated ion channels 

and therefore hyperpolarization of the cell. Phototransduction ultimately results in neurotransmitter 

release as an electrical response of the cell (Gao et al., 2018; Martemyanov, 2014; Xue, Shen, Corbo, 

& Kefalov, 2015).  

 

Figure 2. Retinal layers.  

After a photon is absorbed by the first two retinal layers; pigment cell layer and photoreceptor layer, chemical reactions produce 

message that are transmitted through the retinal layers mainly by bipolar cells and ganglion cells. Ganglion cells emit signa ls to 

the brain. To the right: cone (c) and rod (r) located in the photoreceptor layer. Horizontal cells (H) and amacrine cells (A) are 

horizontally located in the Inner nuclear layer (INL), where bipolar cells (B) connect the outer plexiform layer (OPL) to the  Inner 

plexiform layer (IPL). Connected to the bipolar cells in IPL are the ganglion cells (G). To the left: The photoreceptors body can be 

divided in Outer segments (OS), inner segments (IS) that reaches the Outer nuclear layer (ONL) (Strettoi & Parisi, 2014). 
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Reaching the photoreceptors and receiving these chemical signals as post-synaptic cells are bipolar- 

and horizontal cells. Together they form a synaptic layer with the photoreceptors, called the outer 

plexiform layer (OPL) (Figure 2). Here the visual signals are separated by content, depending on the 

objects viewed and different background light intensities (Kolb, 1995; Strettoi & Parisi, 2014).  

Bipolar cells are of two main types, rod and cone bipolar cells, with its cell bodies located in the inner 

nuclear layer (INL) and reach the OPL with its dendrites (Figure 2). Since the majority of photoreceptors 

in the human retina are rods, rod bipolar cells are also found in greater numbers than cone bipolar cells. 

Rod bipolar cells are of one type where the cell size and the extent of cell determines the number of rod 

connections at the synaptic side. Connections can be on the scale of 15 to 50 rods per rod bipolar cell 

depending on size. Cone bipolar cells are of seven types and have different ability to contact cone 

photoreceptors. One-to-one connections are available as well as one cell connecting to 5-20 cones 

depending on the cone bipolar cell size (Kolb, 1995; Strettoi & Parisi, 2014).    

Light signals separate into ON- and OFF bipolar cells by light intensities where approximately one 

half of cone bipolar cells are of the ON variety that become activated (ON) after presentation of a light 

stimulus. This happens when cone photoreceptors become hyperpolarized because of light and 

stimulation, and thus release of less glutamate, leading to response by ON-bipolar metabotropic 

glutamate receptors (Figure 3, a.1). More glutamate release, that occurs at maximum in the dark, 

activates the other half of bipolar cells, belonging to the OFF variety and activates its inotropic glutamate 

receptors (Figure 3, b.2). The functions of ON- and OFF bipolar cells are therefore in opposite 

directions, with one hyperpolarized while the other is depolarized. With these two types of channels, 

ON- and OFF bipolar cells, different visual features are separated (Feher, 2012; Kolb, 1995; Strettoi & 

Parisi, 2014).  

 

Figure 3. On- and OFF- bipolar cells function.  

Photoreceptors (a,b) in the photoreceptor layer, respond to light with hyperpolarization (a). When the photoreceptor 

hyperpolarizes, less glutamate is released.  Bipolar cell response to glutamate depends on the cell’s receptor. ON-bipolar cells 

depolarize as a response to light resulting in release of more glutamate (a.1). Photoreceptors release more glutamate in the dark 

causing ON-bipolar ells to hyperpolarize and less  glutamate is released. In the dark, OFF-bipolar cells become activated, 

depolarized, because of more amount of glutamate from photoreceptors resulting in release of more glutamate (b.2), opposite to 

the ON-bipolar cells.  

Hyperpolarized 

photoreceptor 
Depolarized 

photoreceptor 
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Before information from bipolar cells reaches the output neurons of the retina, processing of the signals 

occurs in feedback interneurons, horizontal- and amacrine cells that are horizontally located in retinal 

layers. Horizontal cells (HCs) are of two types in the mammalian retina. Their cell bodies are in the INL, 

reaching photoreceptors in the OPL (Figure 2). HCs feedback connections are to cone photoreceptors 

where they respond to glutamate release with graded hyperpolarization. This feedback reaction 

corresponds to HCs propagating across wide areas of the retina, relative to vertical cells, affecting 

transmitted signals from bipolar cells (Chapot, Euler, & Schubert, 2017; Kolb, 1995; Strettoi & Parisi, 

2014). HCs have an inhibitory effect in the process of transforming visual signals with release of GABA 

as their neurotransmitter, and they synapse with bipolar cells containing GABA receptors in the OPL. 

Amacrine cells also release an inhibitory neurotransmitter, but with more diversity of amacrine cells, a 

greater variety of inhibitory neurotransmitters are found to be released by these neurons. Amacrine cells, 

in most cases, have no axons but receive and transmit visual signals through dendrites. With multiple 

connections in different directions within the retina, amacrine cells can make synapses to ganglion cells, 

bipolar cells as well as other amacrine cells in the inner plexiform layer (IPL). The focus of amacrine 

cells is to refine and sharpen outputs of the connecting cells and affect the precision and content of the 

visual signal (Diamond, 2017).  

After influence from these horizontally located interneurons in the IPL, bipolar cells along amacrine 

cells transmit chemical signals to ganglion cells, the output neurons of the retina (Figure 2). Here the 

chemical signals are converted to electrical signals to be transferred to the brain through the optic nerve, 

made up of axons of the ganglion cells (Diamond, 2017; Kolb, 1995).  

1.2.1 Retinal pigment epithelium 

The retinal pigment epithelium is a monolayer that consists of hexagonal cells that are high in pigment 

and located between photoreceptor layer and choroid. They are linked to POS on the retinal side and 

merges the choroid with its connections to Bruch’s membrane. The RPE has diverse roles including 

serving the adjacent layers. (Simó, Villarroel, Corraliza, Hernández, & Garcia-Ramírez, 2010; Tarau, 

Berlin, Curcio, & Ach, 2019). Tight junctions between RPE’s cells form the oBRB providing function that 

is essential for the adjacent POS as it filters molecules and nutrients in and out of the retina with barriers 

between the subretinal space and choriocapillaris (Naylor, Hopkins, Hudson, & Campbell, 2019). 

Reaction to signals and trafficking in the RPE is allowed by the RPE cytoskeleton that consists of 

filaments, actin, microtubules, and intermediate filaments. Each filament plays a role in epithelial 

transport and in maintaining structure. Traffic control in and out of the RPE is arranged via apical to 

basal polarization of the RPE layer (Simó et al., 2010; Tarau et al., 2019). Maintenance of visual function 

relies on this transport process to remove heat and water and relocate molecules (Strauß, 2014). 

Transport from the retina or the subretinal space to choroid includes mostly ions, metabolic end products 

and water with the oBRB as a barrier between the two layers. Water accumulation in the retina is a 

consequence of high metabolic turnover in photoreceptors, neurons and glial cells and the retina is 

therefore in constant need for water removal to the choroid from the subretinal space through the RPE 

(Kolb, 1995; Simó et al., 2010). Transport to the retina from the blood side includes metabolites, nutrients 

such as glucose, fatty acids and retinol that are delivered to photoreceptors, which requires a continuous 

replenishment of supplies, since metabolites are necessary for energy and the visual pigment renewal 
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(Simó et al., 2010). Additionally, essential factors are transported that are produced and secreted by the 

RPE. These factors affect growth and pathological conditions in the retina and other eye structures. 

Secretion is triggered by intracellular conditions while malfunction causes diseases such as choroidal 

neovascularization (Kolb, 1995; Simó et al., 2010). The RPE also takes place in the visual cycle, where 

it provides new or renewed 11-cis Retinal to POS. All-trans Retinol is derived from the choroidal 

vasculature but also as the returned bleached chromophore from POS visual pigments and isomerized 

into 11-cis retinal in the RPE. The protein RPE65 (retinal pigment epithelium specific protein 65kDa) is 

a visual cycle retinol isomerase located in the RPE, a key enzyme that forces this reaction step of 

regenerating 11- cis retinal (Gao et al., 2018; Kolb, 1995; Xue et al., 2015). Lower turn-over rate of the 

visual cycle is required in the dark resulting in accumulating 11-cis retinal. Here the RPE65 has a role 

as a binding protein for storage of the chromophore within the RPE. The chromophore is transported 

through the interphotoreceptor-matrix retinal binding protein (IRBP) in the subretinal space bound where 

binding proteins on either side of the subretinal space receive the chromophore depending on where in 

the cycle they are located. The visual cycle and constant flow of chromophore to POS results in 

phototransduction in POS and glutamate release at the synaptic terminals (Gao et al., 2018). This cycle 

would not be present if it wasn’t for the light coming into the eye and the light absorption elements in the 

retina. The RPE decreases light scattering because of its high density of melanin pigment and in that 

way affects the clarity of vision (Meiss, 2003). Constant light stimulation on the POS triggers another 

role of the RPE where POS length is maintained. This is the process of phagocytosis where POS are 

constantly renewed by shedding of the RPE because of accumulation of photo-damaged proteins to 

maintain photoreceptors activity. This renewal process is constant where the destroyed tips of the POS 

are shed from the photoreceptors by the RPE where the damaged proteins are digested and then 

redelivered to POS where they are again used to rebuild from the base of the photoreceptors (Kolb, 

1995; Simó et al., 2010). Accumulation not only occurs in POS but also intracellularly in the RPE 

because of photo-oxidative activity caused by high blood flow and high light energy. Accumulation of 

specialized organelles such as melanin and lipofuscin can affect RPE function that can lead to 

degeneration of the retina (Simó et al., 2010; Strauß, 2014).  

1.2.2 Retinal degeneration 

Retinal degeneration is initiated by dysfunction in the retina and loss of retinal cells causing 

pathogenesis. Degeneration includes irreversible damage and adverse effects on vision. Location and 

appearance of the degeneration indicates impact on retinal function, and the rate of degeneration can 

differ between individuals. Aging is a factor when it comes to degeneration with well-known changes in 

cell function, where oxidative stress and lysosomal dysfunction play crucial role and homeostasis 

maintenance is interrupted. Increasing age tends to interrupt these functions because of loss of melanin 

and lysosomal activity. Melanin, provided by the RPE, works against persistent oxidative stress in the 

retina, caused by high metabolic activity and reduces damage in the retinal layer because of the chronic 

oxidative state. Melanin does not regenerate and with increasing age structural changes occur, and its 

abilities are reduced. Stress conditions in the RPE restrain clearance of damaged proteins leading to 

accumulation of dysfunctional pigment. These changes in the RPE can interrupt RPE function and have 
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severe consequence leading to retinal degeneration with loss of photoreceptors (Höhn & Grune, 2013; 

Lapierre-Landry, Carroll, & Skala, 2018; Yacout, McIlwain, Mirza, & Gaillard, 2019).   

Lysosomes, specialized digestion organelles, are involved in maintenance in the RPE as they 

remove waste products and recycle cellular components. Extracellular function of lysosomes is 

phagocytosis where OS material is digested after being delivered from POS by apical microvilli of the 

RPE. With this activity functional integrity of the neural retina is ensured. After photoactivation of the 

visual pigment in POS, all-trans-retinal becomes a toxic byproduct in POS and must be removed to RPE 

by the visual cycle. Dysfunction in the visual cycle affects retinal health since waste products are not 

cleared away causing retinal dystrophies. Accumulation of lipofuscin, a byproduct of POS that becomes 

deposited in the lysosomal compartment of the cell over time, compromises the viability of the cells 

(Höhn & Grune, 2013; Lu, Sung, Lin, Abraham, & Jessen, 2017; Shin et al., 2018; Taubitz, Fang, 

Biesemeier, Julien-Schraermeyer, & Schraermeyer, 2019). Another function of lysosomes is a process 

called autophagy, where autophagosomes fuse with lysosomes for degradation. This is similar to 

phagocytosis in the RPE. Autophagosomes are the product of compact damaged intra-cellular 

components. With increasing age and less activity of lysosomes, digestion of damaged proteins and 

fatty acids is decreased causing aggregation where lipofuscin is an autofluorescent mixture of this 

aggregation. Lipofuscin accumulation affects lysosomes and promotes further inactivity in the RPE 

(Sinha et al., 2016).           

Changes are known to occur with age resulting in changes in eye function and structure. Age-related 

macular degeneration (AMD) occurs in older people, especially over the age of 55 and is characterized 

by central vision loss. In addition to age, the risk factors for this disease are environmental and genetic 

factors such as smoking and gender (Gheorghe, Mahdi, & Musat, 2015). The main cause of the disease 

is a change in the activity of the RPE, autophagic dysregulation, lipids begin to accumulate, chronic 

oxidative stress occurs and extracellular drusen formation deposits between basal lamina of the RPE 

and Bruch’s membrane. These functional changes of the RPE lead to degeneration in the 

photoreceptors and prolonged causes reduced vision. Clinical analysis of the disease shows drusen as 

white-yellow spots in the fundi that can vary in size and number (Figure 4). There are two types of 

drusen with different morphology where one has irregular borders and is referred as soft drusen and the 

other, hard drusen, appears circular; the latter type is not a risk factor for AMD. AMD has two forms, dry 

or wet, with drusen prominent in dry AMD, a less severe variation. Wet AMD is characterized by 

abnormal neovascularization. Development of severe form of dry AMD is less common, with loss of 

outer retinal cells in the macular region causing atrophy of photoreceptors, RPE and choriocapillaris 

(CC) known as Geographic atrophy (GA).  Because of decreased retinal thickness, GA creates a blind 

spot in the visual field and appears as irregular lesion in the fundi and presents obvious color differences 

compared to the surrounding retina as the degenerated spots show color of the underlying choroid 

(Figure 4) (Fleckenstein et al., 2018; Gheorghe et al., 2015; Kaarniranta et al., 2019).  
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Figure 4. Color fundus images from human eye.  

Drusen formation is present over the macula area, marked with arrow (left) implying dry AMD while severe cases of dry AMD, GA, 

shows lesion over the macula area (right) (Kolb, 1995).  

1.2.3 Clinical methods  

1.2.3.1 Electroretinogram (ERG) 

ERG is a noninvasive research method that makes it possible to record field potential changes at the 

corneal surface, reflecting retinal function, used to identify human eye diseases affecting the retina. An 

ERG recording system contains a light source as well as active and reference electrodes and amplifiers 

that makes it possible to observe physiological integrity of the retina and draw conclusions about the 

function of individual retinal cells types, based on ERG responses to light stimuli. Most often a full-field 

ERG is used that gives response in the form of a wave and represents function of several major retinal 

cell types, based on ERG responses to light stimuli. The wave can be divided into deflections or 

individual wave components according to its position relative to baseline. First to appear in the ERG is 

the a-wave, a negative deflection from the baseline. The a-wave represents rod and cone photoreceptor 

function. Continuation from the a-wave in the opposite direction is the b-wave, a positive deflection, 

measured from the peak of the a-wave to the highest peak of the b-wave. The b-wave represents 

second-order neurons in the retina, a combination of electrical activity of various bipolar cell types and 

horizontal cells cause the reaction (Cameron, Allen, & Lucas, 2014; Saszik, Robson, & Frishman, 2002). 

There is a relationship between the amplitude and stimulus intensity of a- and b-waves. Implicit time is 

a measurement of the latency of each wave or how long it takes to reach its peak from the onset of the 

light stimulus. Smaller amplitudes caused by dimmer flash stimuli have longer implicit times than the 

ones that are more intense, with higher amplitude and increased light stimulus. Background light can 

influence the amplitude and therefore the implicit time, so a light-adapted and dark-adapted state of the 

retina are known factors during ERG recordings. With dark-adaption and dim stimuli, rod function can 

be isolated. Therefore, cone function is recorded with steady background light present and light-adapted 

retina. Another technique to examine cone function is using flicker, a flickering light stimulus with high 

frequency and in that way remove rod contributions to responses. Other components found in ERG 

recordings are the c-wave, d-wave and oscillatory potentials. The c- and d-wave may appear after the 

b-wave; slower response with c-wave representing RPE reactions while the d-wave is a result of multiple 

cellular events. At last, oscillatory potentials are superimposed on the b-wave, high frequency wavelets 

that reflect third-order neurons (Cameron et al., 2014; Kinoshita & Peachey, 2018). 
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1.2.3.2 Fundus imaging  

Fundus photography is a non-invasive technique that allows us to take color images of the inner 

surface of the posterior part of the eye. With fundus imaging, it is possible to examine the fundus 

appearance with 2d color images with focus on the optic nerve, macular area and vasculature. A fundus 

camera system consists of a light source, lens and camera. This method is particularly suitable for 

examining AMD patients where pigmentation in the fundus can be evaluated (Lapierre-Landry et al., 

2018). For advanced AMD and GA progression fundus autofluorescence has been used to detect 

lipofuscin in the RPE. They are different from the traditional fundus images with grey appearance where 

GA areas show  dark signals that stands out from the surrounding retina (Massamba et al., 2019).  

1.2.3.3 Optical coherence tomography (OCT)  

Similar to the previously mentioned fundus imaging, OCT is also a non-invasive technique, but it is 

different in that it allows for a sectional view through the retinal layers. The OCT system contains a light 

source, beam splitter, a sample arm and a reference arm. Echo of backscattered light is measured by 

low-coherence interferometry, processed by the OCT system and results in one section across the 

fundus reflecting depth of the retinal layers. The high resolution of the OCT images allows a distinction 

between the layers in a three-dimensional image. This method is suitable for diagnosis of  most eye 

diseases, including AMD patients since drusen can be detected between the retinal layers (Lapierre-

Landry et al., 2018). 
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1.3 Microphthalmia associated transcription factor (Mitf) 

The first mutant allele was discovered over 75 years ago by Paula Hertwig who found a white mouse 

with small eyes in a colony of otherwise normal mice. She bred this mouse and called it microphthalmia 

or mi for short. The mutated gene was discovered in 1993 and shown to encode a basic-helix-loop-helix-

leucine zipper (bHLH-Zip), transcription factor important for the development of both melanocytes and 

RPE cells (Figure 5) (Hodgkinson et al., 1993). The gene was named Microphthalmia associated 

transcription factor (Mitf). Characteristics of the bHLH-Zip family of proteins is DNA binding and the 

ability to dimerize another bHLHZip transcription factor (Goding & Arnheiter, 2019; Steingrímsson, 

Copeland, & Jenkins, 2004). There are multiple isoforms of MITF and many different promoters. 

Although the function of all the isoforms is not all well-known their expression has been well 

characterized. For example, several isoforms, including A-MITF, B-MITF, D-MITF, E-MITF, H-MITF, J-

MITF are expressed in the RPE whereas M-MITF is mostly expressed in melanocytes. The M-MITF 

isoform has been recognized in the RPE of an adult human (Ma et al., 2019). For Mitf to play its role 

and initiate gene transcription, it binds the DNA response element E-box motif CANNTG forming either 

homo- or heterodimers with the related TFE proteins TFEB, TEC and TFE3 (Hallsson et al., 2004; Hejna 

et al., 2019; Ma et al., 2019; Steingrímsson et al., 2004). Mitf absence has serious consequences 

leading to lack of melanocytes and hypopigmentation. Such disorders can be seen in both humans and 

other animals such as the mouse causing abnormalities in skin, eyes and ears (deafness) (Goding & 

Arnheiter, 2019).  

 

Figure 5. Structure of the mouse MITF protein. 

Individual parts of the Mitf (left) and composition with DNA, seen from two points of view (middle, right). (Goding & Arnheiter, 

2019)  

1.3.1 Mitf in development and function of the retina 

In early eye development, the neural retina and RPE are developed from the two layered optic cup, 

originally developed from neuroepithelium and later forming the optic vesicles (Figure 6). Mitf is first 

expressed in the optic cup (Figure 6, b) and later is a key marker in activating pigment-specific genes 

and RPE differentiation (Figure 6, c). The development of the neural retina (NR) and RPE from the two 

layered optic cup is determined by regulation of Mitf and other transcription factors (Bharti et al., 2012; 

Bharti, Nguyen, Skuntz, Bertuzzi, & Arnheiter, 2006). Later, as Mitf is involved in RPE cells survival, 

proliferation and differentiation, it activates gene expression necessary for RPE function such as the  
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Figure 6. Eye development.  

The neural retina and RPE originate from the neuroepithelium and optic vesicle (a). Immediately at the first stage of eye 

development, Mitf has an impact as a marker for the domains of neural retina and RPE, where these distinct layers develop from 

the optic cup (b). In the developed eye, Mitf has its role in RPE and melanocytes, supportive of the neural retina (c) (Dunn, Baker, 

& Sorden, 2018) .   

gene encoding RPE 65 in the visual cycle as well as other genes in this context (Ma et al., 2019; Michael 

et al., 2018; Wen et al., 2016). Mitf expression is regulated by signaling pathways and transcription 

actors controlling the fate and function of NR and RPE. Growth factors regulate MITF during early eye 

development, each with significant role (Craenen et al., 2020; Ngeow et al., 2018).Fibroblast growth 

factors (FGF) are found above the developing eye and have a role in the developing optic vesicle where 

it affects NR and RPE division by regulating Mitf. As FGFs activate transcriptional expression, two paths 

are formed where the neuroretina and the optic stalk are upregulated while Mitf and RPE formation are 

suppressed at this time point (Bharti et al., 2006; Ma et al., 2019; Nguyen & Arnheiter, 2000). MITF is 

necessary for RPE to develop. When Mitf function is absent at this stage and not expressed in the RPE 

as seen in MITF mutations, the RPE becomes unpigmented with neuroretinal development and a 

second retina develops (Bharti et al., 2006). In normal eye development, the Bone Morphogenetic 

Protein (BMP) signaling and Wnt signaling pathways stimulate MITF expression and subsequently RPE 

specification (Bharti et al., 2012; Bharti et al., 2006; R. N. Wang et al., 2014). BMPs are members of the 

transforming growth factor-β protein superfamily that in addition to RPE development affect the 

formation of the retina, lens, iris and ciliary body while WNT/β signaling is expressed in the RPE and 

regulates orthodenticle-related (Otx) transcription factor and Mitf (Ma et al., 2019; Meyers & Kessler, 

2017). Otx is one of a few transcription factors that has been shown to activate Mitf expression in the 

RPE. The transcription factors PAX2 and PAX 6 inhibit Mitf expression during eye development. These 

transcription factors have many roles in the vertebrate eye development, and have been shown to 

cooperate with Mitf at a protein level in the optic vesicle (Figure 6, a) (Bäumer et al., 2003; Bharti et al., 

2012; Ma et al., 2019; Steingrímsson et al., 2004).  Expression of Mitf is also pronounced in precursors 

of melanocytes and later as it activates the expression of pigmentation genes in order to stimulate 

melanogenesis (Goding & Arnheiter, 2019). This is mediated via Mitf activation of the rate-limiting 

enzyme tyrosinase (TYR), known for its crucial involvement in melanocytes and melanogenesis (Goding 

& Arnheiter, 2019). In melanocytes the tyrosinase (TYR), and the genes encoding the tyrosine-related 

proteins 1 and 2 are activated by Mitf through its binding to the CANNTG motif (Wu et al., 2018). Mitf is 

also important for melanocyte survival and differentiation (Kawakami & Fisher, 2017). As the eye 
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becomes full-fledged, Mitf still has important roles in RPE cells and melanocytes as Mitf participates in 

melanogenesis and pigment differentiation with roles in RPE cells and melanocytes promoting cell 

survival and proliferation (Hu, Savage, & Roberts, 2002; Maruotti, Thein, Zack, & Esumi, 2012).  

1.3.2 Mitf mutations 

Mitf mutations result in microphthalmia as well as hypopigmentation of the eye because of lack of 

Mitf function in RPE development (Steingrímsson et al., 2004). Defects appear because of prominent 

expression of Mitf in the RPE and the effect on the development of neural crest-derived pigmented cells 

(Chen et al., 2019). In humans, MITF mutations have been found in two similar pigmentation and 

deafness disorders, the Waardenburg type 2A (WS2) and Tietz syndromes (Chen et al., 2019). The WS 

mutation is in the bHLH-Zip domain of MITF, causing these symptoms and affecting hair, skin and eyes. 

To the more severe Tietz syndrome results in near-albinism and complete deafness. Other MITF 

mutation known in humans is biallelic and known as COMMAD syndrome. Combination of defects are 

known within the COMMAD syndrome including severe effect on RPE and retina caused by 

dysregulation of genes in the eye development. This results in unpigmented and microphthalmic eyes 

(George et al., 2016; Goding & Arnheiter, 2019). 

Many MITF mutations are known in mice and since they effect the phenotype to different extent, they 

can be arranged in an allelic series. The coat color can vary from absolute white to white spotting and 

even near-normal pigmentation do to effects on Mitf functionality. The most severe phenotype is 

observed in homozygous mice carrying the Mitfmi mutation which shows small and red eyes in addition 

to other defects and completely white coat. In the eye, mi- mutant mice effect the RPE and eye 

development resulting in  microphthalmic eyes (Goding & Arnheiter, 2019). Generally, heterozygous 

mice show milder phenotypes than homozygotes and, in most cases, heterozygotes are more or less 

normal. The exception to this is the MitfMi-wh mutation which shows white spots and grey coat color in 

heterozygous individuals; eye development is normal. Homozygotes for this mutation are white with 

intermediate microphthalmia. In homozygous condition, mice carrying the Mitfmi-enu122 mutation have 

white unpigmented areas covering large areas of the body; eyes are normally developed and 

heterozygotes show no obvious phenotypes (Steingrímsson et al., 2004).   

1.3.2.1 Mitf mutants used in this study  

In this study, two Mitf mutants were used and compared to wild type mice (C5BL/6J). The less severe 

mutation used was the Mitfmi-enu22(398)/Mitfmi-enu22(398) homozygote. This mutation has a black coat with 

white, unpigmented spots over the back and a white belly. The eyes in these mice are normal in size 

and are red-ruby in color (Figure 8). Originally this mutation was induced at the Novartis Institute for 

Functional Genomics with N-ethyl-N-nitrosourea (ENU) treatment as a part of a genetic screen (Bauer 

et al., 2009). A stop codon in exon 2A effects MITF in this mouse. A functional protein can still be made 

as the open reading frame continues despite absence of the skipped exon (Bauer et al., 2009). The 

other mutation used in the study was the more severe compound heterozygous MitfMi-wh/Mitfmi. This 

phenotype has white coat color and although the eyes are unpigmented, eye size is normal (García-

Llorca, Aspelund, Ogmundsdottir, Steingrimsson, & Eysteinsson, 2019). These two mutations therefore 
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provide an opportunity to investigate the effects of mild MITF mutations on eye structure and function. 

Both mutations have normal eye size, but they differ in their effects on pigmentation.  

 
 

   

Figure 7. The Mitf mutant mice used in this study.  

The phenotype of the Mitf mutant mice used in this study; Mitfmi-enu22(398)/Mitfmi-enu22(398) (left) and Mitfmi-wh/Mitfmi (right). 

 

  

Figure 8. Occular surface in wild type and Mitf mutant mice.  

Appearance of dilated eye of wild type (left), Mitfmi-enu22(398)/Mitfmi-enu22(398) (middle) and Mitfmi-wh/Mitfmi (right). 
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2 Aims 

This thesis will cover the following topics: 

1. Is aging a contributing factor in retinal degeneration in Mitf mutant mice? 

2. Does retinal function depend on the presence of Mitf? 

3. Do various Mitf mutations effect retinal function? 

4.   Is morphology of the retina and RPE affected in various Mitf mutations?  
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3 Material and methods 

Experiments were performed at the University of Iceland with facilities provided by the Biomedical 

Center. Studies were conducted over a one-year period where changes in eye function with increasing 

age were examined and comparison made between different mutations in the Mitf gene and its effect 

on vision and retinal structure.  

3.1 Mouse model  

Genotypes used in this study were Mitfmi-enu22(398)/Mitfmi-enu22(398), Mitfmi-wh/Mitfmi and wild type mice 

(C57BL/6J) for comparison. The mice were examined at one, three, six and 12 months of age. In every 

age group the criteria of 6 animals per group was used for statistical analysis. Unfortunately, due to 

breeding problems the number of Mitfmi-wh/Mitfmi animals used ranged between one and six animals. In 

order to limit the number of animals in the study, as well as for age follow-up, measures were in some 

cases repeated at different time points on the same animal. Mice were euthanized at experimental 

endpoint or humane endpoint when necessary by cervical dislocation (Parliament, 2010). Mice were 

bred at the University of Iceland as well as ArticLAS. The mice were housed in plastic cages in 

microisolator racks in monitored facilities. Every cage contained 1-3 mice, wood-based bedding and 

nest material with free access to food and water. The facility had 12h light and dark cycle and was kept 

at 21°C with average humidity at 53%. 

3.2 Experiments 

3.2.1 Permissions  

Permits for experiments where granted by The Icelandic Food and Veterinary Authority (MAST, 

License no. 2017-04-03).  

3.2.2 Anesthesia and preparation  

Mice were anaesthetized prior to experiments. For general anesthesia, a mixture of 40mg/kg-1 

Ketamine (Pfizer, Denmark) and 4mg/kg-1 Xylazine (Chanelle Pharmaceuticals, Ireland) was 

abdominally injected. The dose was based on weight (µg/g mouse). Responses to the drug varied 

between age, genotype and how often the animal had been anesthetized (Norman L. Hawes, 1999). 

For corneal anesthesia 1% tetra-cycling chloride (Alcon, Inc., U.S.A) was applied to each eye. For pupil 

dilation one drop of phenylephrine and another drop of Mydriacil (1% tropicamide) were applied to the 

corneal surface of the eye when withdrawal reflexes became absent. When pupils became dilated a 

drop of 1% Methyl-cellulose gel was applied to each eye to improve electrical conduction for an ERG 

electrode and prevent dehydration and cataract formation which is a common result of the anesthetic’s 

mixture. Contact lenses for rodents were used for the same purpose. Anesthesia was regenerated after 

approximately 20 minutes with half of the initial dose.  

3.2.3 Electroretinogram (ERG) 

After minimum of 30 minutes dark-adaption, the mice were anaesthetized (section 3.3.1) and 

positioned for the procedure under a dim red light. The mice were placed on a heating pad and covered 
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with an aluminum foil blanket while ERG recordings were obtained to maintain body temperature. The 

body of the mouse was placed straight and tilted a little on its (right) side for one eye (left) turning 

upwards. A small thread was placed under the superior incisors to insure open respiratory tract during 

ERG examination. Body temperature and reflexes were monitored during the procedures and the mouse 

euthanized if health problems came in order up to prevent suffering. 

To determine retinal function, a full field electroretinography (ERG) system was used with electrodes, 

a Grass Ps-33 photo stimulator (Astro-Med/Grass Inc.,West Warwick, RI, USA) and  a MacLab ML131 

BioAmp amplifier. The ERG system consisted of three electrodes. Single coiled urethane coated 

stainless steel wire used as a corneal electrode (0.2mm thick) was placed on the left eye (when possible) 

of the mouse, touching the surface of the cornea through 1% methylcellulose gel after the rodent corneal 

lens (Ocuscience LLC, USA)  had been removed. One stainless-steel wire reference electrode was 

placed in mouth/chin and another in the earlobe (ground) (Kinoshita & Peachey, 2018). Electrode signal 

quality was checked before recordings were begun to ensure that all testing equipment were functioning 

properly. The Grass PS-33 photo stimulator was used to evoke the ERG with light stimuli (10 µseconds 

duration) through a Ganzfeld strobe. Dark- and light-adapted ERG recordings were evoked manually 

with a presentation of a single flash stimulus with luminance at 0.67, 1.27, 1.57 and 1.87 log cd sec/m2 

and 10 Hz flicker stimuli with 1-minute interval. No averaging was used, and each light intensity was 

often presented twice to ensure the best quality of the recordings. The mouse was light adapted for 10 

minutes before light-adapted ERGs were obtained and performed with a steady 1.7 log cd sec/m2 

background light. ERG signals were recorded with the MacLab ML131 BioAmp amplifier, and amplified 

1000 times. Recordings were then listed in LabChart 7 Pro software (ADInstruments Pty Ltd., NSW, 

Australia) after being converted by a PowerLab analogue/digital converter (ADInstruments Pty Ltd., 

NSW, Australia). To isolate the oscillatory potentials (OPs) a 100 -500 Hz digital band pass filter was 

used in the LabChart Pro software and listed separately from the ERG wave.  

3.2.4 Fundus imaging  

Following the ERG recording, Fundus bright-field images were obtained in vivo via a Phoenix Micron 

IV rodent fundus imaging system (Phoenix Research Laboratories, Pleasanton, CA, USA). The system 

is flexible and comes with a platform that allows changes in height and horizontal motion of the 

experimental animal. The anaesthetized mouse was placed on the systems platform after anesthesia 

had been insured. In that way the corneal surface could easily be accessed with the lens of the device, 

necessary for real-time fundus view. After 1% methylcellulose gel had been renewed on both eyes, the 

rodent lens was kept on the left eye while removed from the right one for better approach of the fundus 

camera. Together with the movable platform and uniform motion of the fundus imaging system a good 

location of the mouse was ensured with focus on the optic nerve in the center of the field of interest.  A 

manually adjustable light source and focus control allowed good imaging resolution. The operation of 

the fundus imaging was automated and controlled through personal computer using Discover 2.2 

software.     
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3.2.5 Optical coherence tomography (OCT) 

Along with fundus imaging, OCT sections were used to determine the morphology of the eyes. A 

Phoenix Micron image-guided OCT camera (Micron IV-OCT2; Phoenix Research Laboratories, 

Pleasanton, CA, USA) was used with the same layout as previously mentioned (3.2.4) with 

anaesthetized mouse located on a platform with the lens of the systems touching the corneal surface. 

A real-time fundus view in the Micron Reveal 1.2 software allowed vertical sections to be obtained and 

therefore sections were selected in similar locations in all animals. OCT sections were obtained from 

right eye when possible. At all times, emphasis was on quality for good diagnostic value and thus it was 

important to have all layers visible when obtaining the sectional images.   

3.2.6 Electron Microscope (EM) 

For transmission electron microscopy (TEM), the animal was euthanized by cervical dislocation and 

the eye carefully enucleated and kept in fixative overnight. The sample was then embedded in resin with 

the following protocol. The tissue was washed two times in phosphate buffer after being removed from 

the fixative and then post fixed in 2% osmium tetroxide for 1 hour. Again, the tissue was washed in 

buffer two times. For dehydration, ethanol was used at different intensities: 50% ethanol for 5 min, 70% 

ethanol for 5 min, 4% uranyl acetate in 70% ethanol for 15 min, 80% ethanol for 5 min, 90% ethanol for 

5 min and 96% ethanol for 1x5 min+ 1x10 min + 2x15 min followed by 1:1 mixture of pure ethanol and 

resin and rotated for 1 hour. After 1 hour the mixture was replaced with pure resin and rotated for 1 hour, 

repeated 7 times. For the embedding, the tissue was placed at the bottom of a capsule filled with resin 

and polymerized over night at 70°C. The samples where then trimmed, rough sectioned and stained 

with toluidine blue. Transverse ultrathin cut (70nm) was done from a good sample with Leica Ultracut 

microtome and stained with toluidine blue. A nickel slot grid, 2- by 1- mm was used to pick up the sample. 

Sections were post stained in 4% aqueous uranyl acetate for 10 min followed by incubation in 0.4% 

Reynold’s lead citrate for another 10 min but rinsed several times between the two steps and again 

following the las incubation. The EM-1400Plus Transmission Electron microscope. Jóhann Arnfinnsson 

along with Paulina Cherek prepared the samples and Jóhann operated the microscope.  

3.2.7 Data analysis  

Results from independent experiments were exported to Microsoft Excel for data collection and basic 

processing. Each experiment required specific analysis, LabChart was used for ERG measurements 

and fundus lesion areas was detected in Image J. Retinal layers were measured from OCT sections 

with the vendors software InSight (Phoenix Research Laboratories, Pleasanton, CA, USA). Sections 

were obtained lateral to the optic cup in the fundi and measured in vertical plane through the retinal 

layers. InSight allowed segmentation analysis were inner retina (IR), outer retina (OR), RPE and 

photoreceptor layer and choroid were distinguished and measured. SigmaPlot 13 (Systat Sotfware, San 

Jose, CA) was used to plot graphs and for statistical analysis using student’s t-test and one-way 

analyses of variance (ANOVA).  Results are presented as means ± standard error of the mean (SEM) 

with standard deviation (Std.dev) available where differences of P>0.05 were considered statistically 

significant.  
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4 Results 

4.1 Retinal function with increasing age 

ERG measurements are divided in two categories where dark-adapted ERG recordings show rod 

responses and light-adapted recordings focus on cone function. In order to determine effects on rod 

vision dark- adapted a-wave and b-wave were obtained at different light intensities (0.67, 1.27, 1.47, 

1.87 log cd*sec/m2). Dark-adapted a- and b-waves from one, three, six and 12 months old animals show 

different amplitudes in response to a 1.87 log cd*sec/m2 stimulus (Figure 9). Over a 12-month period, 

wild type mice show decrease in amplitude with increasing age. Over the same time period, Mitfmi-

enu22(398)/Mitfmi-enu22(398) mice show slow degeneration. Mitfmi-wh/Mitfmi mutant mice showed no response to 

the flash stimulus, indicating that they are blind with no or limited rod function. This did not change with 

time. (Figure 9Figure 9). At one month of age, Mitfmi-enu22(398)/Mitfmi-enu22(398) showed similar responses to 

wild type mice, indicating normal dark-adapted ERG. With increasing age, Mitfmi-enu22(398)/Mitfmi-enu22(398) 

mice show higher amplitude than wild type mice (Figure 9). 

 

 

The amplitude of the a-wave (measured from baseline to the apex of the wave) shows  steady decrease 

with increasing age in wild type mice as a response to 1.87 log cd s/m2 stimulus (Figure 10, a). In Mitfmi-

Figure 9. Dark-adapted ERG recordings.  

ERG recordings from Wild type (black trace), Mitfmi-enu22(398)/Mitfmi-enu22(398) (green trace) and Mitfmi-wh/Mitfmi (blue trace) mice at 

different ages. The figure shows dark-adapted responses to a flash stimulus at 1.87 log cd s/m2 in wild type and Mitfmi-enu22(398)/Mitfmi-

enu22(398) mice whereas the Mitfmi-wh/Mitfmi mice showed no response at any age. 
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enu22(398)/Mitfmi-enu22(398) mice the amplitude was fairly constant at all ages, resulting in higher amplitude in 

Mitfmi-enu22(398)/Mitfmi-enu22(398) mice at six and 12 month of age compared to wild type (Figure 10, a). At 

six months of age the mean amplitude of the a-wave shows an increase in Mitfmi-enu22(398)/Mitfmi-enu22(398) 

mice with a 378.8 ± 18.7 µV (mean ± SEM). This is higher than was observed at 3 months of age (Table 

1). Higher amplitude is observed in Mitfmi-enu22(398)/Mitfmi-enu22(398) mice at 12 months of age showing 

degeneration progress over time less distinct than in wild type mice (Figure 10, a). These results reflect 

all a-wave dark-adapted stimulus levels tested (data not shown) with no significant difference in 

amplitude (P˂0.05). The implicit time of the a-wave was normal, except among 3 month old mice, where 

an increase was observed in both wild type and Mitfmi-enu22(398)/Mitfmi-enu22(398 mice (Figure 10, b). These 

data suggest normal function in photoreceptors in Mitfmi-enu22(398)/Mitfmi-enu22(398 mice compared to wild 

type at one, three, six and 12 months of age.  

The mean amplitude of the b-wave (from the apex of the a-wave to the peak of the b-wave) was 

obtained and measured to determine the function of second order neurons. ERG response to 1.87 log 

cd s/m2 stimulus showed a clear decrease in b-wave in both wild type and Mitfmi-enu22(398)/Mitfmi-enu22(398) 

mice (Figure 10, c).  At one month, wild type and Mitfmi-enu22(398)/Mitfmi-enu22(398) mice show similar results 

(Figure 10, c). There was an unexpected increase in amplitude at 6 months of age compared to 3 month 

old Mitfmi-enu22(398)/Mitfmi-enu22(398)  with the b-wave amplitude increasing to 762.4 ± 42.6 µV from 674.4 ± 

44.7 µV (mean ± SEM) (Table 2). Slower degeneration in Mitfmi-enu22(398)/Mitfmi-enu22(398) mutant mice at 6 

and 12 months old compared to wild type results in a statistically significant difference in amplitude at 

some of the stimulus levels tested for these age groups (data not shown). This was especially seen in 

12 months old animals where significant differences were observed at all stimulus levels (P>0.05). 

These results indicate normal rod vision when compared to wild type.  

Dark-adapted flicker recordings were used to isolate cone responses, where mean amplitude was 

obtained with high frequency of 1.87 log cd s/m2 stimulus. Over a 12 month period the dark-adapted 

flicker shows a decrease in wild type. Lower amplitude is observed in Mitfmi-enu22(398)/Mitfmi-enu22(398) mice, 

seen at all ages excluding at 6 months of age (Figure 10, e.) There was a 34 µV decrease over 12-

month period in the flicker amplitude in wild type mice while the difference was more pronounced in 

Mitfmi-enu22(398)/Mitfmi-enu22(398) mice showing 72.6 µV between the youngest and oldest animals. Of the six 

Mitfmi-enu22(398)/Mitfmi-enu22(398) mice tested there were 1 or 2 mice in each age group which showed 

impaired flicker responses. Dark-adapted flicker analyzation observed a statistically significant 

difference between wild type and the Mitf mutants tested (P>0.05).  

Function of third order neurons were observed with dark-adapted OPs and responses evoked by 

1.87 log cd*sec/m2 stimulus (Figure 10, d). Dark-adapted OPs decrease with increasing age in wild 

type, showing 700.9 ± 17.2 µV at 1 month of age while 506.7 ± 11.7 µV in 12 months old. Less decrease 

was seen in Mitfmi-enu22(398)/Mitfmi-enu22(398) mice with only 47.2 ±  29.3 µV difference between the youngest 

and oldest animals (mean ± SEM) (Table 3). The amplitude difference between OPs in wild type and 

Mitfmi-enu22(398)/Mitfmi-enu22(398) mice increases at older ages, seen at six and 12 months old resulting in 

statistically significant difference in all stimulus levels, excluding one of four tested at six months of age 

(P>0.05). These data suggest that Mitfmi-enu22(398)/Mitfmi-enu22(398) mice show abnormal activity in third order 

neurons, e.g. effecting amacrine cells,at six and 12 months of age.  
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To determine cone function, light-adapted b-waves were measured and compared between animals 

at one, three, six and 12 months of age (Figure 11). Light-adapted ERG recordings were obtained after 

10 minutes of light adaption with single flash stimuli at four different light intensities (0.67, 1.27, 1.47, 

1.87 log cd*sec/m2) and a steady white background light of 1.7 log cd/m2. The light-adapted b-wave was 

measured from the baseline to the highest peak of the wave (Table 4). As in the dark-adapted 

recordings, no ERG responses could be evoked in Mitfmi-wh/Mitfmi mice in light-adapted recordings.  Light-

adapted recordings resulted in a flat line to all stimulus levels tested at all ages. With these results we 

assume Mitfmi-wh/Mitfmi mice are blind with none or severe cone function. When the mean amplitude of 

light-adapted recordings from all age groups are compared, a decrease in amplitude is observed with 

increasing age as a response to 1.87 log cd s/m2 stimulus (Figure 12, a). Wild type mice show decrease 

of 68.4 µV in mean amplitude over 12 month period. Less difference is observed in Mitfmi-enu22(398)/Mitfmi-

enu22(398) mice with 26.4 µV difference between the youngest and oldest animals. Wild type mice show 

higher amplitude than Mitfmi-enu22(398)/Mitfmi-enu22(398) mice at one and three months of age (Table 4). At 

three months of age, a drop in amplitude was observed in Mitfmi-enu22(398)/Mitfmi-enu22(398) mice with 129.1 

± 19 µV in amplitude at three months compared to 179.9 ± 219 µV at six months (mean ± SEM). At 12 

months of age, an increase in amplitude was observed in wild type mice, showed 137.6 ± 18 µV 

compared to 122.3 ± 132.4 µV at six months (Table 4). Despite this increase, recordings from wild type 

mice showed lower amplitude than the Mitfmi-enu22(398)/Mitfmi-enu22(398) mice. Due to the low values 

measured in wild type at mice six months of age, a statistically significant difference was found in the 

three of four highest stimulus levels tested (data not shown) (P>0.05). Slower degeneration in light-

adapted ERG recordings in Mitfmi-enu22(398)/Mitfmi-enu22(398) than in wild type mice suggests that cone 

responses are normal in Mitfmi-enu22(398)/Mitfmi-enu22(398) mice. Other criteria to measure cone responses is 

the light-adapted flicker, obtained with high frequency of 1.87 log cd s/m2 stimulus and a steady white 

background light of 1.7 log cd/m2.  Analysis of light-adapted flicker recordings results in similar 

degeneration over a 12 month period in wild type and Mitfmi-enu22(398)/Mitfmi-enu22(398) mice. The amplitude 

was higher in wild type than in enu22(398)/Mitfmi-enu22(398) mice at 3 months of age but was equal at 12 months 

of age (Figure 12, b). With Mitfmi- wh/Mitfmi showing no flicker response, a statistically significant 

difference was observed between the groups (P>0.05). 

 



  

21 

 

Figure 10. Dark-adapted ERG amplitude.  

Amplitude measurements from dark-adapted ERG recordings with a flash stimulus of 1.87 log cd*sec/m2. Figures show wild type 

(black trace) and Mitfmi-enu22(398)/Mitfmi-enu22(398) (green trace) mutant mice at different ages. Dark-adapted a-wave shows slow 

degeneration, applying normal implicit time and b-wave (a,b). Dark-adapted b-wave shows sharper degeneration when ages are 

compared (c). Dark-adapted oscillatory potentials (d) and dark-adapted flicker amplitude (e) show slight decrease with increasing 

age. 
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Figure 11. Light-adapted ERG recordings. 

Light-adapted ERG responses to a flash stimulus at 1.87  og cd s/m2 in wild type (black trace), Mitfmi-enu22(398)/Mitfmi-enu22(398) (green 

trace) and Mitfmi-wh/Mitfmi (blue trace) mutant mice at different ages (a-d).  

 

 

  

Figure 12. Light-adapted ERG amplitude.  

Amplitude measurements from light-adapted ERG recordings with a flash stimulus of 1.87 log cd*sec/m2 and a steady 1.7 Log 

cd sec/m2. Figures show wild type (black trace), Mitfmi-enu22(398)/Mitfmi-enu22(398) (green trace) and Mitfmi-wh/Mitfmi (blue trace) at 

different ages. Light-adapted b-wave (a), light adapted flicker (b).  
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Table 1. A-wave amplitude, dark-adapted.  

 

 A-wave Wild type    Mitfmi-enu22(398)/Mitfmi-enu22(398) 

Age (months) Mean (µV) Std Dev SEM Mean (µV) Std Dev SEM 

1 440,4 69,1 28,2 395,3 75,8 30,9 

3 385,4 28,9 11,8 355,1 65,3 26,7 

6 325,9 39,2 16 378,8 45,9 18,7 

12 137,6 44,0 18 171,3 14,3 5,8 

Table 1 shows the measured mean amplitude ((µV) from different ERG components as responses to a flash stimulus at 1.87 log 

cd s/m2 at one, three, six and 12 months of age. Standard deviation (Std Dev) and standard error of the mean (SEM) are showed 

for variability. 

Table 2. B-wave amplitude, dark-adapted. 

 B-wave Wild type    Mitfmi-enu22(398)/Mitfmi-enu22(398) 

Age (months) Mean (µV) Std Dev SEM Mean (µV) Std Dev SEM 

1 771,9 128,7 52,5 804,9 127,2 51,9 

3 618,1 55,6 22,7 674,4 109,4 44,7 

6 601,6 74,3 30,3 762,4 104,3 42,6 

12 457,4 60,7 24,8 593,3 59,5 24,3 

Table 2 shows the measured mean amplitude ((µV) from different ERG components as responses to a flash stimulus at 1.87 log 

cd s/m2 at one, three, six and 12 months of age. Standard deviation (Std Dev) and standard error of the mean (SEM) are showed 

for variability. 

Table 3. Oscillatory potentials amplitude, dark-adapted  

 Ops Wild type    Mitfmi-enu22(398)/Mitfmi-enu22(398) 

Age (months) Mean (µV) Std Dev SEM Mean (µV) Std Dev SEM 

1 700,9 42,2 17,2 717,4 159,7 65,2 

3 504,6 65,5 26,7 555,9 151,7 61,9 

6 606,6 131,1 53,5 793,5 153,5 62,7 

12 506,7 28,6 11,7 670,2 75,6 30,9 

Table 3 shows the measured mean amplitude ((µV) from different ERG components as responses to a flash stimulus at 1.87 log 

cd s/m2 at one, three, six and 12 months of age. Standard deviation (Std Dev) and standard error of the mean (SEM) are showed 

for variability. 

Table 4 . B-wave amplitude, light-adapted 

Table 4 shows the measured mean amplitude ((µV) from different ERG components as responses to a flash stimulus at 1.87 log 

cd s/m2 at one, three, six and 12 months of age. Standard deviation (Std Dev) and standard error of the mean (SEM) are showed 

for variability. 

 B-wave Wild type    Mitfmi-enu22(398)/Mitfmi-enu22(398)  

Age (months) Mean (µV) Std Dev SEM Mean (µV) Std Dev SEM 

1 206 70,9 29 197,7 18,8 7,7 

3 176,2 54,4 22,2 129,1 46,6 19 

6 122,3 113,4 132,4 179,9 129,7 219 

12 137,6 44 18 171,3 14,3 5,8 
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4.2 Retinal morphology  

To evaluate how age affects the structure and appearance of the retina, fundus photography, OCT 

and EM were obtained to image both wild type and Mitf mutant mice. Fundus images were obtained 

from the right eye of the mouse when possible. Appearance of the fundus appeared similar in both eyes 

(data not shown). Fundus images showed constant pigment in wild type mice at all ages while both Mitf 

mutations showed hypopigmentation in their fundi of both eyes, varying according to genotype. 

Unpigmented lesions appeared in the superior part of the fundi in the Mitfmi-enu22(398)/Mitfmi-enu22(398) mice 

at all ages, showing irregular borders (Figure 13). The lesion size increased between one and three 

months of age but seemed similar in size after 3 months of age. When measured, the lesion size 

between three, six and 12 months in Mitfmi-enu22(398)/Mitfmi-enu22(398) mice was ranging between 1.8 - 2 µm2. 

Because of the lesion’s extent, vasculature appeared more prominent, observed at six and 12 months 

of age in Mitfmi-enu22(398)/Mitfmi-enu22(398) mice. In the Mitfmi-wh/Mitfmi mice, severe hypopigmentation was 

observed widespread in the fundi with RPE lesions. The location and extend of each lesion differed 

between individuals at all ages (Figure 13). Lesion size appeared increasing with age, ranging from 1.3 

– 1.9 µm2. Because of severe hypopigmentation in the Mitfmi-wh/Mitfmi mice fundi, vasculature appeared 

more prominent and the cup ratio appeared larger compared to wild type, with larger diameter around 

the optic nerve vasculature.  

The OCT images show sectional images through the retinal layers where inner retina (IR), outer 

retina (OR), RPE and photoreceptors as well as the choroid (CH) can be clearly distinguished. Sections 

show normal retinal infrastructure at different ages in wild type mice (Figure 14). All retinal layers were 

present in Mitfmi-enu22(398)/Mitfmi-enu22(398) mice with RPE and photoreceptor layers more prominent 

compared to wild type at all ages (Figure 14). In these mice, specific cell-layers were often found to be 

thicker or equal in thickness to the same layers in wild type mice, resulting in thicker total retina (Figure 

16, a) The most obvious difference when compared to wild type was the thicker choroid observed in 

Mitfmi-enu22(398)/Mitfmi-enu22(398) mice, with difference ranging from 37.9 µm (12 months of age) to 47.9 µm 

(three months of age). This difference had the greatest impact on the thickness of the total retina in 

Mitfmi-enu22(398)/Mitfmi-enu22(398) mice at different ages. With increasing age of the Mitfmi-enu22(398)/Mitfmi-

enu22(398) mice, other specific cell-layers maintained their thickness with only a minor degeneration 

observed when compared to wild type (Figure 15). In contrast, OCT sections of Mitfmi-wh/Mitfmi mice 

showed severe retinal degeneration immediately at an early age. At one month of age, Mitfmi-wh/Mitfmi 

showed severe degeneration with abnormal structure of the retinal layers where only the inner retina, 

choroid and sometimes traces of other retinal layers were visible. Because of this severe degeneration 

the total retina appears thinner at all ages (Figure 15). As seen in the Mitfmi-enu22(398)/Mitfmi-enu22(398) mice, 

Mitfmi-wh/Mitfmi showed thicker choroid than in wild type mice at all ages. At one month of age, the inner 

retina was the only retinal layer that was thicker in wild type than in the Mitf mutant mice. Little difference 

was observed between the retinal layers in wild type and Mitfmi-enu22(398)/Mitfmi-enu22(398) mice except for 

the choroid layer that was the only one that showed visible difference. Statistically significant difference 

was observed between all layers in the three genotypes at one month of age (P>0.05). The fact that the 

choroid appeared thicker in Mitf mutant mice did not change with time and showed the choroid layer 
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thicker at all time points tested. This observation affects the thickness of the total retina at all over a 12 

month period where Mitfmi-enu22(398)/Mitfmi-enu22(398) mice show the thickest retina and thinnest retina was 

observed in Mitfmi-wh/Mitfmi mice (Figure 16, a). At three and six months of age, wild type and Mitfmi-

enu22(398)/Mitfmi-enu22(398) mice again showed similar retinal layers while Mitfmi-wh/Mitfmi shows obvious 

degeneration. Retinal layers appear thickest in Mitfmi-enu22(398)/Mitfmi-enu22(398) except for the outer retina 

that appears thicker in wild type mice with 9 µm difference at three months of age and only 1.2 µm 

difference at six months of age. A statistically significant difference was found between the groups tested 

in most of the retinal layers at three and six months of age (P>0.05). The inner retina was the only one 

that did not show a statistically significant difference at three and six months of age (P˂0.05). In Mitfmi-

wh/Mitfmi mice the inner retina appears similar in size to that of wild type mice at three and six months of 

age with 10 - 20 µm difference causing these statistical differences at these ages. Six month old Mitfmi-

wh/Mitfmi mice show the thickest choroid. At 12 months of age, the RPE and photoreceptor layer becomes 

absent in Mitfmi-wh/Mitfmi mice (Figure 16, b). 

EM images were collected from one, three and 12 month old animals. EM images show sections of 

the RPE with adjacent cell-layers present. POS are visible in wild type at all ages, similar in size and 

shape (Figure 17). The RPE contains both phagosomes (Ph) and pigment granules (PG) and appears 

thicker in 12 month old animals than in one and three month old animals. When compared to wild type, 

Mitfmi-enu22(398)/Mitfmi-enu22(398) mice showed POS similar in size and shape. The RPE contains more Ph 

and PG appeared in Mitfmi-enu22(398)/Mitfmi-enu22(398) mice at all ages. RPE appeared similar in thickness for 

both one and three months of age but was thicker at 12 months and showing more organelle 

abnormalities. In Mitfmi-wh/Mitfmi mice some division of layers were seen with no POS present and no Ph 

or PG. Due to the severe degeneration, it was difficult to process tissue samples from these animals at 

12 months of age. Still as presented, the choroid was thickened and the RPE was absent at this age.   
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Figure 13. Fundus images at different ages. 

In vertical plane, the figure shows the fundus of wild type (in the first column), Mitfmi-enu22(398)/Mitfmi-enu22(398) (in the middle) and Mitfmi-

wh/Mitfmi (left column) mice.   
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Figure 14. OCT images showing retinal layers. 

The vertical plan of the retinal layers of wild type in the first column, Mitfmi-enu22(398)/Mitfmi-enu22(398) and Mitfmi-wh/Mitfmi to the left. In 

horizontal plane age differs between rows showing increasing age with OCT images at 1 month (top), 3 months, 6 months (middle) 

and 12 months (bottom) of age. Fundus on the right to each column shows where the OCT section was obtained.  

 

 

 

 

 

Figure 15. OCT thickness analysis. 

Bar graphs showing the thickness of different retinal segments from wild type (black), Mitfmi-enu22(398)/Mitfmi-enu22(398) (green) and Mitfmi-

wh/Mitfmi (blue) mice at different ages. The total retina is estimated as well as the thickness of individual segments of the retina are 

presented. Segments analyzed are the inner retina (IR), outer retina (OR), RPE/photoreceptors and choroid. 
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Figure 16. Degeneration path of individual layers. 

Structural changes with increasing age. Figures show wild type (black) and Mitf mutant mice, Mitfmi-enu22(398)/Mitfmi-enu22(398) (green) 

and Mitfmi-wh/Mitfmi (blue) mice at different ages. Note he difference in scaling for thickness in a. and b. 

 

Figure 17. EM images at different ages.  

In vertical plane, the figure shows wild type to the left, Mitfmi-enu22(398)/Mitfmi-enu22(398) in the middle and Mitfmi-wh/Mitfmi to the right. In 

horizontal plane increasing age shows EM images at 1 month (top), 3 months (middle) and 12 months (bottom) of age. Images 

show photoreceptors outer segments (POS), retinal pigment epithelium (RPE) and Bruch’s membrane (BM).   



  

29 

5 Discussion 

The purpose of this study was to examine age-related changes in Mitf mutant mice. A study of this 

kind makes it possible to estimate the rate of degeneration with increasing age and investigate the 

effects of Mitf on these changes using mutations that have normally developed eyes. Examining Mitf 

mutant mice over a 12-month period makes it possible to map the effect of this transcription factors on 

normal vision and the function of the different cells in the eye. The research methods used were ERG, 

fundus imaging, OCT and EM. The eye in the Mitf mutant used in this study are of normal size, indicating 

that these mutants allow normal eye development. Previous research has shown that while three months 

old Mitfmi-wh/Mitfmi mice are blind, Mitfmi-enu22(398)/Mitfmi-enu22(398) at the same age show both dark- and light-

adapted responses compared to wild type (García-Llorca et al., 2019). The rate of retinal degeneration 

was mapped in the different Mitf mutations, studied over a 12-month period. Some activity changes were 

seen in retinal function, but morphology did not change significantly in Mitfmi-enu22(398)/Mitfmi-enu22(398) while 

Mitfmi-wh/Mitfmi mice showed increasing degeneration in retinal layers with increasing age. All 

experiments were performed by the same person, securing stability in implementation. Due to limitations 

in the breeding of the Mitfmi-wh/Mitfmi mice during the investigation, the preferred number of animals in 

each age group could not be reached for this genotype (n=6). The same equipment, protocols and 

methods were used as previously (García-Llorca et al., 2019). 

5.1 Age and the Mitf mutations  

Age-related changes in vision were shown using ERG recordings. An obvious decrease was seen in 

dark-adapted amplitude in both wild type and Mitfmi-enu22(398)/Mitfmi-enu22(398) mice over a 12 month period 

(Figure 9). Most decrease in amplitude of dark-adapted recordings were seen at 12 months of age in 

both wild type and Mitfmi-enu22(398)/Mitfmi-enu22(398) mice. These results were expected since a larger time 

frame existed between recordings at older ages (Figure 9). When the amplitude of each wave is taken 

into consideration, the a-wave shows slow degeneration both in wild type and Mitfmi-enu22(398)/Mitfmi-

enu22(398) mice (Figure 10, a). There is a 224 µV difference between one month and 12 months old Mitfmi-

enu22(398)/Mitfmi-enu22(398) mice but the difference is 302.8 µV in wild type mice, indicating slower 

degeneration over all in Mitfmi-enu22(398)/Mitfmi-enu22(398) (Table 1). These dark-adapted ERG recordings 

imply well-functioning rod photoreceptors at older ages in Mitfmi-enu22(398)/Mitfmi-enu22(398) mice. Light-

adapted ERG recordings were used to isolate cone function. Results from light-adapted ERG recordings 

in Mitfmi-enu22(398)/Mitfmi-enu22(398) mice show little changes with increasing age. Supporting that observation 

are the flicker ERG results which again reflect normal cone function as recordings are similar at one, 

three and six months of age in Mitfmi-enu22(398)/Mitfmi-enu22(398) mice (Figure 10, e). The fact that 1 or 2 mice 

in each age group showed impaired dark-adapted flicker responses suggest abnormal cone-ON 

pathway in these specific animals. These were the only impaired ERG recordings observed in the Mitfmi-

enu22(398)/Mitfmi-enu22(398) mice and were not observed in light-adapted flicker results. The dark-adapted b-

wave results indicate degeneration in both wild type and Mitfmi-enu22(398)/Mitfmi-enu22(398) mice with 

increasing age. Slower degeneration is found in Mitfmi-enu22(398)/Mitfmi-enu22(398) compared to wild type mice, 

where the difference in amplitude increases with age (Figure 10, c). At 6 months old, Mitfmi-

enu22(398)/Mitfmi-enu22(398) result in sudden amplitude increase, with a considerable amplitude difference 
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compared to wild type where 160,8 µV difference is observed between the two (Table 2). It is difficult to 

trace the source of this increase, whether its related to individuals or the equipment. Yet there is a 

decrease in amplitude at 12 months of age. The results of the b-wave reflect the function of second 

order neurons. The OPs were higher at all time points in Mitfmi-enu22(398)/Mitfmi-enu22(398) mice than seen in 

wild type, difference increasing with age, reveling normally functioning third order neurons.  

Previous studies have shown severe effect on Mitfmi-wh/Mitfmi mice due to Mitf disfunction in these 

animals. ERG responses could not be evoked at any time point at any luminance tested in Mitfmi-wh/Mitfmi 

mice in this study, indicating that these mice are blind at 1 month of age. Severe degeneration and 

impaired retinal function were observed at 1 month of age assuming they are born blind.  Age does not 

effect the ERG results since a flat line was observed at all time points. In the case of Mitfmi-wh/Mitfmi mice, 

the Mitf gene has severe impact on retinal function and early retinal development.  

The equipment used place some limitations on our ability to perform ERG recordings. Newer systems 

offer more precise measurements, with greater number of recordings at each luminance tested and 

averaging of the recordings and allowing more specific reactions in order to obtain e.g. the C-wave, 

which reflects RPE function. The system used in this study was assembled in the lab which may 

contribute to the differences observed between individual recordings. The luminance of stimuli used 

might also be on a larger scale (e.g. -3.6 – 2.1 log cd s/m2), as can be performed by newer ERG systems. 

Larger scale insures exclusion of cone responses in dark-adapted recordings. The time spent for dark-

adaption was minimum 30 minutes and should have been extended in those cases where minimum time 

was used. 

5.2 Correspondence between retinal infrastructure and eye function  

In the two Mitf mutations that are investigated here, fundus appearance is affected in both as mutants 

show hypopigmentation and unpigmented lesions in the fundi. These lesions vary between the Mitf 

mutants, with larger and more spread lesions in the more severe mutant, Mitfmi-wh/Mitfmi. In Mitfmi-

enu22(398)/Mitfmi-enu22(398) mice, these lesions only appear in the upper half of the fundus and do not spread 

decisively with increasing age. Possible manual defect that might cause little bias in these results is the 

light function of the fundus system when obtaining fundus images. Lesions might not be so prominent 

when too little light is used and might be too apparent when using too much light. These lesions are not 

seen in the OCT sections of Mitfmi-enu22(398)/Mitfmi-enu22(398) mice where all retinal layers are present and 

appear similar in thickness as in wild type. Therefore, OCT sections of Mitfmi-enu22(398)/Mitfmi-enu22(398) mice 

do not suggest retinal degeneration with increasing age showing normal RPE and photoreceptor layers 

with increasing age (Figure 16, b). In fact, with these results, Mitfmi-enu22(398)/Mitfmi-enu22(398) mice show 

normally developed eyes with all retinal layers present. The main difference from wild type mice is that 

the total retina appears thicker in these animals at all ages (Figure 16, a). The difference represents 

thicker choroid compared to wild type as other retinal layers appear similar (Figure 15). The severe 

degeneration observed in Mitfmi-wh/Mitfmi mice with ERG recordings reflects what was observed in the 

morphology of these mice. At one month of age severe degeneration is seen in the retinal layers, with 

some layers abnormal and not as distinctive compared to wild type mice (Figure 14). These results 

indicate clear evidence of retinal degeneration with severe changes present at birth. With increasing 
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age, retinal layers become less distinct and some of them are absent at 12 months of age in the Mitfmi-

wh/Mitfmi mice (Figure 15). Very thin RPE and photoreceptor layer is found in these mice as well as the 

total retina is thinner than in wild type mice (Figure 16). EM images allow a great deal of magnification 

allowing focus on the RPE, showing organelles and their alignment, and adjacent layers, such as POS 

and part of the choroid including CC. The results from EM images again show how a similar structure is 

between Mitfmi-enu22(398)/Mitfmi-enu22(398) and wild type mice. RPE in both genotypes appear similar in size 

at all ages examined and all include a fair amount of both Ph and PG. There might be a slight difference 

at 12 months of age, with RPE being thicker in Mitfmi-enu22(398)/Mitfmi-enu22(398) than in wild type, showing 

some abnormalities in its structure. Again, the Mitfmi-wh/Mitfmi mice show severe degeneration at all ages, 

where layer differentiation proves difficult in some cases. Ph and PG are also found in lower numbers 

as the RPE becomes absent with increasing age.   

5.3 Mitf and retinal dysfunction 

The Mitfmi-wh/Mitfmi mice are known to show severe retinal degeneration. Now with an overview over 

a 12 month period it is obvious that retinal dysfunction is present from birth, causing abnormalities and 

degeneration in the retinal structure affecting vision and causing blindness. It is still uncertain how MITF 

causes slow degenerations in the Mitfmi-enu22(398)/Mitfmi-enu22(398) mice. Other factors influencing retinal 

function might be taken for consideration that have not yet been examined where emphasis on RPE 

function and expression could be useful. For example, with the ERG C-wave, RPE function could be 

scrutinized. It is clear that since Mitfmi-enu22(398)/Mitfmi-enu22(398) mice suffer from slow retinal degeneration 

it is important to find which targets of MITF mediate these effects. Could this be affecting the 

photoreceptor layer causing dysfunction and hyperactivity or is it simply a defect in the RPE cells that 

slowly results in effects on retinal cells? In order to determine the expression of MITF in the retina of 

these mice, retinal samples were sent Karolinska Institute for western blot examination, with focus as 

well on proteins expressed in the PRE, autophagy- and apoptosis markers.  
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6 Conclusions  

Retinal function and RPE development depend on the presence of Mitf. Various mutations in the Mitf 

gene shows different effect on these visual factors. This study shows age-related changes in both mild 

and severe Mitf mutations. With increasing age retinal layers, including RPE and photoreceptors layer 

stay preferably unchanged where degeneration is within normal amount when compared to wide type 

mice in the milder Mitf mutation, Mitfmi-enu22(398)/Mitfmi-enu22(398). In these mutants, age seems not to have 

decisive affect. The retinal structure of Mitfmi-enu22(398)/Mitfmi-enu22(398) mice reflects ERG recordings where 

mice show relatively slow degeneration with normal retinal function. The only inactivity observed in Mitfmi-

enu22(398)/Mitfmi-enu22(398) function were through dark-adapted ERG flicker recordings where cone-bipolar 

pathways may be affected in some individuals. Besides this rare abnormal cone function Mitfmi-

enu22(398)/Mitfmi-enu22(398) mice show almost hyperactivity when compared to wild type at all ages. The total 

retina appears thicker in Mitfmi-enu22(398)/Mitfmi-enu22(398) than in wild type mice as the choroid appears to 

thicken with age. Opposite to normal function in Mitfmi-enu22(398)/Mitfmi-enu22(398) mice are the Mitfmi-wh/Mitfmi 

that are blind at 1 month of age. Dysfunctional Mitf in Mitfmi-wh/Mitfmi mice affects not only retinal function 

but also retinal morphology where retinal layers are abnormal and show severe degeneration in all 

retinal layers from birth.  

How much both morphology and function of the retina in these Mitf mutant mice is affected depends 

on the severity of the Mitf mutation. The more severe the Mitf mutation is, the more effect it has on the 

retina in both function and structure, where the role of Mitf in eye development has a significant effect.  

Increasing age could not be seen to have decisive effect in the Mitf mutant mice examined, where retinal 

function does not change extensively with increasing age. As the Mitf affects the RPE pigment in these 

Mitf mutants, effects on the morphology of the retinal layers could not be observed where thickness and 

appearance were similar with increasing age.  
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