University of South-Eastern Norway
Faculty of Health and Social Sciences

Doctoral dissertation no. 67
2020

Hilde Regeberg Pedersen

The Retina in Congenital Aniridia
- Structural, Functional and Genetic Variability




Hilde Rageberg Pedersen

The Retina in Congenital Aniridia
- Structural, Functional and Genetic
Variability

A PhD dissertation in
Person-Centred Healthcare



© 2020 Hilde Regeberg Pedersen
Faculty of Health and Social Sciences
University of South-Eastern Norway
Kongsberg, 2020

Doctoral dissertations at the University of South-Eastern Norway no.67

ISSN: 2535-5244 (print)
ISSN: 2535-5252 (online)

ISBN: 978-82-7206-552-1 (print)
ISBN: 978-82-7206-553-8 (online)

This publication is, except otherwise stated, licenced
under Creative Commons. You may copy and redistribute
the material in any medium or format. You must give

appropriate credit provide a link to the license, and
indicate if changes were made.
http://creativecommons.org/licenses/by-nc-sa/4.0/
deed.en

Print: University of South-Eastern Norway



Pedersen: The Retina in Congenital Aniridia

To Kent, Ellen, Kare & Stine



Pedersen: The Retina in Congenital Aniridia




Pedersen: The Retina in Congenital Aniridia

Acknowledgements

The work presented in this thesis has been carried out at the National Centre for Optics,
Vision and Eye Care, Faculty of Health and Social Sciences at the University of South-
Eastern Norway and was funded by the Norwegian Ministry of Education and Research.
The genetic analysis was conducted at the Neitz Lab at the University of Washington and
was supported by National Eye Institute grants P30EY001730 and RO1EY028118, and by

unrestricted funds from Research to Prevent Blindness.

First, | want to thank my supervisors, Rigmor C. Baraas and Stuart J. Gilson. A special
thanks to Rigmor, who has been my main supervisor and a great inspiration along the
way. Thank you for sharing your immense knowledge, for always believing in me and for
challenging me a little bit extra when needed. | learn from you every day and am forever
grateful! I am deeply thankful to Stuart for proof-reading and for his invaluable support
and feedback. This work would not have been possible without his remarkable
programming skills. | am very grateful to Maureen Neitz for her work with the genetic
analysis and for sharing her great expertise. | want to thank Erlend S. Landsend, Tor P.
Utheim and @ygunn Aas Utheim for the great collaboration we have had during this
project. Tor enthusiastically introduced me to aniridia research in 2015 and played an
important role in the initiation of this project. A great thanks to my colleges and my
fellow PhD-candidates, Lene A. Hagen and Nickolai G. Nilsen, for all support, valuable
discussions and friendship. | also want to thank Lene, Ragnhild Bjgrgum and Jon Gjelle

for contributing in this project, and to Kenneth Knoblauch for patiently teaching me R.

| would like to express my gratitude to Aniridi Norge for their continuous support. | am
appreciative of and thank the participants and their families. Their interest,

contributions and patience are fundamental and have been a great inspiration.

And last, but not least, | am deeply thankful to my family and friends for always being

supportive. A special thanks to my dear Kent for always being there for me.

Kongsberg, February 2020
Hilde Rggeberg Pedersen



Pedersen: The Retina in Congenital Aniridia




Pedersen: The Retina in Congenital Aniridia

Abstract

Aniridia is a rare, congenital eye disorder most commonly caused by a mutation in the
PAX6 gene, which affects eye development and leads to a range of ocular anomalies,
including iris- and foveal hypoplasia and vision impairment. However, the phenotypes
vary considerably between individuals. Research investigating the retina in aniridia
remains limited. The main purpose of this thesis is therefore to gain more in-depth

knowledge about variation in genotype and retinal phenotype in persons with aniridia.

The thesis includes three cross-sectional studies that characterize macular structure and
foveal development, their importance to visual performance, and genotype-phenotype
correlations. Data from genetic analysis and retinal imaging were combined with clinical

and psychophysical measures of high-contrast visual acuity and colour vision.

High-resolution retinal imaging shows that persons with aniridia have varying foveal
hypoplasia grades (paper |), reduced cone photoreceptor density and mosaic regularity
(paper 1l) and decreased thicknesses and morphology of the retinal layers (paper lll),
relative to normal healthy controls. High-contrast visual acuity and colour discrimination
thresholds not only varied greatly between individuals, but also within families carrying
the same genetic mutation, and were associated with grade of foveal hypoplasia and
thickness of the outer retinal layers. Despite the large variation in phenotype, analysis
of genotype-phenotype correlations indicate that the retinal phenotype is associated
with the position and extent of the mutation, within non-coding, coding or flanking

regulatory regions of the PAX6 gene.

This knowledge is of great significance in the clinical management of persons with
congenital aniridia to understand limits and potential related to visual function, to
determine when an intervention is advisable, and for presenting well-founded individual

alternatives of facilitation, rehabilitation or treatment options.

Keywords: Aniridia, PAX6, foveal hypoplasia, retinal development, photoreceptors,
colour vision, visual acuity, optical coherence tomography, adaptive optics, person-

centred eye care.
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1 Introduction

1.1 Background

The physical parameters of the eye are unique to each person, giving each their very
own subjective visual experience. Sight has long been considered the most highly valued
of our senses, which was recently supported in a cross-sectional study in UK [1]. Hence,
to have a visual impairment may have a large impact on people’s lives and identities and
creates major challenges in many areas of life such as learning, communication, work

and spare time, social relations and independence in daily life [2].

Rare eye disorders affect a limited number of individuals and is often overshadowed by
conditions affecting larger patient populations. In most of Europe including Norway, a
disease is defined as rare if the population prevalence is less than 1:2000 [3]. With a
reported prevalence of 1:72 000 (95% Cl: 1:63 000—1:84 000) in Norway and Sweden [4],
congenital aniridia is classified as a rare genetic eye disorder. There is no official register
for aniridia in Norway but the Norwegian Association of Aniridia (Aniridi Norge) had
registered about 70 known cases in 2017. Rare diseases such as aniridia are a challenge,
both for the persons who are affected and their families, but also for health care
professionals because reliable and scientifically grounded information often is
insufficient. Individuals with aniridia commonly experience that healthcare providers
and society lack knowledge about the disorder. This may have negative consequences,
such as inappropriate treatment or advice, treatment delay, and reduced options for

vision rehabilitation and facilitation [5].

Although the name aniridia means without iris, the diagnosis aniridia includes a
spectrum of disorders in addition to varying degree of iris hypoplasia. Congenital aniridia
is often called a “pan-ocular” disorder of abnormal eye development [6-8]. This reflects
that the whole eye is affected by misdirected ocular development, causing vision

impairment from early childhood ranging from mild vision impairment to blindness. The

[EnY
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majority of persons with aniridia have foveal hypoplasia [9] which may be one of the

main limiting factors in the visual function achieved.

Congenital aniridia can result from more than 450 different PAX6 mutations [8] and is
associated with large variability in phenotype and severity, even among family members
who have an identical genetic mutation [9]. Consequently, despite having the same
diagnosis the impact of the disease can vary a lot between persons with aniridia. This
person-to-person variability can be a challenge in the clinical management of aniridia.
Thus, genotypic and phenotypic variation and complexity in aniridia requires more

detailed attention.

There is a particular lack of knowledge related to variation in retinal structure and how
it correlates with visual function in persons with aniridia. Only a few studies have
investigated the retinal layers in aniridia before the present study was initiated. Those
described the presence of foveal hypoplasia and/or different grades of foveal hypoplasia
[10-13]. None had reported analysis of the photoreceptor mosaic. Functional
consequences and retinal phenotype in relation to genotype remains largely unexplored
and can make it difficult to provide evidence based and person-centred rehabilitation
and treatment options. This indicates the need to increase the understanding of
morphological abnormalities and variation in retinal development, both between and

within individuals and families with aniridia.

The work presented in this thesis focuses on characterizing retinal structure and foveal
development, its importance to visual performance, and genotype-phenotype
correlations in aniridia. The use of high-resolution retinal imaging techniques allows
thickness measurements of the retinal layers and imaging of the retina in living humans
at a cellular resolution. Data from genetic analysis and retinal imaging combined with
visual functional measurements such as colour vision and visual acuity will contribute to
increased knowledge about the large spectrum of between-individual variations,
limitations and possibilities related to visual function. Such knowledge is crucial if we

are to understand each individual’s needs for facilitation and visual rehabilitation and

N
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how their vision can be utilized in the best possible way, which is essential for learning,

communication, work and each person’s independence in daily life.

1.2 The retina

The initial step in seeing begins in the retina, which is considered a part of the central
nervous system [14]. The retina comprises highly organized layers of neurons including
the light-sensitive cells which detect and process visual information [15]. Retinal
function requires photoreceptors. Light stimulates the photopigment in the cone and
rod outer segments and is converted into electrical signals by phototransduction. That
is, activation of the visual pigment results in a cascade of several biochemical reactions
and hyperpolarisation of the cell. This generates a response to light in the form of an
electrical signal [15]. Rods are very light-sensitive and operate at low light levels as they
are able to respond to a single photon of light, whereas cones require higher light levels

to generate signals. All rods contain the same photopigment, rhodopsin [15].

Normal trichromatic colour vision is initiated by differential activation of the three cone
types which have their peak sensitivity at different wavelengths depending on the type
of photopigment their respective outer segments contain. The long (L), medium (M) and
short (S) wavelength cones have peak sensitivities at ~560 nm, ~530 nm and ~420 nm,
respectively [16, 17], but with considerable overlap in absorption spectra [18, 19]. The
L and M cone opsin genes (OPN1LW and OPN1MW) are localized on the X-chromosome
at Xg28 whereas the genes for the S cone opsin (OPN1SW) is localized to an autosome
on chromosome 7 at 7g32. Mutations in one of these genes cause inherited colour vision

deficiencies [20].

A network of different cell types forms neural circuits and carry signals from the
photoreceptors via ganglion cells and the lateral geniculate nucleus (LGN) to the brain
in at least three major pathways: parvo-, magno- and koniocellular pathways. In short,
the parvocellular pathway carries information about red-green colour opponency and
fine spatial details, the magnocellular pathway conveys luminance and motion signals

and the koniocellular pathway signals blue-yellow opponency, amongst others [21-23].

w
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1.2.1 The retinal layers

The human retina has a layered structure. The outermost layer, the retinal pigment
epithelium (RPE), is formed by a single layer of pigmented epithelial cells that closely
interacts with the photoreceptors in the maintenance of visual function [24]. The RPE is
also critical for normal retinal development [24]. The photoreceptor layer is located
adjacent to the RPE and consists of the outer segments (OS) and inner segments (IS) of
the rods and cones. Their cell bodies comprise the outer nuclear layer (ONL) and form
synapses with horizontal and bipolar cells in the outer plexiform layer (OPL). Bipolar,
horizontal, amacrine and Miiller glia cell bodies are located in the inner nuclear layer
(INL). Bipolar cells connect directly to the photoreceptors, whereas horizontal and
amacrine cells laterally inhibit bipolar cells. The inner layer of synapses is the inner
plexiform layer (IPL) where bipolar cell dendrites connect to the ganglion cells, either
directly or indirectly via amacrine cells. The retinal ganglion cell layer (GCL) consist
mainly of ganglion cell nuclei, but also displaced amacrine cells [25]. The retinal ganglion
cells transmit signals via their axons in the retinal nerve fiber layer (RNFL) through the
optic nerve to the LGN and visual cortex where the sensory information is interpreted
as vision. Most of the retinal cell types have multiple subtypes that perform different

functions (reviewed in [26]).

Choroid

Figure 1. SD-OCT image (right) that shows the different retinal layers. The scan is taken
along the yellow line shown in the infra-red fundus image (left). Miiller cell end feet and
astrocytes form the inner limiting membrane (ILM), while Junctions between
photoreceptors and Miiller cells form the external limiting membrane (ELM). EZ, ellipsoid
zone (also termed 1S/0S); 1Z, interdigitation zone; BM, Bruch’s membrane.
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1.2.2 Normal distribution of photoreceptors

Retinal thickness and cellular organization differ based on location in the retina. The
retinal photoreceptor arrangement is well described ex-vivo by histology [27-29] and in-
vivo by high-resolution imaging [30-35]. The photoreceptor mosaic is organised in a
regular triangular pattern with nearly hexagonal packing, although some cones have
fewer or more than six neighbour cones. In reality, on average 50—-60% of the cones have
six neighbours [36]. There are considerably more rods than cones across the retina with
a total ratio of rods to cones of approximately 20:1, but this ratio varies substantially
with retinal eccentricity [29]. In a normal retina, the foveal center, out to a region
approximately 200400 um in diameter, is rod-free [29, 37]. The fovea contains the
highest density of cone photoreceptors with thick outer retinal layers. However, the
density decreases quickly as a function of distance from the foveal center. In the foveal
center, cone inner segment diameters are 1-3 um but increase in diameter towards the
more peripheral regions [29, 38]. The gaps between the cones are filled with an
increasing number of rods which dominates the more peripheral regions and peaks at

around 15-20 degrees from the center of the fovea [29, 35].

In addition to different rod and cone distributions, the number and distribution of the
three cone subtypes varies. S cones are absent from the foveal center and are randomly
but more sparsely distributed than the L and M cones [27, 39, 40]. The L and M cones
are found to be randomly arranged, but the same classes of cones occasionally tend to
clump together [39-41]. There is a large variation in relative densities of L and M cones,
with L:M cone ratios being recorded as high as 16.5:1 and as low as 1.1:1 in males with

normal colour vision [40-42].

The cone density varies substantially between normal individuals, particularly in the
foveal center where peak cone density has a wide normal range of less than 100 000 up
to about 250 000 cones/mm? (imaged in-vivo) [43-45]. The inner retinal layers are
thickest in a concentric zone around the foveal center. This zone contains the cells that
receive input from the foveal cones and has the highest density of ganglion cells.

Ganglion cell density decreases rapidly with eccentricity [25].

(2}
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Variation and changes in the composition of nerve cells in the retina such as cone
density, mosaic regularity, L:M cone ratio, or how the cells connect to each other can
alter the visual information that travels to the brain. All these factors can influence detail

and colour perception [e.g. 46, 47].

E 200000 - l 1 ®

| |
S ' | Cones
B 1500004
§ T Rods
2 100000 | 9
S -8
© I \
= 50000 — ! !
[} I \
v | \

|
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Nasal 6 3 .7 0/ 3\ \\6 Temporal

RN
\
\

Distance from Fovea (mm)

Figure 2. Normal distribution of photoreceptors and retinal ganglion cells. Density of
cones, rods and ganglion cells as a function of distance from the foveal center in a normal
retina. The plot is based on data from Curcio et al. [29] and Curio & Allen [25]. Images of
the cone photoreceptors are taken with the Kongsberg adaptive optics scanning light
ophthalmoscope and shows cones from the foveal center in confocal mode and images
from approximately 1.4, 2.9 and 4.4 mm retinal eccentricity in split-detector mode. Scale
bar =20 um.

(o)}



Pedersen: The Retina in Congenital Aniridia

Figure 3. Definition of the macula. The central 6 mm (corresponds to ~ 20 degrees of
visual field) of the retina is called the macula and can be divided into three concentric
zones: Fovea (central 1 mm), parafovea (0.5-1.5 mm from the foveal center) and
perifovea (1.5-3.0 mm from the foveal center). The foveal center is marked with an
asterisk.

1.2.3 Retinal development

The retina originates from the neural ectoderm and develops over several years, both
before and after birth. Retinal development starts within the eye field of the anterior
neural plate forming the optic vesicles. The optic cup is formed from invaginations of
each optical vesicle by embryonic day 32. The retinal pigment epithelium (RPE) develops
from the outer posterior layer of the optic cup, and the neural retina from the inner
posterior layer (reviewed in [48]). Proliferation and differentiation of the inner layer of
the optic cup begins around fetal week 7—-8 developing into the different neural retinal
layers. All the retinal cells, including Miiller glial cells, are generated at different times

from multipotent retinal progenitor cells (RPCs). That is, RPCs have the ability to give

~
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rise to more than one type of cell and become any of the seven major cell types of the
retina. The ganglion cells, cones, horizontal cells and amacrine cells are born in an early
phase and overlaps with a late phase with birth of the rods followed by Miiller glial cells
and bipolar cells [49-51]. Expression of cone opsins takes place in S cones before M and

L cones [52].

Development of the retina follows a central-to-peripheral gradient where the retinal
cells are generated in the incipient fovea first and continues sequentially more
peripherally [53]. Although cone migration mechanisms are not very well-known, it is
shown that the cells migrate in all three planes during retinal development and
maturation. In early development post mitotic cells migrate from the scleral surface
towards the surface of the vitreous (z-axis) to their respective cellular locations [54]. This
results in the characteristic laminar structure formed by the different retinal layers [14].

Later, the cells migrate (x and y-axis) to form the fovea [55].

The inner and outer retina develop differently. The inner plexiform layer and ganglion
cell layer form first and reaches the peripheral areas around mid-gestation, while the
outer plexiform layer develops slower and is not complete before 30 fetal weeks [53].
All retinal layers are present from the central to peripheral retina before birth but are
immature. Particularly, foveal photoreceptors are far from mature, continues to develop
after birth and are the last to complete development (reviewed in [56]). This
development process is regulated by a network of genetic factors, including PAX6
(described in section 1.4.4), that is important to produce each class of cell in the right
order and number, place them correctly through migration and for formation of neural
circuits [57]. Abnormal regulation or mutations in one or several of the early retinal

developmental genes can lead to inherited retinal diseases (reviewed in [58]).

1.2.4 Foveal development
The fovea is a specialized region of the retina that dominates the visual perception
including colour vision and high spatial acuity. The fovea is characterized by a pit where

the inner retinal layers are translocated outwards. Blood vessels are absent from the
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foveal center, forming an avascular zone. The high visual resolution is enabled by the
high cone photoreceptor density, elongated waveguides and that the foveal cones sends
information through a non-convergent pathway, where at least two midget ganglion
cells receives input from only one cone via one cone bipolar cell. In contrast, in the
periphery many cones are connected to each ganglion cell [59]. Information from the
fovea and its retinal circuitry employs a large part of the visual cortex and plays a crucial
role in normal cortical development, regulating calcarine fissure volume and symmetry
[60]. Hence, adequate stimulation of the visual system is important for normal

development.

22 Fwk

/ﬂ

GCL -
INL -
onnnii}"!.. hi!H8Mdbnte0omnmnmn, oo e

25-27 Fwk +

L _M

e ——
NN T e

ONL s

Birth/40 Fwk +

GCL - - —

INL —M
o e
1S/0S

Adult fovea +
T e =
INL -i ! i E i
ONL + HFL:
1S ——

0OS

Figure 4. Schematic illustration of foveal development. There is an initial thickening of
the ganglion cell layer (GCL) before the foveal pit gradually forms after formation of a
foveal avascular zone. Cells from the GCL and inner nuclear layer (INL) migrate away
from the foveal center, and cone photoreceptors migrate towards the foveal center. At
birth, the foveal cone inner and outer segments are short and immature (coloured blue)
and cone packing and elongation continues through adolescence [55].
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Foveal development is a complex process with a combination of biochemical and
mechanical factors involved [56]. Photoreceptor differentiation begins very early in the
fovea and is complete earlier than in other regions for all the retinal cell types [61]. The
fovea can be identified morphologically as early as around fetal week (Fwk) 11-12 by the
presence of cones and initial thickening of the central retina. The pit, however, does not
begin to form until the foveal avascular zone (FAZ) is defined after mid-gestation and
gradually forms with migration of inner retinal layers away from the center (reviewed in
[56]). The pit shape changes from narrow and deep to wide and shallow after birth,

presumably as a consequence of stretching of the retina as the eye grows [62].

At birth, foveal outer segments are extremely short and cone density is only around
25,000 cones/mm? [63, 64]. Cone packing to raise foveal cone density mainly occur after
birth [65]. During childhood, the cones migrate towards the foveal pit, individual cones
become thinner and the outer segments elongates, referred to as cone specialization.
The cone axons elongate as a result of displacement of the inner retinal neurons and
centripetal cone migration, forming the Henle’s fiber layer together with Miiller cell
processes. This indicates that the foveal outer retina forms synapses with the inner
retinal neurons before the onset of pit formation and cone packing, as also found by
histology [66]. An exact timeframe for final maturation is not clearly defined. Recently,
studies of postnatal development using OCT indicates that foveal maturation continues
until at least 12—-16 years of age [67, 68]. It is, however, a significant amount of variation
between individuals [67]. In the developing retina, there is a correlation between
thickness of the outer retinal layers and visual acuity [67]. Also, normal colour vision
develops over several years after birth. The best chromatic detection sensitivity is

reached at around 20 years of age [69].

1.2.5 Foveal hypoplasia

Disruption of the foveal development process leads to foveal hypoplasia, characterized
by lack of a foveal avascular zone and incursion of inner retinal layers. Clinically, foveal
hypoplasia can be graded based on whether a foveal pit, outer nuclear layer widening,

and outer segment lengthening are present or not. This is thought to reflect the major

10



Pedersen: The Retina in Congenital Aniridia

development steps in foveal formation: centrifugal displacement of inner retinal layers,
centripetal migration of cones, and cone specialization [70]. This grading system is

applied and described in more detail in paper I.

Foveal hypoplasia can have large functional consequences since the normal human
fovea underlies a large part of our visual function, including the ability to distinguish
details and colours [71]. Increasing grades of foveal hypoplasia have been linked to
increasingly poor visual acuity [70]. To the best of the authors knowledge, no previous
studies have investigated the association between degree of foveal hypoplasia and

colour sensitivity.

Many inherited retinal diseases, e.g. albinism and achromatopsia, are associated with
foveal hypoplasia, decreased cone density and mosaic regularity and/or disruption of
the photoreceptor structure and function [e.g. 46, 72]. Studies of albinism have shown
that cone specialization can occur in the absence of a foveal pit [73, 74] and that the

reduced foveal cone density is correlated with outer segment length [75].

1.3 Aniridia phenotype

Aniridia was first described in the early 1800s [76]. The name aniridia describe the most
noticeable characteristic feature, that is complete or partial absence of the iris.
Consequently, the eye is not able to adjust to differing levels of light. The classical ocular
phenotype in congenital aniridia is, however, a combination of congenital under- or
abnormal development of several eye structures including the iris, cornea, anterior
chamber angle, lens and retina. Clinically, the most common findings in childhood,
besides varying degrees of iris hypoplasia, are thickened corneas, foveal hypoplasia,
nystagmus, significant visual impairment and photophobia [7, 9, 77]. A smaller
proportion of cases also have optic nerve hypoplasia [78]. Ocular complications, like
early onset cataract, glaucoma, aniridia-associated keratopathy (AAK, progressive
opacification of the cornea) and dry eye disease [79-82], often develop progressively

during lifetime [83] and may cause increasing visual impairment.
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Foveal hypoplasia is one of the most common features associated with congenital
aniridia [9] and may be one of the crucial limitations for visual outcome. Foveal
hypoplasia in congenital aniridia was confirmed by histology in the early 1900s [84].
More than a century later, OCT was shown to be a useful tool in confirming foveal
hypoplasia and quantify macular thickness in persons with aniridia [10, 11]. The central
macula in children with aniridia was reported to be significantly thicker compared with
that in healthy children and described as a flattened retinal profile [11] or a dome-
shaped macular profile [12]. Thickening of the outer nuclear layer normally seen at the
fovea could not be identified [12]. Clinically, foveal hypoplasia is most often described
as present or not based on absence or presence of the macula reflex evaluated using
ophthalmoscopy. Recently, qualitative OCT-based grading [70] have demonstrated
variable degrees of foveal hypoplasia across persons who have aniridia [85, 86], implying
that visual potential differs markedly between individuals. Detailed descriptive
guantitative data on foveal, parafoveal and perifoveal architecture in aniridia is,

however, limited.

Abnormal development of the foveal region has been associated with reduced length of
the calcarine fissure, where the primary visual cortex is located, assessed with MRI in
aniridia [60]. Both cone and rod function has been reported to be affected in congenital
aniridia as measured with electroretinogram (ERG), but with dysfunction ranging from
nearly normal to severely abnormal [87-89]. There are a limited number of previous
studies of colour vision in aniridia, however, in a report from 1981, Weber and Petersen

described reduced colour vision in a family with congenital aniridia [90].

A wide variety of phenotypes and severity have been described in aniridia [e.g. 9, 91].
This large between-individual variation in phenotypes also occurs within families [85].
The reason for variable expressivity among persons with the same or different genetic

mutations is unclear.
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1.4 Genetics of congenital aniridia

In approximately one-third of persons who have aniridia the condition has occurred
sporadically, whereas two-thirds have a family history of aniridia [9]. The majority of
genetic mutations leading to aniridia are inherited dominantly and often results in
multiple persons with aniridia across familial generations. These mutations occur within
the paired box gene 6 (PAX6; OMIM 607108) and result in loss of function of one copy
(haploinsufficiency) of the gene (recently reviewed in [8, 92]). Disease-causing
mutations can also occur in neighbouring regions of DNA that normally regulate the
expression of the PAX6 gene [93-95]. In a few cases, other genes such as FOXC1 and

PITX2 have been implicated in aniridia-like phenotypes [96].

Aniridia can also occur as part of a syndrome, such as WAGR syndrome where the
adjacent WT1 locus is involved in addition to PAX6, and may cause Wilms’ tumour,
aniridia, genitourinary abnormalities and mental retardation [97]. Another rare form of
aniridia is observed in Gillespie’s syndrome which is characterized by iris hypoplasia
along with cerebellar ataxia and intellectual disability [96, 98]. Only non-syndromic

aniridia is discussed further in this thesis.

1.4.1 The PAX6 gene

The Pax6 gene is highly conserved in a variety of species. Based on the genotypic and
phenotypic similarities, the Small eye (Sey) mouse [99] and Drosophila eyeless (ey) [100]
have served as major model systems for human aniridia. In humans, PAX6 was identified
as the gene causing aniridia by positional cloning [101] and the genomic exon/intron

structure was mapped by isolating cDNA clones [102].

PAX6 is a transcription factor and plays important roles in development of the central
nervous system, olfactory system, spinal cord and pancreas, in addition to its essential
role in normal eye development. It is considered the master regulator or selector gene
of eye development [103], which means that it acts as a “molecular switch” by
interacting with other transcription factors in the gene regulatory network to direct cell

type specification, differentiation, proliferation and migration [104]. In other words, the
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PAX6 gene provides instructions for making PAX6 protein that regulate activity and
controls the expression of other genes that are involved in normal ocular and neural
development (reviewed in [105]). However, PAX6 is also regulated through interactions
with other transcription factors and multiple enhancers to carry out and fulfil its role

[103].

Correct PAX6 dosage is of importance for normal eye development [106]. A single
functional copy of the PAX6 gene does not produce a sufficient level of the PAX6 protein
to activate its target genes. Hence, normal eye development requires two functional
copies of PAX6. The amount of protein within a cell may also alter which target genes
would be expressed, which in turn influences development. Too high levels of PAX6 are

also known to lead to congenital eye anomalies [106].

The human PAX6 gene is mapped to the short arm of chromosome 11 (11p13) and is 22
kilobase pairs (kb) long. It contains 14 exons (the first 3 being non-coding), including an
alternatively spliced exon 5a, encoding two different major isoforms: a 422 amino acid
PAX6 protein (canonical PAX6) and an 436 amino acid PAX6 (5a) protein, that exhibits
different DNA-binding properties [101, 102]. The canonical PAX6 contains two DNA-
binding domains, the paired domain (PD) and the homeodomain (HD), separated by a
linker region (LNK), as well as a proline serine—threonine-rich C-terminal transactivation
domain (PST) which regulates the transcription of target genes. The PD comprises an N-
terminal sub-domain (NTS or PAI domain) and a C-terminal sub-domain (CTS or RED

domain) [102].

A third isoform, in which the PD is lost (Pax6APD), has been described [107] and shown
to have a distinct function in mammalian ocular development [108, 109]. Another
alternative PAX6 transcript initiation site has been identified in intron 7 [110]. In
humans, PAX6 uses at least three promoters (PO, P1 and Pa) for production of the
different PAX6 isoforms, though the regulation and different downstream target genes

of each isoform in the eye are not fully understood.
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Figure 5. Schematic presentation of chromosome 11p13 (A), the PAX6 gene (B) and the
PAX6, PAX6(5a), and PAX6APD proteins (C). PAX6 is one of several genes located at
chromosome 11p13 (marked in orange in A). The PAX6 exons are represented by
coloured boxes indicating the different protein domains (light grey: 5’UTR, blue: PD, grey:
linker region, orange: HD and dark grey: PST domain). PAl and RED are sub-domains of
the paired domain. PD: paired domain, HD: homeodomain, PST: proline-serine-threonine
rich domain.

Cis-regulatory elements have been identified both within introns of the gene, upstream
and downstream of PAX6 [93, 94, 109, 111, 112]. An important downstream regulatory
region is located within introns of the ELP4 gene adjacent of PAX6. This region contains
a number of regulatory elements including the so-called SIMO enhancer, involved in the
self-amplifying loop of PAX6 [93], and a retina-specific enhancer [111], among others.
Deletions in this region were described previously in persons with aniridia who have no
intragenic mutations in the PAX6 coding region [93-95], suggesting that these 3’
regulatory elements are required for PAX6 transcription. Although the role of all
elements is not known, important tissue-specific regulators are located in this region

[109].
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1.4.2 The spectrum of PAX6 mutations

More than 490 unique PAX6 mutation variants were reported in the “PAX6 Mutation

Database” (http://Isdb.hgu.mrc.ac.uk/home.php?select db=PAX6) until its last update

in 2018. The most common mutations found in PAX6 includes nonsense, frameshift and
splice-site variants that introduce premature termination codons (PTCs), which results
in the loss of one functional copy of PAX6 (haploinsufficiency). These account for
approximately 70 % of all reported PAX6 mutations [8, 92, 113]. It is hypothesized that
the mRNAs containing PTCs located before 50 base pairs upstream of the last exon-exon
junction are detected and degraded by the nonsense-mediated decay (NMD) pathway
to prevent the accumulation of truncated proteins in the cell [113, 114]. Most mutations
in the PST region result from frameshift or point mutations that change the stop codon
to cause run-on translation [113]. These are predicted to create a longer transcript, C-
terminal extensions (CTE), which escape the NMD and may result in dominant negative
effects. However, the underlying mechanisms of how CTE mutations cause loss of

function remains to be investigated [92].

Mutations in non-coding regions of PAX6, have also been reported in aniridia. Deletions
or point mutations in 5’ untranslated region (UTR) are likely to affect normal splicing
resulting in skipping of one or several exons and presumably formation of PTCs [95, 115].
Although, the exact effect on the mRNA are not known. An increasing number of reports
have demonstrated that changes in PAX6 regulatory regions at the 3’ end of the
transcribed gene, leaving the PAX6 exons intact, can cause aniridia [93-96, 116-118].
Large deletions involving the whole or a part of the PAX6 gene, including or not including
regulatory regions, also account for a considerable proportion of aniridia cases [119,

120].

1.4.3 Genotype-phenotype correlations

Genotype-phenotype correlations refer to the relationship between specific gene
mutations (genotype) and the resulting expression of the disease (phenotype). To date,

no accurate genotype-phenotype correlations in aniridia have been established. PTC
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mutations generally present a classical aniridia phenotype, including foveal hypoplasia
[9], but the type or location of the different mutations does not seem to influence the
expressed phenotype. It is assumed that this is because the truncated proteins are
subject to NMD [113], resulting in PAX6 haploinsufficiency. CTE variants have been
associated with moderate and severe aniridic phenotypes, similar to PTC-causing
mutations [9, 121, 122]. Missense mutations, which cause one amino acid to be replaced
by another during translation, have been reported in milder phenotypes, atypical and
non-aniridia phenotypes, but with quite variable severity [9, 113, 123]. Classical aniridia
has been reported as a consequence of changes in 3’ regulatory PAX6 regions [96, 116].
More recently, deletions in this region have also been associated with milder anterior
segment phenotypes such as mild, non-progressive keratopathy [83] and varying foveal
hypoplasia grades [85]. Phenotypes associated with FOXC1 and PITX2 genes are most
commonly described as anterior segment dysgenesis rather than classical aniridia [96,

124, 125].

1.4.4 The role of PAX6 in retinal development

Spatially, temporally and quantitatively correct expression of PAX6 is important for
normal development of the eye [126, 127]. This expression pattern is complex and not
well understood. During early human eye development, PAX6 is expressed on the
surface and neural ectoderm. PAX6 is required for the optic vesicle to invaginate to form

the optic cup, giving rise to the neural retina and the retinal pigment epithelium [128,

129].

PAX6 is involved in RPE specification and pigmentation through a regulatory interaction
with the transcription factor MITF [130]. In the neural retina, the Pax6 gene has at least
three, overlapping functions: promote proliferation of retinal progenitor cells, maintain
potential of progenitors to generate all retinal cell types (RPC multipotency) [131], and

regulate cellular differentiation timing [126, 132].

Pax6 is widely expressed in retinal progenitor cells and is required for activating and

regulating the expression of several different transcription factors, including basic-Helix-
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Loop-Helix (bHLH) transcription factors, to control the development of individual retinal
cell types [105, 131, 133]. Pax6 is involved in regulation of Crx and Otx, through a
transcriptional network that regulates specification and differentiation of both rod and
cone photoreceptors [127]. In addition to its role as an activator, Pax6 has been shown
to inhibit the transcription of several genes. For example, inhibition of Crx in the
peripheral optic cup prevents premature activation of photoreceptor differentiation
which is essential for determination and survival of the photoreceptors [127]. In the
differentiated human retina, PAX6 is expressed in retinal ganglion, amacrine and
horizontal cells [128]. Variable continuous expression of PAX6 is also seen in the inner
layers of the adult human retina [134], suggesting a possible role in maintenance of the

aging retina.

Multiple downstream target genes are most likely affected by PAX6 during foveal
formation. These need to be determined to understand the mechanism of how PAX6
haploinsufficiency leads to arrested foveal development. As mentioned in the aniridia
phenotype section, foveal hypoplasia is the most common retinal deficit associated with
aniridia [135]. This suggests that PAX6 plays a critical role in foveal formation.
Quantitative measurements of intra-retinal layer thicknesses across a spectrum of PAX6

mutations have not been reported before in aniridia.
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2 Motivation and aim of research

2.1 Motivation

To provide the best possible care for persons with congenital aniridia, clinical
management and healthcare should be guided according to experience and evidence
that exists from best available research information. As mentioned in the introduction,
foveal hypoplasia is a very common finding and is the main cause of congenital vision
loss in aniridia. Despite this, scientific research investigating variation in retinal structure
and visual function in aniridia remains limited, and little is known about the underlying
mechanisms of foveal hypoplasia. This entails difficulties in providing accurate and early
diagnosis, prognosis and subsequent provision of personalized early intervention,
facilitation and treatment. Hence, the main motivation behind this research project is
to gain new and better knowledge about the retina in aniridia, including associations
between structure and function, retinal phenotype and genotype, which can contribute

to better future eye health care for persons with aniridia.

2.2 Aims and objectives

The aim of this thesis is to increase knowledge about the complexity and variation in
retinal structure and development, its association with genotype and how it affects

visual function in persons who have congenital aniridia.
The primary objectives for each of the papers were:

l. To quantify the association between the degree of arrested foveal formation
and impairment of colour vision in congenital aniridia.

Il. To investigate the variation in retinal phenotype in family members
possessing the same aniridia genotype.

Il To investigate PAX6 genotype and phenotype correlations in congenital
aniridia, specifically with regards to thickness of the retinal layers within the

macula and its association with visual function.
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3 Materials and Methods

3.1 Research design, recruitment and study sample

This thesis is a self-contained part of a larger project entitled “Aniridia and vision” that
was initiated and planned in close collaboration with Aniridi Norge and Oslo University
Hospital. The study had a cross-sectional, observational and comparative design. High-
resolution imaging of the retina and quantitative methods were employed to provide a
detailed evaluation of retinal phenotypic variability in aniridia. Clinical and
psychophysical measures of visual function (visual acuity, colour vision) were considered
to be important to increase knowledge about the retinal function and understand the
consequences of changes in retinal- and optical structures in aniridia. These methods
are non-invasive and have been applied successfully for retinal and functional

characterization in other inherited retinal diseases [e.g. 46, 72, 136].

The participants were recruited through Aniridi Norge. Anyone in Norway, aged 10 years
or older during the year of data collection, and diagnosed with congenital aniridia, was
invited to participate in the study. In addition, one participant from another Nordic
country who heard about the study and volunteered to participate, was included. This
gave a total study sample of 37. The diagnosis of aniridia was confirmed clinically by the
presence of iris hypoplasia or/and foveal hypoplasia at the initial visit. Age-matched
healthy controls were recruited through the National Centre for Optics, Vision and Eye
Care, University of South-Eastern Norway. Inclusion criteria were no history of systemic
or ocular diseases. Refractive errors that could be corrected with glasses or contact
lenses were permitted. Additionally, all participants (both participants with aniridia and
controls) who were included in paper | had to have normal trichromatic colour vision,
confirmed by analysis of the cone opsin genes as a part of the initial data collection.
Unaffected family members in one family with aniridia were included as normal controls
in paper Il. These were recruited through the family members who were already
included in the study. A total of 68 normal controls were included in the three studies

combined.
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Table 1. Overview of the overall study sample and data that were collected in all the
participants, and the number of participants and additional data included in paper I-IlI.

CROSS-SECTIONAL STUDY

ANIRIDIA GROUP
Total sample

37 participants
Age: 9 —72 years

NORMAL CONTROL GROUP
Total sample

68 participants

Age: 10 — 74 years

DATA:

¢ Genetic analysis

e Extensive eye examination
e Ocular biometry

e Colour fundus photo

e Anterior and posterior

segment OCT
/ v \
Paper | Paper I Paper lll

31 participants with aniridia
Age: 9—67 years

52 normal controls
Age: 10-74 years

Additional data:
e Cone opsin genetics

8 participants with aniridia
Age: 24—66 years

33 normal controls
Age: 14-69 years

Additional data:
o High-resolution retinal

37 participants with aniridia
Age: 9-72 years

55 normal controls
Age: 10-74 years

Additional data:
e Detailed PAX6 genotyping

o Colour vision tests imaging e Quantitative analysis of
o Grading of foveal hypoplasia | - OCT retinal layers
- AOSLO

e Ocular biometry

3.1.1 Data collection

The initial data collection for this project was carried out at the National Centre for
Optics, Vision and Eye Care, Kongsberg between October 2015 and February 2016 with
follow-up measures in June 2016, October 2016, May 2017 and January-February 2018.
For most of the participants with aniridia, a large part of the data included in paper | and
IIl was collected as a part of the initial data collection. All the participants underwent an
extensive eye examination conducted over 2—3 days. In addition to giving a saliva sample
for genetic analysis, clinical and psychophysical testing of visual function, posterior

segment imaging, refraction and ocular biometry, the examination included a
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comprehensive assessment of the anterior segment [79, 137], among others. Follow-up
measures of colour vision, a part of paper |, were collected at Hurdal syn- og
mestringssenter, Hurdal in June 2016, 3—6 months after the initial visit. The data
included in the second study (paper Il), was collected on a separate day, between
October 2016 and February 2018. Collection of data from normal healthy controls was
carried out at the National Centre for Optics, Vision and Eye Care between March 2016

and February 2019.

3.2 Principles guiding the study process

An essential part of development of this study has been through dialogue with members
of Aniridi Norge, and their wish to gain more knowledge about their eyes and vision.
Two persons who have aniridia, representing different age groups (young adult and
middle-aged) and representatives from the board of Aniridi Norge took part in the
planning, discussions and reflections during the project. This gave us an opportunity to
seek advice before and during the project on how the data collection could be

performed in the best possible way for the participants.

The intended outcome of this thesis is geared towards increasing knowledge to be able
to help individuals. Thus, it was essential to involve persons with aniridia and parents of
children with aniridia to ensure that the research carried out will culminate into
knowledge that is relevant for the person with aniridia. Each person’s history was
essential to further identify what is important for each of them in their daily life, to build
understanding about symptoms and needs. In this way, the studies were conducted with
and on behalf of the persons who have aniridia to fill knowledge gaps that may

contribute to a more personalized eye healthcare for this patient group.

Person-centred research principles like respecting each person and their individual
experiences needs and preferences, guided the research process [138]. These principles
were, for example, important when participants were recruited, in communication and

collaboration with the participants before, during and after the data collection.
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3.3 Ethical considerations

Rare disorders do present particular research challenges. Because of the small
population, it may be difficult to recruit participants. On the other hand, individuals who
have a rare disease are often highly motivated and willing to participate in research to
help science and for the community [139]. It is especially important to be careful when
researching small groups with rare diseases, even if common ethical guidelines for
confidentiality and de-identifying data are followed [140]. Because they represent a
small group, it may be more challenging to preserve their anonymity. In small countries
like Norway, many individuals who have aniridia know or know of each other. Hence, it
is possible that one can be identified by other persons, at least by other participants or
members the patient organization. Specific information about this was therefore given

to all the participants.

Each participant, and/or their guardians, were given detailed information about the
project and provided his or her informed consent to participate voluntarily in the
different parts of the project. Specific consent was obtained from all family members
included in paper Il, which includes a family pedigree as a supplementary figure. All
participants, also the unaffected family members were given the opportunity to look

through the pedigree and ask questions prior to giving consent.

It is of importance to be aware of ethical issues related to the inclusion of children in the
research project. Children and young people are persons with their own rights and need
to be given recognition, respect and a voice in the research. We strived to communicate
in a way that they understood, ensuring that the child got appropriate information and
a choice about participation, including the right not to participate. None of the
examinations were considered harmful to the participants but some could be perceived
as unpleasant due to increased light sensitivity in the participant with aniridia. The
participants were actively given the opportunity to withdraw from an examination at
any time without explanation. This underlined the importance of good dialogue and

explanation also during the investigations.
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An ethical dilemma in DNA analysis is that it may generate intentional or unintentional
predictive gene information of potentially medical significance. However, this study only
includes analyses of exons from a connected region, candidate genes, or a subset of
candidate genes. Therefore, the gene analyses were not likely to reveal random findings
of potential medical significance unrelated to the patient's eye condition. The vast
majority of the research participants were already diagnosed with aniridia and were
familiar with its heredity before enrolled in the study. One participant whose diagnosis
was not previously discovered, was referred to the specialist health services to ensure

appropriate follow-up.

The project was approved by the Regional Committee for Medical and Health Research
Ethics (Southern Norway Regional Health Authority), 2010/449 REC South-East B, and
the research was conducted in compliance with the ethical principles for medical

research involving human subjects, embodied in the Declaration of Helsinki [140].

3.4 Genetic analysis

A mutation is defined as a permanent alteration in the sequence of nucleotides [141],
however it does not say anything about the functional effect of the variant. In this thesis,
the term “mutation” refers to a pathogenic genetic variant, unless otherwise specified.
The genetics part of these studies was conducted in the Neitz Lab at University of
Washington, Seattle. The participants gave saliva samples (Oragene-DNA, OG-500, DNA
Self-Collection Kit, DNA Genotek Inc., Ottawa, ON, Canada) for genetic analysis of both

cone opsin genes and for analysis of the aniridia genotype.

To classify colour-normal from colour-deficient observers, the cone opsin genes were
analysed for all the participants in paper I. For details, please refer to paper I. To identify
the genetic cause of aniridia, DNA was first extracted and amplified by polymerase chain
reaction (PCR) using the primers showed in table 2. Direct fluorescent sequencing of the
13 exons of the PAX6 gene was performed on both DNA strands using the BigDye

Terminator v3.1 (Applied BioSystems). Reactions were analysed on an ABI 3500 Genetic
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Analyzer. Two other target genes, FOXC1 and PITX2, were amplified and sequenced if

no PAX6 mutations were detected.

In paper lll, further analyses of the PAX6 genomic region were performed to determine
copy number variation of PAX6 and known regulatory regions with the use of multiplex
ligation-dependent probe amplification (MPLA). For details, please refer to paper lll. The
inclusion of MLPA has previously shown to substantially increase the mutation detection

rate in aniridia [142].

Table 2. List of PCR primer sequences used to perform amplification and sequencing of
PAX6. The sequences are listed 5’ to 3. These primers are described previously by Yokoi
etal. [120].

PAX6 Exon Forward primer Reverse primer
1 CTCATTTCCCGCTCTGGTTC AAGAGTGTGGGTGAGGAAGT
2 TTATCTCTCACTCTCCAGCC AAGCGAGAAGAAAGAAGCGG
3 TCAGAGAGCCCATCGACGTAT CTGTTTGTGGGTTTTGAGCC
4 TTGGGAGTTCAGGCCTACCT GAAGTCCCAGAAAGACCAGA
5 CCTCTTCACTCTGCTCTCTT ATGAAGAGAGGGCGTTGAGA
5a TGAAAGTATCATCATATTTGTAG GGGAAGTGGACAGAAAACCA
6 GTGGTTTTCTGTCCACTTCC AGGAGAGAGCATTGGGCTTA
7 CAGGAGACACTACCATTTGG ATGCACATATGGAGAGCTGC
8 GGGAATGTTTTGGTGAGGCT CAAAGGGCCCTGGCTAAATT
9 GTAGTTCTGGCACAATATGG GTACTCTGTACAAGCACCTC
10 GTAGACACAGTGCTAACCTG CCCGGAGCAAACAGGTTTAA
11 TTAAACCTGTTTGCTCCGGG TTATGCAGGCCACCACCAGC
12 GCTGTGTGATGTGTTCCTCA TGCAGCCTGCAGAAACAGTG
13 CATGTCTGTTTCTCAAAGGGA GAACAATTAACTTTTGCTGGCC

The SALSA probemix P219-B3 (MRC-Holland, Amsterdam, The Netherlands) contains
probes for all the PAX6 exons (except exon 11), including the sequence upstream of the
main PAX6 transcript. Moreover, it contains probes for genes downstream of PAX6,
including ELP4, as well as probes for genes upstream of PAX6, among them WT1. MLPA
was performed according to the manufacturer's recommendations (MRC-Holland). In

short, MLPA is based on PCR amplification of probes that each detect a specific DNA

26



Pedersen: The Retina in Congenital Aniridia

sequence. The MLPA reactions result in a set of unique PCR amplicons [143]. These were
separated based on their length by capillary electrophoresis using the ABI 3500 Genetic
Analyzer. The relative peak heights of each individual probe compared with those
obtained from the reference samples, reflect the relative copy number of each target
sequence. This enables detection of deletions or duplications in the genomic region
(Figure 6). Data analysis and normalization were performed using the Coffalyser.Net
software (MRC-Holland). Copy number changes detected with MLPA were confirmed by

guantitative real-time PCR as described in paper lll.
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Figure 6. Example of a graph of the capillary electrophoresis of the amplified DNA.
Electropherograms are from a participant with deletion of exon 3-9 of the PAX6 gene.
The deletion is apparent by a ~50% reduction in RFU (relative fluorescence units) of the
PAX6 exon 3-9 probes (red arrows).

3.5 Visual function

3.5.1 High-contrast visual acuity

High-contrast visual acuity was measured with a logMAR chart on an electronic display-
screen and scored letter-by-letter, which provides a precise measure of visual acuity
[144, 145]. The measurements were basically measured under standard lighting
conditions, an even lit room with a general luminance of 130-160 cd/m?, with no direct

glare sources. However, these lighting conditions were not experienced as comfortable
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or optimal for all participants with aniridia, due to the large individual differences in iris
and ocular media abnormalities. Individual adjustments of the room illumination were
therefore allowed to minimize the experience of discomfort and glare, and the impact
that may have on visual function. The logMAR chart was displayed with 5 letters per
row. This limits the range that can be measured at the standard testing distance at 6 m
to maximum 1.0 logMAR. To overcome this, viewing distance was shortened to first 3 m
and then 1 m for those with more severe visual impairments, which extended the range
to 1.80 logMAR. Very severe impairment beyond this upper limit, was registered as

counting fingers (CF), hand movements (HM) or light perception (LP).

3.5.2 Colour vision

Colour vision was assessed with two different pseudoisochromatic plate tests, two
computerized colour vision tests and an anomaloscope. The two plate tests were carried
out under controlled illumination (True Daylight Illuminator with Easel, colour
temperature 6200 K, model number 1339R, Richmond Products, Albuquerque, NM)
measured at the surface of the test plates with a digital lux meter (Hagner Model EC1,
Hagner AB, Solna, Sweden), and averaged about 800 lux. The Colour Assessment and
Diagnosis Test (CAD) test was modified to compensate for low vision, while the
Cambridge Colour Test (CCT) and the anomaloscope were tested following standard
conditions and procedures. For a detailed description of the specific colour vision tests,

please refer to paper I.

3.6 Retinal imaging and analysis

3.6.1 Colour fundus photography

A 45-degrees colour fundus photography (Topcon TRC-NW6S nonmydriatic fundus
camera; Topcon Corp., Tokyo, Japan) were taken of all the participants at the initial
examination. Additionally, the same camera was used to image the red reflex, lens and

iris, by adjusting the camera focus. These images were useful as a supplement to the
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slit-lamp examination and anterior segment OCT when evaluating the degree of iris

hypoplasia and ocular media opacities (See e.g. Figure 2 in paper ll).

Normal fovea

Figure 7. Colour fundus photographs (45-degree field of view) showing a retina with a
normal fovea (left) and a retina with foveal hypoplasia (right). The retinal vessels
transverse the expected foveal area (arrows) in the retina with foveal hypoplasia.

3.6.2 Optical coherence tomography

Optical coherence tomography (OCT) enables in vivo examination of retinal layers.
Different retinal layers have different reflectivity profiles and depth which makes them
possible to detect and differentiate by measuring the back-reflected light. The reflected
light from various depths in the retina is referred to as an A-scan. Multiple adjacent A-

scans build cross-sectional images, or B-scans of the retina.

The Heidelberg Spectralis SD-OCT2 Module (Heidelberg Engineering GmbH, Heidelberg,
Germany) was used to obtain images of the retinal layers for the papers included in this
thesis. The scan protocol is described in more detail in the respective papers. Two
different methods were used for segmentation of the retinal layers. Longitudinal
reflectivity profiles (LRP; plots of OCT reflectivity), averaged over 5 adjacent pixels (~28.3

um), were generated to delineate the outer retinal layers and assist in defining the
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expected foveal center as described in paper I. The subsequent qualitative grading of
foveal hypoplasia is based on the unique developmental steps that occurs during foveal
formation [65, 146]. In short, the fovea is graded from 1-4 based on the presence or
absence of three structural landmarks [70]. This grading scheme is described in more

detail in paper I.

To segment the intra-retinal layers across the macula, an active contour-based method
[147, 148], implemented in custom software, was applied for analysing the OCT images
in paper Il and lll. The active contour was first used to segment the inner limiting
membrane. Successive layers were then segmented using the contour of the previous
layer as a seed. Definitions of the segmented layers are described in the respective
papers. To obtain precise segmentations, manual adjustment of the relative weightings
of the contour’s internal and external forces and/or the position of contour nodes was
possible, if needed. The internal forces specify the tension or smoothness of the contour
while external forces push the contour towards image features such as peaks or edges

(Figure 8).

Edge detection

Figure 8. Segmentation of retinal layers using active contours. The retinal layer
boundaries are defined by transition from light-to-dark or dark-to-light or as peaks in
brightness for the different layers. The segmentation line nodes are attracted towards
edges (a) or peaks (b), according to the brightness characteristics of the to-be-extracted
layer.
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3.6.3 Adaptive optics scanning light ophthalmoscopy (AOSLO)

Single-cell imaging of the living human retina is made possible through adaptive optics
(AO) ophthalmoscopy, which is designed to measure and correct for optical
imperfections in the eye. Light from the retina is detected by a wavefront sensor to
measure the ocular monochromatic aberrations and a deformable mirror to correct for
the aberrations [149, 150]. This allows numerous structural features down to ~2 um in
size to be resolved, such as individual foveal photoreceptor cells and the organization of

the photoreceptor mosaic.

In paper Il, Kongsberg AOSLO was used to obtain high-resolution images of the
photoreceptor mosaic. The Kongsberg AOSLO was constructed in collaboration with
Boston Micromachines Corporation (Cambridge, MA), and has the same design as that
described by Dubra and Sulai [151] and Scoles, Sulai et al. [38]. The instrument uses an
850 nm light source for wavefront sensing and a broadband 790 nm light source for
imaging (SLD; Superlum, Carrigtwohill, Co., Cork, Ireland), that is scanned across the
retina as a single-point beam. Incident powers for these light sources were measured at
the cornea prior to each imaging session, and all exposures were kept more than 6 times

below the maximum permissible exposure [152, 153].
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Figure 9. Schematic diagram of the Kongsberg AOSLO. The beam from the SLD’s are
coaxially aligned and are projected into the eye via horizontal and vertical scanning
mirrors and spherical mirrors (F1-8). Infrared light is reflected back through the optical
system and a Shack-Hartmann wavefront sensor (SH-WS) sample the light and measures
the wavefront aberrations which is then compensated for by the deformable mirror
(DM). The wavefront is continuously corrected in a closed loop. The light scattered from
the retina is captured by photomultiplier modules (PMTs).

The instrument is a split detection system that allows simultaneously imaging of both
photoreceptor outer and inner segments, as well as RPE cells (Figure 10). The reflectance
confocal AOSLO modality relies on waveguided light that has passed through both the
outer and inner segment of the photoreceptor, while the split-detector modality allows
visualization of the photoreceptor inner segment and is independent of the waveguiding

properties of the cell [38].
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Split-detection

Reflectance
confocal

Figure 10. lllustration of the AOSLO image modalities. (a) OCT image showing the
photoreceptor inner (blue) and outer segment (red) layers and the retinal pigment
epithelium (turquoise) in a healthy retina. (b) A drawing of a cone photoreceptor with its
inner and outer segment which is the origin of the light. The right columns show AOSLO
images of cone inner segments (c), reflective cones (d) and RPE cells (e) and the detector
views showing the annular reflective mirror that reflects the confocal light to a light
detector while the multiple scattered light is transmitted and then split between two
different detectors [38, 154]. This figure is a modified version of figure 1 in [47].

The imaging protocol is described in detail in paper Il. In short, confocal and non-
confocal image sequences were acquired across the macula in the participants with
aniridia and the normal controls. At the end of each imaging session we imaged a Ronchi
ruling with known spacing, positioned at the focal plane of a lens with a 19-mm focal
length. This calibration step was necessary for converting field of view in degrees to
image pixels, and to estimate how the image warping, resulting from the sinusoidal
motion of the horizontal scanner, affected the spacing of the grid. To correct for these
distortions, a desinusoiding algorithm was applied to each image sequence [151, 155].
Then, a reference frame from each image sequence was selected manually before the

image frames were divided into strips and registered to the reference frame using image
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registration software [156]. The 20-50 frames with the highest normalized cross

correlation were registered and averaged to improve signal-to-noise ratio [156].

We used ocular biometry measurements (IOL Master 700) and the Liou and Brennan eye
model [157] to approximate individual retinal magnification factors (in um/degree),
calculated with optical design software (Zemax EE, Radiant Zemax, Redmond, WA), and
the registered AOSLO images were scaled accordingly. To estimate cone photoreceptor
density and mosaic organization, individual cones were identified in the confocal AOSLO
images via a semi-automatic algorithm, which located cone centers based on
identification of local intensity maxima, implemented in custom software. This
algorithm is previously described by Li and Roorda [158] and validated by Garrioch et al.
[159]. Figure 11 shows an illustration of the metrics used for analysis of the

photoreceptor mosaic.

Figure 11. Analysis of the cone photoreceptors mosaic. Cones were identified in the
confocal (a and b) and non-confocal (c) images (red dots). Voronoi analysis was applied

to measure nearest neighbour distance (dashed line) and the mean inter-cell distance
(average of all lines). The Voronoi diagrams (d) give an estimate of the packing
regularity, the colours illustrate how many neighbours each cell has. Blue = 5; Green = 6;
Yellow = 7; Red = 8. Scale bar = 10 um.
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4 Results

4.1 Main results Paper |

Paper | combined measurements from computerized colour vision tests and retinal
imaging (OCT and colour fundus photo) to examine colour vision and the degree of
arrested foveal formation in congenital aniridia compared with normal controls. The
paper shows that there is no association between age and colour discrimination
threshold in children, adolescences and adults with congenital aniridia. Individuals with
aniridia have a quantifiable loss of red-green colour discrimination which correlates with
their degree of foveal hypoplasia, based on grading of OCT images. This suggests that
arrested retinal development and maturation is likely to be the primary reason for
decreased red-green colour vision in aniridia. Some have, in addition, a quantifiable loss
of blue-yellow colour discrimination, but this was typically associated with secondary

pathology, such as glaucoma.

4.2 Main results Paper Il

The paper describes for the first time, with the use of adaptive optics in-vivo cell-
resolved retinal imaging, that individuals with congenital aniridia have significantly
lower than normal cone density and mosaic regularity within the macular area (within
the central 20 degrees). The foveal cone density varied between 19 899 and 55 128
cones/mm?, which is more than three standard deviations below the foveal cone density
measured in the normal controls. Varying relationships between foveal cone density and
visual acuity suggests that visual function in aniridia also may be affected by other
factors such as altered development and maturation of post-receptoral neurons and

associated pathways.

Furthermore, the results show a large between-individual variation in how the fovea has
developed in family members with aniridia caused by the same PAX6 gene mutation.
DNA sequencing revealed a splice site mutation in the 5’UTR of the PAX6 gene, IV2-

2delA (c.-128-2delA), in all the affected family members. The mutation was not found in
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unaffected family members, confirming that this variant is likely to be the disease-

causing mutation.

There was also a great interfamilial variation in iris hypoplasia which had a poor
association, if any, with foveal hypoplasia. This underscores the importance of a
thorough iris and retinal examination, even in apparently unaffected members of

families with aniridia.

4.3 Main results Paper lli

Paper lll quantified the structural variability and thickness of the retinal layers in
congenital aniridia and explored the relationship between genotype and retinal
phenotype. The paper describes in detail how different PAX6 related mutations are
associated with varying degrees of arrested foveal development and significant
alterations of retinal cell layer morphology, not only in the foveal center, but the whole

macula.

Abnormal foveal architecture was observed in all participants, from whom it was
possible to acquire SD-OCT images of, who had a mutation within the PAX6 gene. The
participants with aniridia had greater central retinal thickness and significantly thinner
outer retinal layers than unaffected individuals, although with large variability between
individuals. The outer retinal layers were thicker in the foveal center relative to the
perifovea in a subset of those with aniridia, indicating that postnatal foveal maturation
takes place in some of the PAX6 mutations. The parafoveal and perifoveal retinal
thickness was significantly decreased in aniridia from a reduction of both inner and outer
retinal layer thicknesses. Together, these findings confirm abnormal foveal formation.
Furthermore, it reflects that other aspects of retinal development also are affected,
including the generation of the individual cell types within the retina resulting in

thinning of the retinal layers also outside the foveal center.

The paper also shows that location of the mutation may influence retinal phenotype.
Mutations outside the PAX6 gene (3’ regulatory regions ELP4-DCDC1) were associated

with the mildest retinal phenotypes. Further, participants with mutations before the
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translational start codon (PAX6 5’UTR, non-coding regions) had better developed retinas
than those with mutations within coding regions of the PAX6 gene. The phenotype of
those with large PAX6 deletions was dependent on if the retina enhancer in the
downstream regulatory region was intact or not, with milder phenotypes observed

when the retina enhancer was deleted.
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5 Discussion

The results from the three papers in this thesis revealed great between-individual
variation in the underdevelopment of the retina in persons with aniridia. This was
characterized by varying grades of foveal hypoplasia (paper 1), reduced cone
photoreceptor density and mosaic regularity (paper Il) and decreased thicknesses of the
outer retinal layers within the macular area (paper lll), compared with normal healthy
controls. High-contrast visual acuity and colour discrimination threshold varied greatly
between the participants and was largely associated with the variation in foveal
morphology and cone specialization. Great variability was also evident between and
within different genotypes. However, detailed genotyping and analysis of the retinal
layers showed that the location and extent of the mutation may account for some of the

observed variation in retinal phenotype.

Generally, larger genotype-phenotype studies in aniridia aim at describing the whole
eye giving a general assessment of the different eye structures [e.g. 9, 160, 161]. This
limits the ability to capture large individual variations and detailed characterization of
the different affected eye structures. The main focus here has been to contribute with
more in-depth knowledge about the retina in aniridia and how variations in foveal
morphology affect visual function. The results also contribute to increased knowledge
about how loss of one functional copy of the PAX6 gene affects development of the

fovea and alter the cone photoreceptor distribution across the macula in human retinas.

In the following sections, the overall findings of the thesis are discussed with focus on
theoretical and clinical implications, methodological considerations and limitations as

well as future perspectives.

5.1 Individual differences in retinal structure

An underdeveloped iris is considered a hallmark of aniridia. It is, however, clear from
the papers in this thesis that the anterior and posterior segments are affected
differently. Thus, the appearance of the iris alone cannot provide information about

foveal morphology in aniridia.
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Foveal hypoplasia was seen in the majority of the participants with aniridia in whom OCT
was possible (92.3%) and underlines that abnormal foveal development is a typical
feature in congenital aniridia. The great between-individual variation in phenotype and
severity previously described in aniridia is also evident in the retina. Foveal hypoplasia
is thus not an “all-or-nothing phenomena”. This variation in foveal hypoplasia grade is
consistent with what has been described recently [85, 86]. However, quantitative
measurements of the retinal layers and the photoreceptor mosaic revealed large
variation also within each grade of foveal hypoplasia, which is vital to be aware of when
classifying the fovea in persons with aniridia. Thus, the extent of thickness increase of
the central outer retinal layers should be specified in addition to whether a feature is

present or not.

It is clear from the slight increase in central foveal cone density relative to the perifovea
shown in paper Il, that cone packing occurs to some degree in the absence of the foveal
pit, supporting previous observations in albinism [46, 74]. For those with the fewest
central cones (paper ll), the amount of increased foveal cone density matches the initial
cone packing prior to foveal pit formation in normal development [63]. The subsequent
elongation and inward displacement of cones, thought to result from a combination of
mechanical and molecular factors [56], seems to be more and differently affected in
persons with aniridia. This supports the theory that the lack of a foveal avascular zone
and a foveal pit contribute to the inhibition of optimal cone specialization, and thus
causes a lack of the typical high peak in central cone density. Developmental differences
in the deep vascular plexus is one factor that plays a role in the large variation in foveal

cone packing and elongation [162] observed in aniridia.

Paper Il showed and emphasized the importance of imaging the retina for improving
understanding of underlying pathophysiology and retinal development and organization
in aniridia. While OCT is used in clinical evaluation of aniridia today, AOSLO is not yet
widespread clinically or suited for all patients. The majority of the current knowledge
about retinal development in aniridia has evolved from the research on mice [126, 127,

133]. Hence, future studies employing single-cell retinal imaging in larger cohorts may
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be very important as a part in improving our understanding of retinal development and
maturation in aniridia in humans, which in turn may lay foundations for a better clinical

management of aniridia patients.

5.2 Relationship between retinal structure and visual function

Despite sharing the same diagnosis, individuals with aniridia present various degrees of
vision impairment, and consequently have completely different needs for visual and

technical aids. Some need a white stick to navigate while others can drive a car!

Ranges of normal variation in numbers of cells in the retina and in ratios of cell types are
often large [29, 30, 149, 163], usually without any obvious subjective effects on visual
function. The large variation in photoreceptor density across the macula in aniridia may,
however, have larger functional consequences because there is not the same
redundancy of cells as is found in most normal healthy retinas. It is not unlikely that low
redundancy of cells will also make the retina more vulnerable to other ocular pathology.
Hence, knowledge regarding the structure-function relationship in aniridia is essential
to better understand visual function in general in this patient group and maximize

utilization of their remaining vision.

Vision loss in aniridia is multifactorial, thus it is challenging to predict visual function
from foveal structure alone. In paper lll, central thickness of the outer retinal layers
accounted for approximately 66 % of the variation in visual acuity in aniridia. This
analysis excluded the ten participants with the most severe corneal opacities. It is
important to note that more severe corneal opacification is likely to cause an additional

deterioration of visual function that may progress over time.

At least two other studies, that have used OCT to assess foveal hypoplasia in large
aniridia cohorts, have been published during the time course of this project [85, 86].
Casas-Llera et al. [86], have recently validated the qualitative foveal hypoplasia grading
system [70] to a large cohort of persons with congenital aniridia, although no genetic
information is provided. They describe the presence of outer segment lengthening

(foveal hypoplasia grade 2) as the breaking point for predicting visual potential, with
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significantly better visual acuity in the group with grade 2 compared with grade 3 and 4
foveal hypoplasia [86]. While the grading system is a valuable clinical tool for assessing
the degree of foveal hypoplasia in aniridia, it is vital to be aware of the strikingly large
variability and overlap in visual acuity within and between the different foveal
hypoplasia grades [86]. This has clinical implications because the strong correlation
measured between grade of foveal hypoplasia and visual acuity may not be generally
true at an individual level. The results reported in paper Il and Il underscore the large
variability in visual acuity within each foveal hypoplasia grade, and further suggests that
variable thickness of the outer retinal layers, despite the same OCT grade, is
representative of the variation in visual acuity. This indicates the need for a more
detailed assessment of foveal structure for predicting visual potential for a given person

with aniridia.

The findings in paper Il implicates that retinal factors other than foveal cone density
plays a role in limiting visual acuity. The reduced parafoveal and perifoveal ganglion cell
layer thickness, observed in paper lll, indicates that the retina contains a reduced
number of ganglion cells. Another possible explanation is that the normal foveal non-
convergent wiring of cones to ganglion cells is altered. Hence, the limit of resolution in
the fovea is limited by the midget ganglion cell mosaic rather that the Nyquist limit of
the cone mosaic. Further, Provis et al. [56], have suggested that the elasticity of the
foveal region, required for normal foveal formation, is reliant on the non-convergent
cone-ganglion cell pathway. Thus, it is reasonable to hypothesize that the midget
circuitry is altered in aniridia-associated foveal hypoplasia, as suggested in albinism [46].
This may explain why persons with almost identical cone densities, in paper I, have
unequal visual acuity. Convergence of cone inputs to midget ganglion cells predicts
decreased, but not an absence of, colour-opponent response, similar to that suggested

III

for the retinal periphery [164, 165]. Hence, an alteration of the foveal “private-line”
circuitry may account for reduced red-green colour discrimination, as observed and
discussed in paper |. Future histological studies are needed to test this hypothesis. In

addition to fewer foveal cones and alterations in associated pathways, reduced
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photopigment optical density is another factor that can affect colour discrimination in

aniridia, possibly as a consequence of immature and short foveal cones [166, 167].

Knowing the limitations of visual outcome following treatment is of particular
significance in aniridia because intraocular surgery and pharmaceutical therapy are
associated with adverse side effects and high risk of complications that can lead to
worsening of the condition. Intervention may trigger opacification of the cornea [168],
presumably as a result of limbal stem cell deficiency [169]. High risk of developing
progressive fibrotic membrane in the anterior chamber (aniridic fibrotic membrane)
following even standard surgical treatment has also been reported [170]. The large
individual differences in retinal structure, both between individual persons with aniridia
and within families, underscores that a generalization based on the average of a group

is not appropriate when considering the potential treatment benefit.

Currently, there are no treatment options for foveal hypoplasia. On the other hand,
future possibilities for treatment raise questions regarding selection of individuals for
clinical trials. This emphasizes the importance of understanding the structures of the
retina in aniridia for gaining insight about between-individual variation and the potential
of visual function. An important observation from this thesis is the indication that the
fovea has continued to develop after birth in some persons with aniridia, as supported
by the marked increase in cone specialization observed as considerably higher cone
density and elongated cones in the foveal center relative to the perifovea (paper Il and
). Although this proposed postnatal development seems to occur to a lesser extent
than in normal controls, it suggests that development is not completely arrested in all
persons with aniridia. This may provide a window of opportunity for therapeutic
intervention in children with aniridia, which potentially may help to improve retinal
function, stimulate foveal development and optimize vision. Longitudinal studies are

needed to confirm this.

A number of potential approaches to treat aniridia have been described. Nonsense
suppression is a therapeutic approach that target and overwrite premature stop codons

(PTCs) caused by nonsense mutations in PAX6 mRNA so that partial levels of deficient
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protein function can be restored [171]. Promising results have been shown in an aniridia
mouse model (Pax6°¢¥/*) where postnatal administration of an eye drop formulation of
Ataluren (“START” therapy) reversed abnormalities in the cornea, lens and retina,
increased retinal function and prevented disease progression [172, 173]. In the retina,
the gene therapy increased the photoreceptor density and the thickness of all retinal
layers in the aniridia mice [173]. Currently, there is an ongoing trial for aniridia
(NCT02647359; ClinicalTrials.Gov) that is testing the safety and efficacy of oral nonsense

suppression (Ataluren®) in persons with aniridia.

5.3 PAXG6 in central retinal development

Most of the knowledge about the role of PAX6 in retinal development comes from
studies of animal models with absence of a foveal structure [126, 127, 131], although
green anole (Anolis carolinensis, a foveated lizard) has recently been suggested as a new
model to study foveal development [174]. Conditions associated with abnormal or
arrested retinal and foveal development, like aniridia, offer a good opportunity to
increase our understanding of foveal development and possible components of the

foveal developmental pathway.

The findings in this thesis suggests that loss of one functional copy of PAX6 alters the
number of cells in the inner and outer retina, which reflects the critical role of PAX6 in
early embryonic retinal development [105]. Furthermore, the strong association
between having a PAX6 mutation and foveal hypoplasia clearly indicates that PAX6 is
crucial for foveal formation that starts around mid-gestation [55] and for increasing the
number of cones in the fovea [105]. No current literature has determined the

mechanism/molecular basis of foveal hypoplasia in PAX6 mutations.

Paper lll discussed a possible role of PAX6 in foveal formation through regulation of anti-
angiogenic factors in the RPE and retinal ganglion cells that in turn affect formation of
the foveal avascular zone [56, 175]. This suggests that PAX6 activity is required prior to
foveal pit formation. Other ocular conditions are also commonly associated with altered

foveal development. The reduced foveal cone density in aniridia described in paper Il, is
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for example, similar to that described in previous in-vivo studies in albinism [46, 73],
which is also associated with different degrees of foveal hypoplasia. Albinism is
characterized by absent or reduced melanin pigment in the eye and associated with
mutations in the TYR, OCA2 or TYRP1 gene, among others [176]. Though the underlying
mechanisms differ, the impaired foveal development in both conditions suggest that
there can be a common link in that the RPE may have a contributing role in FAZ
formation and foveal development. This is supported by a study that found that PAX6 is
involved in the initiation of the pigmentation program by regulating expression of
downstream genes such as Mitf and Tyr either directly or indirectly [130]. Moreover, the
role of PAX6 in RPE pigment production is also likely to explain the light or

hypopigmented fundus observed in many of the participants with aniridia [177].

PAX6 continues to be expressed in the retina during adulthood, specifically in the inner
retinal layers: the ganglion cell, bipolar cell layers and the amacrine cells [134]. Since
PAX6 might have a functional role in the maintenance and protection of the aging retina,
one can speculate on whether decreased PAX6 expression is the most likely reason for
the low cone density and irregular cone mosaic observed in the oldest participant with

aniridia in paper Il.

5.4 Genetic variability and correlations between genotype and

phenotype

There is a large diversity in the genetic mutations causing aniridia in this cohort, as also
described in other aniridia cohorts [9, 121, 122, 161, 178, 179]. An increasing number
of studies have emphasized the role of non-coding PAX6 regions and regulatory regions
in aniridia [93, 95, 96, 116, 118, 180]. The increased mutation detection rate (~97%) in
paper Il compared with paper | (~76%) underscores this importance of including non-
coding PAX6 regions and flanking regions containing known PAX6 regulatory elements
as well as combining different analysis methods. A wide variety of PAX6 gene mutations
identified here have already been described, but paper lll identified three new

mutations not previously reported. Hence, this thesis contributes to expanding the
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genetic spectrum associated with aniridia. See figure 6 in paper Ill for an overview,

location and frequency of the identified variants in this cohort.

Knowledge about genotype-phenotype correlations is crucial to assist in the clinical
diagnosis, to determine when a possible intervention is advisable, and in development
of individualized treatments and rehabilitation. Genotype-phenotype correlations in
aniridia have, however, been difficult to establish due to a number of possible reasons,
such as the high number of different mutations [8] and the large phenotypic variability
associated with the same mutation [120, 181] — both among patients from the same
family and among those from unrelated families. This great variation is also apparent in
retinal organization and function in this cohort. Additional complexities of the PAX6
gene include the impact of other associated genes, presence of multiple alternative

promoters and transcripts [105, 107, 182], mosaicism [183] and epigenetic factors [50].

Previous studies have tried grouping mutations within the PAX6 coding regions in a
variety of ways (for example by protein domain or mutation type) but haven’t found a
clear relationship between genotype and phenotype (reviewed in [113]). The early work
in the field assumed that the protein domain affected would play a role in disease
severity, but now it is a general consensus that that is not the case because most of the
mutations will ultimately cause haploinsufficiency [113]. An exception is missense
mutations which tends to be associated with a variable severity but also some milder
aniridia and non-aniridia phenotypes [9, 115]. Surprisingly, no missense mutations were
found in this study despite about 12 % of the intragenic mutations reported in PAX6 are

missense mutations [92].

Despite all the potential confounding factors, paper Ill shows that when considering the
whole PAX6 region, including untranslated regions (non-coding regions) and its flanking
regions (regulatory regions), the location and extent of the mutation may still provide
valuable information that can help in predicting retinal phenotype. These findings also
show the potential benefit of applying more detailed imaging, testing and analysis
methods to capture the individual differences and gain more in-depth understanding of

the different structures that contributes to the variable phenotypes.
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An interesting finding in paper Ill was the marked phenotypic differences between
deletions where haploinsufficiency was predicted due to NMD of non-functional protein
and deletions where a complete absence of the gene product was expected. Variability
in NMD efficiency is suggested as a plausible explanation for these variable clinical
presentations [184]. However, more studies are required to confirm these findings.
Regardless, this is a novel observation in aniridia that may also provide new knowledge

about the large between-individual differences in phenotype.

The large between-individual variation in foveal hypoplasia, iris hypoplasia and corneal
involvement within family #2, observed in paper I, suggests that factors other than the
identified splice site mutation also play a role in defining the phenotype. Total iris
hypoplasia, but near normal foveal morphology and otherwise mild anterior segment
changes were seen in the ELP4-DCDC1 deletion (family #11, paper Ill). These findings
underscore that changes in the retina correlate poorly with the degree of iris hypoplasia.
It is therefore likely that molecular factors causing variation in phenotype in the retina
differ from those at play in the iris. Hence, better knowledge about PAX6 dosage
sensitivity and requirements in the different affected tissues may be of great importance

to understand phenotypic outcomes.

5.5 Methodological considerations and study limitations

5.5.1 Study design and sample

This project was designed as a cross-sectional, observational study with a main aim of
exploring retinal phenotype and genotype in congenital aniridia, which is a rare disease.
The cross-sectional design was appropriate as it allows for detailed characterization of
important features of the disorder, multiple outcomes, comparisons between groups,
assessment of the relationship between variables as well as identifying possible
predictors of outcomes which are essential for answering the research questions.

However, one cannot provide any causal effects from the results [185].
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Recruiting research participants via an organization may introduce selection bias. One
could argue that members of patient organizations may have other characteristics than
non-members. For instance, they may have experienced more challenges with their
disorder or represent a greater proportion of those with more severe phenotypes,
although these are just speculations. Statistically speaking, on the other hand, the study
participants present a representative sample: they represent more than half of the
persons known to have aniridia in Norway and their age range and geographic spread
among the participants constitute a strength. The sample represents a large range of
phenotypes, similar to the range of previously characterized phenotypes [e.g. 9],
although those with the most severe anterior segment disease where excluded from the
OCT and AOSLO analyses. The study sample also represents a large range of genotypes
associated with aniridia. However, there are few participants in the groups with CTE
mutations and mutations in regulatory regions, which make robust conclusions about
phenotype-genotype correlations difficult. On the other hand, the low frequencies of

these mutations are in line with previously reported frequencies [92].

5.5.2 Measurements and procedures

The chart used for measuring visual acuity limited the quantification of visual acuity
poorer than 1.8 logMAR. Both computer-based and plate tests intended for testing
spatial vision in severe visual impairment have been developed [186, 187]. These tests
could have been applied to obtain a more precise acuity measurement in the

participants with profound low vision in these studies.

Different aspects of vision may be tested by several different methods. High-contrast
visual acuity is expected to be linked to the resolving power of the visual system.
However, the visual function includes far more than the ability to see fine details of high
contrast. In daily life we use vision to perceive visual stimuli that are of different sizes,
varying brightness, colours and movement, but the stimuli are not necessarily of high
contrast. A decrease in visual acuity is also likely to reduce the ability to distinguish

details with low contrast [188]. Moreover, contrast sensitivity can be strongly affected
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by light scatter [189] and would therefore be an important measure to assess functional

vision in aniridia.

Many of those with aniridia are very sensitive to light and commonly wear filter glasses.
This raises the question on whether lingering filter effects could have affected the colour
vision testing if they usually wore coloured filters. However, the vast majority of the
participants that have filter glasses reports that they mostly use them outdoors and only
sporadically indoors. With such non-constant wear, a relatively rapid adaptation is
expected [190, 191]. All the participants were indoors for at least one hour before colour
vision testing, thus lingering filter effects are expected to have very little or no impact

on the results.

One of the challenges in obtaining reliable posterior segment images is related to
anterior segment opacities and nystagmus which may result in degraded image quality,
poorer contrast and resolution. This limited the number of participants that were
imageable. To minimize this limitation, individual adjustments of head position and OCT
imaging acquisition mode were permitted. One of these adjustments meant changing
from a high-resolution to a high-speed mode, which halves the number of A-scans per
B-scan and thus reduced resolution. However, the difference in the number of A-scans
would only affect the lateral resolution and have minimal influence on thickness
measurements [192]. A strength of these studies is that individual retinal magnification
factors were calculated based on ocular biometry measurements and accounted for in
the image analyses, providing a more accurate lateral image scaling. Good tolerance to
speckle noise is one main advantage of using an active contour approach to retinal layer

segmentation [148].

The measurements of the outer nuclear layer in paper Il and Ill can be confounded by
the presence of the Henle fiber layer, hence the correct designation of this layer is ONL
+ HFL. These two layers cannot be differentiated easily without capturing directional
OCT [193]. ltis likely that the HFL orientation and thickness differs in aniridia compared
to normal, as recently shown in albinism where the foveal HFL was thicker [194]. If the

HFL contribute more to central ONL thickness in aniridia than in controls, as can be
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expected if some amount of centripetal cone migration has occurred, the decrease in
ONL thickness in aniridia compared with normal controls would be even larger than

measured in paper Il and Ill.

Besides nystagmus and poor optical media, AOSLO imaging is particularly sensitive to
monochromatic aberrations that arise from irregular tear film, cornea and lens, which is
commonly observed in aniridia. Seven persons from one family were originally included
in imaging of the photoreceptor mosaic, but cones were reliably identified in only five
of these participants. Even so, they represent different grades of foveal hypoplasia
(grade 2-4). Ideally, a larger number of participants, especially those with different
genotypes, should be imaged with AOSLO to assess the full range of photoreceptor
structure changes associated with PAX6 mutations. Nevertheless, the thinning of the
outer retinal layers across the macula (paper Ill) clearly indicates reduced foveal cone
density also across the different mutations. The challenge nystagmus poses to imaging
guality could be improved with the use of eye tracking [195], that may be available in

the near future.

5.6 Future perspectives

Through doing this research and in working with persons who have aniridia and their
families, it is clear that more research is required. There is a need for research, not only
on the eye, but also to understand the consequences of the fact that PAX6 is also
expressed outside the eye, for example in terms of auditive processing [196], sleep [197,
198] and metabolic issues [199]. Further to this, aniridia is not only a congenital rare
disorder that causes vision impairment, it has also great impact on people, their lives
and their families. A qualitative study with semi-structured interviews of persons with
aniridia was conducted in a small subset of the present aniridia cohort [200]. This
revealed a need for more attention in the future to provide reliable and scientifically
grounded information about individual experiences of living with aniridia [200]. Since
the focus of this thesis is the retina and visual function, a few specific perspectives that

have surfaced through this work will be mentioned.
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(1) A better understanding of inter- and intra-individual variability in how vision
develops and changes as persons with aniridia grow and age, is needed. There is a
need to understand to what degree foveal development continues after birth, the
consequence of the observed lack of or reduced amount of macular pigment
[177], and to what degree this is related to the genotype. Longitudinal assessment
and further evaluation of foveal development would be essential to understand
whether and how therapeutic strategies and early visual optimization could
influence foveal development.

(2) Abetter understanding of rod and cone function is needed, not only to understand
the central retina, but also how the peripheral retina is affected. As a part of the
work in the “Aniridia and Vision” project, measurements of dark adaptation were
performed. Preliminary results indicate a normal time to rod-cone break in
aniridia, but an overall reduction in both dark adapted cone and rod sensitivity
[201]. Completion of these analyses is important to increase our understanding of
rod function in persons with aniridia and their ability to adapt to changing light

levels.

Because of the progressive nature of ocular surface disease, such as aniridia-associated
keratopathy, this is one of the key priorities of treatment. In addition to limbal stem cell
deficiency, meibomian gland dysfunction, loss of meibomian glands and increased tear
film osmolarity are factors that are associated with worsening keratopathy [79, 80]. In
addition, inflammatory mediators play a role [137]. Thus, continued focus on the

multifaceted nature of AAK is crucial to develop novel diagnostics and treatments.

Recently, an EU COST (European Cooperation in Science and Technology) Action
(ANIRIDIA-NET CA18116; 2019-2023) was established, with an aim to share knowledge,
build networks and stimulate aniridia-related research across Europe, which gives a

great opportunity to make progress in our understanding and treatment of the disease.
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6 Conclusion

The research in this thesis aimed to characterize retinal structure and foveal
morphology, its importance to visual performance, and genotype-phenotype
correlations in congenital aniridia. High-resolution imaging of the retina shows that
persons with aniridia have varying degrees of foveal hypoplasia, decreased thicknesses
and altered topography of the outer and inner retinal layers. This underscores the key
role of PAX6 in retinal development. Moreover, the cone photoreceptor density and
mosaic regularity are reduced across the macula, relative to normal healthy controls.
This variation in foveal morphology and cone specialization is associated with variation
in high-contrast visual acuity and red-green colour discrimination. However, the
between-individual variation is large, both between and within different genotypes,

thus outcomes cannot be generalized based on an average aniridia population.

Despite the large phenotypic variation, detailed genotyping and analyses of the retinal
layers showed that the position and extent of the mutation, within non-coding, coding
or flanking regulatory regions of the PAX6 gene, may be predictive for the severity of
foveal underdevelopment. Further, the results indicate that foveal development is not
completely arrested in all persons with aniridia, which underscores the importance of
optimal visual stimulation in early childhood and suggests that early administration of
therapy, may improve foveal development and optimize vision. Longitudinal studies
following the same individuals over time are warranted to document the extent of

postnatal development in aniridia and investigate if visual acuity improves accordingly.

This knowledge is of great significance in the clinical management of persons with
congenital aniridia to understand limits and potential related to visual function. The
large variation in how the retina develops in aniridia underscores that the ability to
directly assess the retinal layers is of great value to assist in providing an accurate and
early diagnosis, prognosis and subsequent provision of personalized early intervention,
facilitation or treatment. As gene therapy may be an option in the future, OCT and
AOSLO imaging in conjunction with measures of photoreceptor function could be

valuable in selecting individual persons for future trials and measuring the trials' impact.
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The genotypic and phenotypic heterogeneity described in this thesis also emphasizes
the importance of having a person-centred approach in the clinical management of
persons with aniridia to be able to present well-founded individual alternatives of
facilitation, rehabilitation or treatment options. The use of colour information may, for
example, be of great help in daily life, even if many people who have aniridia experience
decreased colour vision. Colours are also central in play and in education, for safety and
accessibility, emphasizing the importance of being aware of that some may have
challenges with discriminating certain colours. Thus, the use of solid, bright colours

could be pivotal.

The close collaboration and contact with the participants were a strength throughout
the research in this thesis. Having a good dialog with the participants was by far the main
factor contributing to better understanding how the disease impact on persons’ daily
life, their preferences and concerns, and what is important to each person from their
perspective. Such information exchange is also of importance in the clinical
management of persons with aniridia and should accommodate for shared decision-

making based on each person’s preferences.
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Purrose. To assess color vision and its association with retinal structure in persons with
congenital aniridia.

Mernops. We included 36 persons with congenital aniridia (10-66 years), and 52 healthy,
normal trichromatic controls (10-74 years) in the study. Color vision was assessed with
Hardy-Rand-Rittler (HRR) pseudo-isochromatic plates (4th ed., 2002); Cambridge Color Test
and a low-vision version of the Color Assessment and Diagnosis test (CAD-LV). Cone-opsin
genes were analyzed to confirm normal versus congenital color vision deficiencies. Visual
acuity and ocular media opacities were assessed. The central 30° of both eyes were imaged
with the Heidelberg Spectralis OCT?2 to grade the severity of foveal hypoplasia (FH, normal to
complete: 0-4).

Resurts. Five participants with aniridia had cone opsin genes conferring deutan color vision
deficiency and were excluded from further analysis. Of the 31 with aniridia and normal opsin
genes, 11 made two or more red-green (RG) errors on HRR, four of whom also made yellow-
blue (YB) errors; one made YB errors only. A total of 19 participants had higher CAD-LV RG
thresholds, of which eight also had higher CAD-LV YB thresholds, than normal controls. In
aniridia, the thresholds were higher along the RG than the YB axis, and those with a complete
FH had significantly higher RG thresholds than those with mild FH (P = 0.038). Additional
increase in YB threshold was associated with secondary ocular pathology.

Concrusions. Arrested foveal formation and associated alterations in retinal processing are

Investigative Ophthalmology & Visual Science

likely to be the primary reason for impaired red-green color vision in aniridia.

Keywords: aniridia, color vision, foveal hypoplasia, retinal development

he reported prevalence of congenital aniridia in Norway

and Sweden is about 1:72,000." Characteristic features in
aniridia include absence or hypoplasia of the iris, foveal
hypoplasia (FH) and nystagmus, while optic nerve hypoplasia
(ONH) occurs but is less common.*? Aniridia may lead to
severe visual impairment, although there is considerable
phenotypic variation between and within families.* Secondary
progressive ocular complications, such as aniridia associated
keratopathy (AAK), cataract, and glaucoma, are common from
adolescence and onward.*®7

Aniridia-like phenotypes may be caused by mutations in
genes such as FOXC1 and PITX2.? but typically (>85%) it is
caused by loss of one functional copy of the PAXG6 gene,” with
about one-third of cases being sporadic and two-thirds being
inherited as an autosomal-dominant trait.'® The PAXG gene is
located on chromosome band 11p13 and regulates transcrip-
tion of other genes important for ocular development. Gene
dysfunction may affect multiple ocular structures.'’ Aniridia
phenotypes caused by PAX6 mutations are associated with
different degrees of foveal hypoplasia, most commonly to a
degree of no foveal avascular zone (FAZ) and no foveal
depression.lz'“’ It is known that Pax6 acts on several target
genes required for retinal ganglion cell development and retina

Copyright 2018 The Authors
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neurogcnesis.”’15 PAX6/Pax6 dosage expression varies during
normal developmo?.nt,m‘18 and animal studies show that
abnormal PAXG6/Pax6 expression affects the distribution,
development, and the balance of different types of retinal
cells.'”*?

Normal foveal development depends on a high ganglion cell
count within the central retina®® and is characterized by
formation of a FAZ before the foveal depression is formed,
displacement of the inner retinal layers and postnatal elonga-
tion and migration of cones toward the center of the fovea.*!"**
Trichromatic color vision requires a normally developed
healthy functioning retina containing cone photoreceptors
with three different opsins (L, M, and S cones),24 including
specialized postreceptoral interaction with other retinal neu-
rons (bipolar, amacrine, horizontal, and ganglion cells).25
During human fetal retinal development, S cones appear earlier
than L and M cones,26 with S cones present around the start of
FAZ development and before the foveal depression devel-
opes.?” Disruptions in foveal development that occur around
this time may therefore affect L and M cone development,
density and its associated retinal circuitry, limiting the number
of bipolar and horizontal cell contacts needed for normal red-
green vision, more so than for blue-yellow vision. Thus, it is
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reasonable to hypothesize that foveal hypoplasia associated
with aniridia could affect red-green color discrimination.

Here, results are reported from experiments using comput-
erized color vision tests together with retinal imaging (OCT
and color fundus photo) to examine color vision and retinal
layer structure in persons with congenital aniridia. These
experiments provide insight into the association between the
degree of arrested foveal formation in aniridia and impairment
of red-green color vision and how this is accompanied by
impairment of yellow-blue color vision when secondary
pathology is advanced.

METHODS

Participants

We recruited 36 participants previously diagnosed with
congenital aniridia (15 males), aged between 9 and 72 years,
and 52 healthy, normal trichromatic controls (21 males), aged
between 10 and 74 years, to the study. Participants with
aniridia were recruited through the Norwegian Association of
Aniridia, whereas normal controls were recruited through the
National Centre for Optics, Vision and Eye Care, University
College of Southeast Norway. The study was conducted in
accordance with the tenets of the Declaration of Helsinki and
was approved by the Regional Committee for Medical and
Health Research Ethics (Southern Norway Regional Health
Authority). All participants and/or their guardians signed
informed consent after full explanation of the study’s purpose
and procedures.

Clinical Assessment

The participants underwent an eye examination including
subjective refraction, slitlamp biomicroscopy, and color
fundus photography (Topcon TRC-NW6S nonmydriatic fundus
camera; Topcon Corp., Tokyo, Japan). Monocular visual acuity
(logMAR) was measured with a digital high-contrast chart at
6 m (TestChart 2000; Thomson Software Solutions, London,
UK). The test distance was reduced to 3 or 1 m if a reliable
measurement could not be obtained at the longer distance.
Color vision was screened binocularly with the Hardy-Rand-
Rittler 4th edition (HRR; Richmond Products, Albuquerque,
NM, USA) pseudoisochromatic plates using previously de-
scribed methods.?® Those who made two or more errors on
red-green (RG) screening plates on the second sitting were
tested with the RG diagnostic plates and classified to have mild,
medium, or strong RG deficiency depending on errors made on
these plates. Those who made one or more errors on the
yellow-blue (YB) screening plates on the second sitting were
classified as mild, and if errors were made on the YB diagnostic
plates, they were classified to have medium or strong YB
deficiency depending on errors made on these plates.

The clarity of the lens was evaluated using the Lens
Opacities Classification System III (LOCS II).*” AAK was
graded O to 3 where stage O indicated that the cornea was not
affected; stage 1 indicated a partially affected corneal limbus;
stage 2 indicated a totally affected limbus, without central
corneal involvement; and stage 3 indicated a totally affected
limbus with central corneal opacification.>® ONH was evalu-
ated as present or not based on funduscopy, estimated by the
ratio of disc-to-fovea distance and disc diameter (average of
horizontal and vertical), and confirmed by measurements on
color fundus photographs.®>'** ONH was defined as present
when the ratio was >3.5, meaning that >3.5 optic discs could
be apposed between the expected foveal center and the
border of the optic disc. Borderline cases were also evaluated
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based on appearance of the optic disc, and ONH was defined
as present if the optic nerve head was obviously small or if the
disc showed a typical double ring sign. Glaucoma was noted as
present or not based on previous ocular history and treatment.

Foveal Hypoplasia

Foveal hypoplasia was assessed by analyzing structural
alterations on spectral domain optical coherence tomography
(SD-OCT) images acquired with an OCT2 device (Spectralis;
Heidelberg Engineering GmbH, Heidelberg, Germany). Volu-
metric scans, either 20° X 20° or 30° X 10° (consisting of 49 B-
scans and 512-1536 A-scans/B-scan) were centered at the
expected foveal center. Between 5 and 20 B-scans (frames)
were averaged during acquisition to improve signal-to-noise
ratio and compensate for eye motion (TruTrack; Heidelberg
Engineering GmbH). Horizontal line scans, with a nominal scan
length of 30°, were obtained in eyes where macular volumes
could not be obtained. Multiple scans were acquired in the
region of the expected foveal location to look for signs of
foveal specialization.m’55’54 The lateral scale of all OCT scans
was corrected for individual retinal magnification factor by
multiplying the nominal scan length with the ratio between
each individual’s axial length, obtained with the IOL Master
(Carl Zeiss Meditec AG, Jena, Germany), and the OCT default
axial length (24 mm).

Horizontal line scans were segmented at the inner limiting
membrane (ILM); posterior boundary of the outer plexiform
layer (OPL); center of the external limiting membrane (ELM);
center of the ellipsoid zone (EZ); center of the interdigitation
zone (IZ); and the retinal pigment epithelium-Bruch’s Mem-
brane (RPE-BrM) band, using custom software implementing a
method similar to that used by Park et al.>®> The foveal center
was defined as the section with the minimal foveal thickness
(ILM to RPE-BrM) within the foveal depression. When no pit
was present, the maximum widening of the outer nuclear layer
(OPL to ELM) and/or lengthening of the photoreceptor outer
segments (EZ to IZ) was used to identity the expected foveal
center. Individual OCT line scans through the foveal center
were used to grade foveal hypoplasia in participants with
aniridia following the criteria suggested by Thomas et al>®;
absence of extrusion of plexiform layers (grade 1); grade 1 plus
absence of foveal depression (grade 2); grade 2 plus absence of
outer segment lengthening (grade 3); and grade 3 plus absence
of outer nuclear layer widening (grade 4).

Color Vision

Color vision was examined with a low vision version of the
Color Assessment and Diagnosis (CAD-LV) test (City Occupa-
tional Ltd., London, UK). The CAD test has been used to
examine both congenital®” and acquired color vision deficien-
Cies,g’g’39 and is validated with a reported high testretest
relialbility.40 To ascertain the degree of noncongenital deficien-
cies and elucidate if it was receptoral or postreceptoral in
origin, some participants were invited to do the Cambridge
Color Test (CCT; Cambridge Research Systems Ltd., Cam-
bridge, UK), and anomaloscope (HMC Oculus Anomaloscope
MR, Type 47700; Oculus Optikgerite GmbH, Wetzlar, Ger-
many). All participants wore the appropriate refractive
correction as determined during the initial clinical assessment.

Color Assessment and Diagnosis Test

The normal controls and 31 of the participants with aniridia
were tested with the CAD. The CAD test measures red-green
(RG) and yellow-blue (YB) color detection thresholds with a
chromatic, moving isoluminant stimulus embedded in a
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background of dynamic luminance contrast noise. ™" Chro-
matic thresholds were measured using a 4-alternative-forced-
choice method along 16 hue directions in the CIE 1931 (x, ))
chromaticity diagram.44 The test conditions were altered to
compensate for low vision (LV) in aniridia—the stimulus was
double its default size and moved slower to compensate for
reduced visual acuity. That is, the stationary achromatic square
array of 15 X 15 checkers subtended 5.7° X 5.7° in visual angle
and the smaller moving chromatic square array of 5 X 5
checkers subtended 1.8° X 1.8° visual angle at a distance of 140
cm. The temporal frequency was 50% lower than the default
setting, and random luminance modulation was increased by
100% to mask the detection of rod-mediated signals that might
be introduced by the larger stimulus. Background luminance
was 24 cd/m? The monitor (SpectraView PA241W; NED
Display Solutions, Itasca, IL, USA) was calibrated daily using a
photometer (Gossen Mavo Monitor USB, CO Ltd., Niirnberg,
Germany).

Median RG and YB thresholds, represented as chromatic
difference (CD) from the background chromaticity (x = 0.305,
y = 0.323), were computed.45 The test was performed
binocularly to minimize nystagmus and to indicate overall
functional performance, and took 10-12 minutes to complete.
As a control, RG and YB thresholds were also measured at a
lower luminance level (2.4 cd/mz; a 1.0 spectrally calibrated
neutral density filter was added in front of each eye) for a
subset of normal controls (z = 38, age 10-67 years).

Cambridge Color Test

The normal controls and 16 of the participants with aniridia
(age 11-66 years, logMAR 0.00-0.90) were tested with the CCT
Trivector test following standard procedures.“"47 The test was
performed binocularly and took 3 to 4 minutes to complete.
Participants were tested twice, and average thresholds were
used for analysis. The CCT is a computer-based pseudo-
isochromatic test and the stimuli were generated via a graphics
system (VSG ViSaGe; Cambridge Research Systems Ltd.,
Rochester, UK) and presented on a 22-inch CRT monitor
(LaCie Electron 22bluelV; LaCie Group, Paris, France). The
luminance and chromaticity of the monitor were checked daily
with a colorimeter (PR650 Spectra; Photo Research, Inc.,
Chatsworth, MA, USA). The target was a Landolt-C with inner
and outer diameters of 2.2° and 4.3°, respectively, and a gap
size of 1° visual angle presented at a test distance of 305 cm.
The gap position varied randomly from trial to trial (up, down,
left, right), and the observer’s task was to indicate the position
of the gap by pushing the correct button on a response box
within 3 seconds. The test employed a staircase method (11
reversals) for measuring color-discrimination thresholds in
three directions along the protan, deutan, and tritan confusion
axes in the CIE 1976 (u, v’) chromaticity diagram. The
maximum color-vector length was set to 0.1600 units. The
mean of the last six reversals was taken as the threshold.

Rayleigh Color Match

Ten participants with aniridia performed the Rayleigh color
match (Oculus Optikgerite GmbH) using their best eye. The
Rayleigh stimulus is a 2° circular field divided in two
semicircles. The upper part is the color-mixture field with a
mixture of green (545 nm) and red (671 nm) light, and the
lower part is the reference field with yellow light (589 nm).
Using the procedure suggested by Linksz,*® the participant’s
first task was to find the metameric match between the upper
and lower fields by adjusting the luminance of the monochro-
matic yellow reference field and the relative amounts of red
and green light in the mixture field. Theoretically, this is the

Downloaded From: http://arvojournals.org/ on 05/01/2018

IOVS | April 2018 | Vol. 59 | No. 5 | 2144

match that produces the same set of quantum catches at the
level of the photoreceptors.® This first match was used as the
starting point for finding the matching range. Several different
relative amounts of red and green light in the mixture field
were set by the operator using a staircase procedure, and the
participant’s task was to judge whether each of them appeared
uniform or not by adjusting the luminance of the reference
field. The matching range was taken as the difference between
the highest and the lowest red/green ratio that the participant
would accept after making his/her own luminance adjust-
ments. The mean match midpoint = SD and matching range
for color normal observers for this particular instrument is 40.3
+ 1.91 and 2.01 = 1.09.%° A person with a protan deficiency
requires more red to match the yellow reference field resulting
in a higher than normal match midpoint, whereas someone
with a deutan deficiency requires more green resulting in a
lower than normal match midpoint. Larger than normal
matching ranges signify poorer discrimination, with dichro-
mats accepting all mixture ratios as metameric if the luminance
is adjusted appropriately.

Genetic Analysis

All participants, with the exception of participants 5119 and
5124, gave saliva samples (Oragene-DNA, OG-500, DNA Self-
Collection Kit; DNA Genotek, Inc., Ottawa, ON, Canada) for
genetic analysis of cone opsin gene mutations known to be
associated with congenital color vision deficiencies.>*>! In
order to detect genetic evidence of a red-green color vision
deficiency, DNA was isolated from saliva samples, and a
genotyping performed using a previously described assay.”'
DNA was also used in the PCR to amplify exons 2 through 5 of
the L and M opsin genes separately, and exons 2, 3, and 4 were
directly sequenced.?® To identify/confirm the genetic cause of
aniridia for each participant, the PAX6 gene was amplified and
sequenced using PCR primers and conditions that were
described previously.>> Fluorescent DNA sequencing was
performed on both DNA strands. For participants who were
negative for PAX6 mutations, exons and intron/exon junctions
of the PITX2 and FOXC1 genes were amplified and sequenced
using the PCR primers described by Ansari et al.>*

Data Analysis

Statistical analysis were performed with R (v3.3.2), R
Foundation for Statistical Computing, Vienna, Austria.>* The
data for the aniridia group was found to be nonnormally
distributed, as verified by histograms and g-q plots. The
nonparametric Mann-Whitney U test was applied for indepen-
dent samples and the Wilcoxon signed-rank test for paired
samples. Correlations were assessed with Spearman correla-
tion coefficients (ry). Between-group differences were exam-
ined with Kruskal-Wallis 1-way ANOVA. The significance level
was set to P < 0.05. Bonferroni-corrected P values are reported
for multiple comparisons. Bland-Altman plots were used to
compare the CAD and CCT measurements with the nonpara-
metric limits of agreement estimated as the 2.5 and 97.5
quantiles of the differences and the average bias estimated as
the median of the differences. The statistical normal limits for
the CAD-LV test were computed based on the median color
discrimination threshold and the 2.5% quantile and 97.5%
quantile (giving a 95% interquantile range) for the normal
controls in the study. A quantile regression was conducted to
estimate and plot a curve to the median, 2.5% and 97.5%
quantiles as a function of age using the quantreg v5.33 package
for R.>> CAD-LV units were calculated to assess the severity of
color vision loss in aniridia, dividing the aniridia thresholds by
the normal median RG and YB thresholds (based on data from
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Tasie 1. Age Distribution and Number of Participants in Each Age color vision deficiency. Five males with aniridia were excluded
Group from further analysis as they were confirmed to have cone
s opsin genes conferring congenital deutan color vision defi-
Aniridia Normal Controls cilz:ncy.gTable 1 showsgthe :igge distribution for all the study

Age Median Age Median Age participants.
Group n Age Range n Age Range Those with normal opsin genes had corrected visual acuity
0.00 to 1.76 logMAR in their best eye; 11 (35.5%) of these made
<20 7 12 9-19 11 14 10-19 two or more RG errors on the HRR, four (12.9%) of which also
20-29 9 24 20-29 15 23 20-27 made YB errors, while one (3.2%) made YB errors only.
30-49 9 40 31-49 11 41 32-47 Summary of clinical findings and color vision test results for the
50-59 3 51 50-56 5 55 51-58 participants with aniridia are presented in Tables 2 and 3. The
>060 3 66 64-67 10 67.5 62-74 participants who were negative for PAX6 mutations, were also

our 52 controls), respectively. Both thresholds represented as
CD X 10* and thresholds expressed as CAD-LV units were used
for analysis.

RESULTS

Clinical Assessment and Genetics

A total of 31 of 36 participants with aniridia (aged 10-67 years,
12 males) had cone opsin genes known to be associated with
normal color vision, including four female carriers of deutan

negative for disease-causing mutations in both the PITX2 and
FOXC1 genes.

All 52 normal controls had cone opsin genes known to be
associated with normal color vision, including five female
carriers of deutan color vision deficiency. None of the normal
controls made more than one error on the HRR; only two made
one error on plate 7 (the most difficult RG screening plate).
Their corrected visual acuity was 0.16 logMAR or better in
their dominant eye. The controls were healthy with no known
systemic disease or ocular abnormalities. Clinical assessment,
color fundus photography, and OCT imaging were performed
on each participant, and all controls were found to be healthy
and free of eye disease. Nuclear opalescence, nuclear color
grade, cortical- and posterior subcapsular cataract were graded

1 Measured with their best eye.
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Tasie 2. Summary of Clinical Findings for the Participants With Aniridia*
Aniridia
Visual Associated Foveal
Genetic Acuity,t Keratopathy, Hypoplasia, Optic Nerve Lens
D Age Mutation logMAR Nystagmus Grade Grade Hypoplasia Glaucoma Status
5124 23 N/A 0.40 N 0 0 N N Phakic
5139 15 Unknown 0.00 N 0 0 N N Phakic
5132 64 Unknown 0.56 N 0 1 N Y Pseudophakic
5134 49 Unknown 0.18 N 1 1 N N Pseudophakic
5116 66 PAXG 0.40 N 2 2 N N Pseudophakic
5120 42 PAX6 0.22 N 1 2 N N Phakic
5123 24 PAXG 0.50 N 2 2 N N Phakic
5154 24 Unknown 0.72 Y 1 2 N N Phakic
5114 56 PAXG6 0.86 Y 1 3 Y Y Aphakic
B 5125 15 PAXG 0.74 Y 1 3 N Y Phakic
(- 5126 12 PAXG6 0.80 Y 1 3 N Y Phakic
D 5135 40 PAXG 0.70 Y 1 3 Y Y Phakic
(?) 5137 20  PAXG 0.70 Y 1 3 N N Phakic
— 5144 32 PAX6 0.74 Y 2 3 N Y Pseudophakic
© 5147 11 Unknown 0.50 Y 2 3 N N Phakic
a 5148 49 PAX6 0.60 N 2 3 N Y Pseudophakic
S 5113 32 PAX6 0.80 Y 2 4 N N Phakic
o3 5117 20 Unknown 1.00 Y 2 4 N Y Pseudophakic
= 5119 9 N/A 1.00 Y 1 4 N Y Phakic
O 5127 41 PAX6 1.20 Y 2 4 N Y Pseudophakic
O 5131 29  paxe 1.30 Y 1 4 Y Y Aphakic
© 5138 11  PAX6 0.90 Y 1 4 N N Phakic
g 5140 19 PAXG6 0.70 Y 2 4 N N Phakic
_CCU 5141 23 PAXG6 1.00 Y 2 4 N N Phakic
E 5149 31 PAXG 0.90 Y 2 4 N/A N Phakic
o 5110 50 PAX6 1.00 Y 3 N/A Y Y Pseudophakic
O 55118 25 PAXG 0.74 Y 3 N/A N Y Pseudophakic
[} 5121 51 PAX6 CF Y 3 N/A N N Phakic
= 5129 67  PAXG 1.30 Y 3 N/A N Y Aphakic
® 5145 36 PAXG 1.76 Y 3 N/A N/A N Pseudophakic
-9 5152 26 Unknown 1.30 Y 3 N/A N/A Y Phakic
8 CE counting fingers at 0.5 m; N, no; Y, yes; N/A, not applicable.
E * The participants are ordered by the grade of foveal hypoplasia.
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Tasie 3. Summary of Color Vision Test Results for the Participants With Aniridia*
CAD-LV Threshold
(CD X 10%), n = 27 CCT, n = 16 Rayleigh Match, n = 10 HRR, n = 31

ID Age RG YB Protan Deutan Tritan Midpoint Range RG YB
5124 23 N/A N/A - - - - - Normal Normal
5139 15 84 134 50 64 62 - - Normal Normal
5132 64 183 327 296 328 1186 46.2 6.0 Mild Normal
5134 49 93 193 - - - - - Normal Normal
5116 66 116 170 146 131 133 45.7 4.9 Normal Normal
5120 42 50 113 84 81 92 41.0 5.1 Normal Normal
5123 24 118 221 79 86 168 40.2 4.2 Normal Normal
5154 24 110 167 41 54 72 - - Normal Normal
5114 56 434 1198 320 407 1398 - - Medium Mild
5125 15 196 317 73 74 103 - - Normal Normal
5126 12 94 159 130 121 117 42.6 4.3 Normal Normal
5135 40 123 187 153 218 286 42.2 6.6 Normal Normal
5137 20 93 166 136 142 737 44.9 4.0 Normal Normal
5144 32 104 144 - - - - - Normal Normal
5147 11 143 216 132 128 210 44.4 7.4 Mild Normal
5148 49 192 497 96 149 1076 44.1 114 Mild Mild
5113 32 154 177 128 120 115 - - Mild Normal
5117 20 186 231 - - - - - Normal Normal
5119 9 N/A N/A - - - - - Normal Normal
5127 41 239 210 - - - - - Mild Normal
5131 29 197 154 - - - - - Medium Normal
5138 11 80 141 182 157 192 - - Normal Normal
5140 19 133 213 - - - - - Normal Normal
5141 23 231 238 - - - - - Normal Normal
5149 31 181 277 - - - - - Normal Normal
5110 50 119 213 - - - - - Normal Normal
5118 25 220 848 141 154 739 40.5 7.8 Normal Mild
5121 51 N/A N/A - - - - - Mild Strong
5129 67 621 1292 - - - - - Medium Mild
5145 36 124 196 - - - - - Mild Normal
5152 26 N/A N/A - - - - - Mild Normal

N/A, not applicable; RG, red-green; YB, yellow-blue.

* The participants are ordered by the grade of foveal hypoplasia (as in Table 2).

and found to be lower than NO2, NC4, C2, and PO (LOCS IID),
respectively. None of the normal controls had undergone
cataract surgery.

Color Vision

Figure 1 shows RG and YB CAD-LV thresholds for 27
participants with aniridia (circles) and 52 normal controls
(squares) as a function of age. Four participants with aniridia
were unable to complete the CAD-LV test, either because of
too poor vision (7 = 2) or of other reasons (7 = 2; one child and
one with cerebral palsy).

RG and YB CAD-LV thresholds for normal controls
decreased with increasing age from 10 to 20 years, and YB
CAD-LV thresholds increased with increasing age from about
50 years. The median (2.5-97.5% quantile) CAD-LV RG and YB
thresholds for the normal controls were 72.7 (45.7-112.4) CD
X 10% and 163.2 (104.2-256.3) CD X 10%, respectively. CAD-LV
RG and YB thresholds were higher when measured at the
mesopic light level (2.4 cd/m?), with a median (2.5%-97.5%
quantile) difference between the two tests of 27.8 (5.3-71.8)
and 49.1 (=1.0 to 265.4) CDX10% respectively. The median
(2.5%-97.5% quantile) thresholds along the protan, deutan and
tritan confusion axes for the CCT were 58.5 (31.0-118.6), 56.0
(31.7-99.3) and 83.5 (39.0-257.5) respectively for normal
controls.
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RG and YB CAD-LV thresholds were significantly higher for
those with aniridia compared with age-matched normal
controls (Mann-Whitney U test: RG: P < 0.001, YB: P =
0.002). A total of 19 participants with aniridia had RG
thresholds that were higher than the 97.5% quantile that was
defined as the upper normal limit based our normal control
data, of whom seven also had YB thresholds higher than the
97.5% quantile. None had higher YB threshold than the upper
normal limit only. Figure 2 shows CAD-LV YB thresholds as a
function of RG thresholds; both calculated as CAD-LV standard
units. CAD-LV RG thresholds were significantly higher than the
CAD-LV YB thresholds (Z = 3.1, P = 0.001) in aniridia (Fig. 2).

CCT RG threshold was calculated as the mean of the protan
and deutan thresholds. There was good agreement between
the CAD-LV and the CCT test, but both RG and YB median
CAD-LV were higher than the median CCT thresholds. The
median RG difference (CAD-CCT threshold) was 12.2 and 19.7
for normal controls and participants with aniridia, respectively
(Fig. 3). The median YB differences in thresholds were 69.5
and 28.9, respectively. However, for three of the participants
with aniridia, the CCT tritan thresholds were more than twice
as high as their CAD-LV YB threshold.

Ten of those with aniridia agreed to be measured with
Rayleigh anomaloscopy. The median matching midpoint was
43.3 (range, 40.2-46.2), with a median matching range of 5.6
(range, 4.0-11.4).
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(A) CAD-LV RG and (B) YB thresholds as a function of age for each observer with aniridia (filled circles) and normal controls (open

squares). The solid line shows the fitted median and the dotted lines represent the 2.5% and 97.5% quantile estimated with a quantile regression for
the normal controls. For clarity, observers with extremely high thresholds (labeled) are shown on an extended y-axis.

Foveal Hypoplasia and Color Vision in Aniridia

Figure 4 shows OCT scans from five participants with aniridia and
foveal hypoplasia grade from O to 4. Foveal hypoplasia was
observed in 23 of the 25 participants with aniridia imaged with
OCT (six had too severe nystagmus and/or ocular media opacities
to allow imaging). Two participants had grade 1, four grade 2,
eight grade 3 and nine grade 4. One participant had intermediate
age-related macular degeneration (which made correct foveal
grading difficult) and was, therefore, excluded from the analysis
which included structural changes and visual function.
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Ficure 2. CAD-LV RG and YB threshold for participants with aniridia
(filled circles), aniridia and secondary glaucoma (open circles) and
normal controls (open squares). Median, 2.5% and 97.5% quantiles for
the normal controls are marked. Thresholds are presented in CAD-LV
standard units, calculated by dividing the thresholds by the normal
median values for RG and YB threshold, respectively. (A) All data
included, (B) Only CV-LV units < 4 units included for better
visualization of the individual data points.
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There was a strong correlation between the grade of foveal
hypoplasia and visual acuity (s = 0.859, P < 0.001). A positive
correlation was found between grade of foveal hypoplasia and
CAD-LV RG threshold (7s=0.558, P = 0.007), but not for CAD-LV
YB threshold (#s=0.255, P=0.252). Those with foveal hypoplasia
grade 0-2 (mild) were grouped and compared with those with
grade 3 (moderate) and grade 4 (complete) for between-group
comparisons (Fig. 5). Kruskal-Wallis ANOVA revealed a significant
difference in CAD-LV RG thresholds between the grades of FH (i
=0.876, df=2, P=0.032). Those with complete FH (grade 4) had
significantly higher CAD-LV RG thresholds than those with mild
FH (grade 0-2; P =0.038) (Fig. 5A).

Secondary Pathology and Color Vision in Aniridia

Thirteen of the 27 (48%) participants with aniridia who
performed the CAD-LV test had previously been diagnosed
with glaucoma and/or ocular hypertension. Six of these had
higher than normal thresholds for both CAD-LV RG and YB.
Five of these six were also tested on the CCT, and four had
higher than normal thresholds for both CCT RG and YB (ID:
5132, 5114, 5148, 5118). The only person without glaucoma
who had higher than normal thresholds for both CAD-LV RG
and YB (5149) had severe cortical and posterior subcapsular
opacification of the lens. The participants with aniridia and the
highest thresholds for both CAD-LV RG and YB had either ONH
in addition to glaucoma (5114) or high-grade keratopathy in
addition to glaucoma (5129, 5118). The other three with ONH
had only increased RG threshold.

Kruskal-Wallis ANOVA indicated a difference in CAD-LV YB
thresholds between the three AAK severity groups (mild: grade
0-1; moderate: grade 2; severe: grade 3; xz =06.749,df=2,P=
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The black solid line represents the median difference, and the dotted lines are 2.5% and 97.5% quantiles of the difference.

0.034), but post hoc pairwise comparisons failed to reveal any
significant differences (mild/moderate: P = 0.167, mild/severe:
P=0.079) (Fig. 5D). Note that 12 of 13 with glaucoma also had
AAK, and if the 13 with glaucoma were removed from the
analysis, only one of the remaining with AAK (5149) had higher
than normal CAD-LV YB threshold. The person with glaucoma
and no AAK (5132) had higher than normal CAD-LV YB
threshold. There were no significant differences in CAD-LV RG
thresholds between any of the AAK severity groups (mild/
moderate and mild/severe: P = 0.23) (Fig. 50C).

Evaluation of lens opacities based on LOCS III grading was
only applicable for persons with at least one phakic eye (n =
18). Total grading score showed no significant correlation with
either RG or YB CAD-LV thresholds (7, = 0.296, P = 0.305 and
r, = 0.252, P = 0.384, respectively).

DISCUSSION

The results presented here show that persons with aniridia
exhibit a quantifiable loss of color vision. The greatest loss was
in RG color discrimination, which was positively correlated
with the grade of foveal hypoplasia. Additional loss was
observed in YB color discrimination, but this was associated
with secondary ocular pathology, usually glaucoma. Color
vision is known to vary as a function of age with maximum
sensitivity around 20 years of age, thought to reflect normal
healthy development and maturation of the visual system.%’58
The gradual increase in color discrimination from childhood
until early adulthood can be observed for the normal controls
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in this study, but not for those with aniridia. These findings
suggest that a likely reason for loss of red-green color vision in
aniridia is arrested foveal formation and associated alterations
in retinal structure and processing.

Loss of color vision has been described on one occasion
previously, in a family with 11 members with congenital
aniridia.”® We show that loss of RG and YB color vision is
frequent in aniridia but cannot always be detected with the
HRR pseudoisochromatic plates. Computerized tests, that
allow for more accurate measures of chromatic discrimination
such as the CAD-LV or the CCT, are required to quantify the
loss. General loss in red-green discrimination was also
observed for the Rayleigh match, with matching midpoints
within normal limits for all except two, but matching ranges
more than 2 standard deviations larger than for normal
trichromats.>®

The majority of persons with aniridia (z = 23) in this study
exhibited the same variation in the degree of foveal hypoplasia
(grades 1-4) as previously described for aniridia caused by
PAX6 mutations. 33660 Only two participants had grade 0,
both with clearly defined FAZ and RG thresholds within the
normal range. Those with complete FH had significantly higher
RG thresholds than those with mild FH. There was no
association between age, RG thresholds, and FH grade. The
degree of FH is most likely associated with the timing of
arrested foveal formation,zz’26 resulting in a lower number of L
and M cones in the fovea, and foveal cones that are more
similar to the peripheral cones with shorter cone outer

segments>® and decreased cone photopigment optical densi-
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Ficure 4. OCT scans from the central 10° of five participants with aniridia (A-E) showing the grades (0-4) of foveal hypoplasia.36 The dotted
rectangle delineates the X2 magnified area represented on the right. The marked retinal layers were segmented and analyzed using longitudinal
reflectivity profiles averaged over a 5-pixel wide region positioned at the foveal center (vertical arrows in left colummn). The distance between the
ELM and the posterior boundary of OPL was defined as the outer nuclear layer thickness and the cone outer segments are bounded by the
hyperreflective peaks corresponding to IZ and EZ. (B) Grade 1 is defined as absence of extrusion of plexiform layers (marked with arrow in
magnified section on right). (C) Grade 2 is defined as grade 1 plus absence of foveal depression (marked with arrow). (D) Grade 3 is defined as
grade 2 plus absence of outer segment lengthening (marked with arrows). (E) Grade 4 is defined as grade 3 plus absence of outer nuclear layer

widening (marked with arrows). Scale bars: 200 pm.

ty.61 Those who have anirida and associated FH because of
PAX6 mutations may also have a lower ganglion cell
density”’15 and lesser developed cone to midget circuitry
(predominance of connections from a single cone to a single
midget bipolar cell and a single ganglion celD), 71926 normally
located within the FAZ.>>?? Thus, we argue that altered spatial
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organization of cone photoreceptors and associated circuitry
of the central retina in aniridia is the most likely cause of
poorer than normal red-green color discrimination. This is
supported by the reduction in cortical volume in the region
where the fovea is represented, previously reported in
aniridia.> We cannot rule out that unstable fixation and
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Ficure 5. Comparison of CAD-LV RG and YB threshold units between
(A, B) three grades of foveal hypoplasia (mild, grade 0-2; moderate,
grade 3; complete, grade 4) and (C, D) aniridia associated keratopathy.
Note that the four participants with severe AAK (C, D) are not included
in any of the FH groups because of insufficient OCT image quality.

nystagmus may also play a role in that a larger part of the retina
will be used for sampling a scene, more akin to perifoveal
sampling in normal controls.®*%%

Secondary pathology may aggravate both spatial and color
vision function early on in aniridia, because with FH there are
most likely far fewer cones and possibly not the same
redundancy of cells within the macular region as that observed
in normally developed retinas.®> This is corroborated by
previously reported correlations between high contrast achro-
matic visual acuity and the degree of retinal development as
ascertained by the grades of FH.?° It is known from studies on
other retinal degenerative diseases that visual acuity may
remain within normal limits even when cone density is less
than half of what is observed in normal controls.®®~%®

The RG thresholds were significantly higher than YB
thresholds in persons with aniridia, with loss of YB color
vision in addition to loss of RG vision appearing to be most
strongly associated with glaucoma. Both RG and YB color
vision loss have previously been reported in glau¢:0m:1,69’71
with higher thresholds being associated with severity of the
disease.”! The two with aniridia who had the highest RG and
YB thresholds, have had glaucoma for more than 20 years
(assumed to reflect severity of glaucoma). Loss of YB color
vision is also commonly associated with media opacities and a
reduction in retinal illuminance caused by increased absorp-
tion of short wavelength light.>”>® There was no significant
correlation between YB color vision loss and grade of media
opacity here, perhaps because only four participants who
performed the CAD test had stage 3 AAK (central corneal
involvement), and because of the younger age in the phakic
group. The pattern of cataract development in aniridia is also
different from typical age-related changes.® Combined media
opacities (AAK and cataract) in anirida may result in a general
reduction of retinal illuminance. But, as measured with an
added ND filter (to simulate reduced retinal illuminance) in
normal controls, this resulted in an almost uniform increase in
both RG and YB CAD-LV thresholds, as opposed to the
significantly higher RG thresholds in aniridia.
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Both normal and impaired color discrimination has been
reported in other disorders associated with foveal hypopla-
sia,*7>7> but it is not known if other pathophysiologic
mechanisms that cause FH also affect color discrimination. In
aniridia, we surmise that PAX6 mutation dosage expression is
likely to be directly correlated with the degree of FH and the
degree of impaired red-green color discrimination. Future work
including more detailed PAX6 genotyping and additional
measurement techniques, such as multimodal AOSLO imag-
ing,—/("78 may enable us to test this hypothesis.

CONCLUSIONS

In conclusion, visual function loss in aniridia is not limited to
loss of visual acuity. Additional loss of color vision appears to
be a combined consequence of the timing of arrested foveal
formation and secondary ocular pathology. It is a reminder that
persons with aniridia are equally likely to inherit congenital
color vision deficiencies as others.
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The Cone Photoreceptor Mosaic in Aniridia

Within-Family Phenotype—Genotype Discordance

Hilde R. Pedersen, MSc,' Maureen Neity, PhD,” Stuart J. Gilson, PhD," Erlend C.S. Landsend, MD,’
Dygunn Aas Utheim, MD, PhD, Tor Paaske Utheim, MD, PhD,"* Rigmor C. Baraas, PhD'

Purpose: Investigate in vivo cone photoreceptor structure in familial aniridia caused by deletion in the PAX6
gene to elucidate the complexity of between-individual variation in retinal phenotype.

Design: Descriptive case-control study.

Participants: Eight persons with congenital aniridia (40—66 yrs) from 1 family and 33 normal control par-
ticipants (14—69 yrs), including 7 unaffected family members (14—53 yrs).

Methods: DNA was isolated from saliva samples and used in polymerase chain reaction analysis to amplify
and sequence exons and intron or exon junctions of the PAX6 gene. High-resolution retinal images were acquired
with OCT and adaptive optics scanning light ophthalmoscopy. Cone density (CD; in cones per square millimeter)
and mosaic regularity were estimated along nasal—temporal meridians within the central 0° to 5° eccentricity.
Horizontal spectral-domain OCT line scans were segmented to analyze the severity of foveal hypoplasia (FH) and
to measure retinal layer thicknesses.

Main Outcomes and Measures: Within-family variability in macular retinal layer thicknesses, cone photo-
receptor density, and mosaic regularity in aniridia compared with normal control participants.

Results: DNA sequencing revealed a known PAX6 mutation (IV2-2delA). Those with aniridia showed variable
iris phenotype ranging from almost normal appearance to no iris. Four participants with aniridia demonstrated FH
grade 2, 2 demonstrated grade 3 FH, and 1 demonstrated grade 4 FH. Visual acuity ranged from 0.20 to 0.86
logarithm of the minimum angle of resolution. Adaptive optics scanning light ophthalmoscopy images were
acquired from 5 family members with aniridia. Foveal CD varied between 19 899 and 55 128 cones/mm? with
overlap between the foveal hypoplasia grades. Cone density was 3 standard deviations (SDs) or more less than
the normal mean within 0.5°, 2 SDs less than the normal mean at 0.5° to 4°, and more than 1 SD less than the
normal mean at 5° retinal eccentricity.

Conclusions: The results showed considerable variability in foveal development within a family carrying the
same PAX6 mutation. This, together with the structural and functional variability within each grade of foveal
hypoplasia, underlines the importance of advancing knowledge about retinal cellular phenotype in

aniridia. Ophthalmology Retina 2019;3:523-534 © 2019 by the American Academy of Ophthalmology

Supplemental material available at www.ophthalmologyretina.org.
[]

Congenital aniridia usually causes significant visual
impairment. Bilateral hypoplasia of the iris and fovea are
characteristic findings. Persons with aniridia are at high risk
of early-onset cataract, keratopathy, and glaucoma devel-
opment. Based on population studies in Norway, Sweden,
Denmark, and the United States, the prevalence of aniridia is
estimated to be 1:64 000 to 1:96 000."” Heterozygous mu-
tations in paired box gene 6 (PAX6)’ primarily are
responsible for aniridia. Most known mutations introduce
premature termination codons into the PAX6 open reading
frame that lead to haploinsufficiency of the PAXG6
transcription factor, either by mutations within the PAX6
gene or its regulatory elements, or more rarely by
chromosomal deletions of band 11p13."” Inheritance typi-
cally is autosomal dominant.” The phenotypic spectrum
associated with PAX6 mutations is extensive, and aniridia

© 2019 by the American Academy of Ophthalmology
Published by Elsevier Inc.

is associated with considerable variability in phenotype
and severity.’

The PAX6 gene is a key regulator for normal eye
development and interacts with many other genes and pro-
teins. A network of transcription factors including PAX6 is
expressed in retinal progenitor cells to control differentiation
of multiple early-born (i.e., retinal ganglion cells, cone
photoreceptors) and late-born (glycinergic amacrine cells,
bipolar cells) retinal nerve cell types.” Normal foveal
development is characterized by formation of a foveal
avascular zone before the foveal depression is formed and
displacement of the inner retinal layers. Postnatal
elongation and migration of cones toward the center of the
fovea lead to a pronounced increase in cone photoreceptor
density.””""  Aniridia-associated mutations within the
PAX6 gene are known to alter retinal cell composition and
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subsequent postreceptoral organization, including arrested
formation of the fovea.'” '* It is not known whether the
degree of PAX6 haploinsufficiency correlates with the de-
gree of foveal hypoplasia'® and impaired migration of cone
photoreceptors toward the fovea center.” '

Few studies have used high-resolution imaging to
investigate retinal layer structure in aniridia,'”'® and none
have investigated the cone photoreceptor mosaic. Herein,
spectral-domain OCT and adaptive optics scanning light
ophthalmoscopy (AOSLO) were combined to advance the
understanding of foveal hypoplasia in familial aniridia
through in vivo examinations of retinal layers and photo-
receptors at single-cell resolution. This allowed detailed
evaluation of retinal phenotypic variability within a family
with aniridia.

Methods

Participants

Eight persons from 1 family with congenital aniridia (5 males
40—66 years of age) and 33 normal control participants (14 males
14—69 years of age), including 7 unaffected family members (3
males 14—53 years of age), were recruited through the Norwegian
Association of Aniridia, via family members, or through the Na-
tional Centre for Optics, Vision and Eye Care, University of South-
Eastern Norway. The study was conducted in accordance with the
tenets of the Declaration of Helsinki and approved by the Regional
Committee for Medical and Health Research Ethics (Southern
Norway Regional Health Authority). All participants or their
guardians gave written informed consent after the purpose, pro-
cedures, and possible consequences of the study were explained.

Genetic Analysis

DNA was extracted from saliva samples collected with the
Oragene-DNA Self-Collection Kit, OG-500 (DNA Genotek, Inc,
Ottawa, Canada) from all 41 participants. The PAX6 gene was
amplified, and exon and intron or exon junctions were sequenced
using polymerase chain reaction primers and conditions described
previously.'” Fluorescent DNA sequencing was performed on both
DNA strands. One family member with aniridia and 3 unaffected
family members who provided saliva samples for genotyping
were unable to participate in any further studies.

Clinical Assessment

Seven of 8 family members with aniridia, 4 unaffected family
members, and 26 nonrelated normal control participants underwent
an eye examination including refraction, evaluation of the anterior
and posterior segment, and ocular biometry (IOL Master; Carl
Zeiss Meditec AG, Jena, Germany), as well as OCT (details
follow). Visual acuity (VA; in logarithm of the minimum angle of
resolution units) was measured with a digital high-contrast chart at
6 m (TestChart 2000; Thompson Software Solutions, London,
United Kingdom). The Lens Opacities Classification System IIT'®
was used to evaluate the clarity of the lens. Aniridia-associated
keratopathy was graded based on a previously described grading
scale."”

OCT

High-resolution volumetric spectral-domain OCT images were ac-
quired with the Heidelberg Spectralis OCT?2 (Heidelberg Engineering
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GmbH, Heidelberg, Germany). The scans were 30° x 10°, consisted
of 49 B-scans (1536 A-scans/B-scan), and were centered at the
assumed foveal center. To improve signal-to-noise ratio and to
compensate for eye motion (TruTrack; Heidelberg Engineering), 20
B-scans (frames) were averaged during acquisition. One eye, for
which macular volumes could not be obtained because of severe
nystagmus, was imaged using horizontal line scans with a nominal
scan length of 30°. Multiple scans were acquired in the foveal region
to identify signs of foveal specialization.””"*' The lateral scale of all
OCT scans was corrected for retinal magnification factor based on
individual ocular biometry, calculated with optical design software
(Zemax EE; Radiant Zemax, Redmond, WA) using the eye model of
Liou and Brennan.*

Spectral-domain OCT-derived measures were obtained semi-
automatically with custom software. An automatic active contour
method,” using the Python implementation by van der Walt
et al,”* was used first to segment the anterior edge at the inner
limiting membrane in a similar fashion as that described by
Mishra et al.”> Successive layers then were segmented at the
posterior boundary of the outer plexiform layer; the center of the
external limiting membrane, ellipsoid zone, and interdigitation
zone; and the posterior boundary of the retinal pigment
epithelium—Bruch’s membrane band using the contour of the
previous layer as a seed. The foveal center was defined as the
section with maximum outer segment (OS) length (ellipsoid zone
to interdigitation zone) and minimum foveal thickness (internal
limiting membrane to retinal pigment epithelium—Bruch’s
membrane) within the foveal pit. When no pit was present, the
maximum lengthening of the photoreceptor OSs (ellipsoid zone
to interdigitation zone), widening of the outer nuclear layer
(outer plexiform layer to external limiting membrane), or both
were used to identify the expected foveal center. The B-scan
through the defined foveal center was used for analysis.

The thickness values for each segmented layer were extracted
and averaged at 5-pixel (approximately 28.3 pm) increments from
the expected foveal center out to 10° temporal, and nasal eccen-
tricity and the thickness of each retinal layer were calculated.
Definition of the retinal layers are presented in Figure 1A. Outer
nuclear layer (ONL) and Henle’s fiber layer (HFL) were defined
as 1 layer because the HFL could not be differentiated easily
from the ONL without capturing directional OCT.?® The relative
foveal-to-perifoveal lengthening of the photoreceptor OS, inner
segment, and ONL plus HFL was calculated by dividing their
foveal thickness values by the average of their thickness at 5° nasal
and temporal to the fovea.

Adaptive Optics Scanning Light
Ophthalmoscopy

The Kongsberg AOSLO?’*® was used to obtain images of the
photoreceptor mosaic in 5 participants with aniridia (4 men 40—66
years of age) and 30 age-matched normal control participants,
including 4 unaffected family members. Ocular media opacities
and nystagmus precluded imaging of the photoreceptor mosaic in
participants 5114 and 5135. Before imaging, 1 drop of cyclo-
pentolate 1% or tropicamide 0.5% was used to dilate the pupil and
control accommodation in participants without severe iris hypo-
plasia. Confocal® and nonconfocal split-detector”’ images with 1°
fields of view were acquired simultaneously within 1° of the foveal
location and along the temporal and nasal meridians out to 5°
eccentricity sampled at 0.5° or 1° intervals. Individual raw
image sequences contained 150 frames. Image analyses and
registration were performed as described previously.”® Registered
images from each retinal location were stitched together
manually into a montage aligned with the corresponding en face
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Figure 1. Spectral-domain OCT images showing different degrees of foveal hypoplasia. A, Horizontal transfoveal OCT scan of a normal healthy 23-year-old
including a graphical illustration of the definition of the segmented retinal layers used in (B—I). Foveal hypoplasia was graded according to the scale
proposed by Thomas et al'” as (B—E) grade 2, (F, G) grade 3, (H) grade 4, and (I) normal. Variation in foveal hypoplasia in (B—H) 7 family members with
aniridia and (I) 1 unaffected family member. Arrows mark the location of the foveal center. This corresponds to the foveal location in the cone mosaics
shown in Figure 4. Scale bars = 200 pm. HFL = Henle’s fiber layer; IS = inner segment; ONL = outer nuclear layer; OS = outer segment.

infrared image acquired by the OCT using selected blood vessel
landmarks. These steps ensured that the AOSLO images were
scaled correctly and were positioned regardless of the individual
participant’s fixation skill and uncontrolled eye movements. The
image montages were cross-referenced with the OCT scans to
confirm that the location of the foveal center corresponded in both
methods. This allowed us to estimate the location of the foveal
center in the AOSLO montage also when the most central cones
could not be resolved reliably.

Cone Density and Mosaic Regularity

Individual cones in the confocal images were identified via a
semiautomatic algorithm as described previously.”**' Non-
confocal split-detection images were used to disambiguate cones
from rods in the perifovea. Cone density was estimated over
50x50-um sampling windows at the foveal center out to 5° ec-
centricity along the horizontal and nasal meridian. Voronoi
analysis’> was performed to measure intercell distance (ICD; the
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2 average distance between a cone and all of its neighbors) and the
EOx © emd4 average distance between each cone and its nearest neighbor for
2] all cones whose Voronoi cell was contained completely within
o the sampling window.”> The percentage of 6-sided Voronoi
T e ‘E E L SR cells was calculated to characterize the regularity of the photo-
2 3§ ol - BN receptor mosaic. The mean (1) and standard deviation (SD; ©) for
Y glwwn o Al each metric were calculated to find the coefficient of variation
= (CV = ¢ / ) to indicate the overall regularity of the ICD and
Sy nearest neighbor distance independent of density and distance
(53 E . o+ o between the cones. Each participant’s dominant eye was used for
A —ee2 OCT and AOSLO analysis.
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e =
g Statistical Analysis
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£ % g? NN NN o QQ plots, histograms, and the Shapiro-Wilk test were used to
= ) fO assess normality of the variables. Means+SDs are reported for the
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= = data. The Wilcoxon rank-sum test (equivalent to the
if) 'é E% oo o098 8o Mann—Whitney U test) was applied for independent samples.
3 oz & 2z ZZrZ Correlations were assessed with Spearman correlation coefficients.
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2, < changes in cone density for the normal control participants. The
2 g co 00833 significance level was set to P < 0.05. Statistical analyses were
< 5% AE= performed using R statistical software version 3.5.1, including the
= O package ggplot2 (R Foundation for Statistical Computing, Vienna,
g B = Austria).
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_g 52 ‘§ sl-- o0~ a2 Intrarater and Interrater Reliability
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= g £ 3 Y = which only the participants are considered as random effects, was
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g B £ Results
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B — g = Clinical Findings and Genetics
- % ]
= ‘E P ; DNA sequencing revealed an IV2-2delA mutation of the PAX6
PARN S RIBRI ffE fg: gene in 8 of the family members who previously were diagnosed
3 °° ceeee £°% with aniridia. This mutation is known to cause aniridia and has
§ EEME been reported in the Human PA)§6 Allelic Variant Database
. i g_g (Leiden Open Variation Database).” It is a deletion of the —2
-i: SS SSmmw < gOu nucleotide in intron 2, disrupting the canonical splice site
) ZEZ48 sequence at the 3’ splice acceptor site upstream of exon 2. This
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LE|¥TF Ao nTFT 1= skipping. However, this is a noncoding exon, and the effect on
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& 'g' LY RYYTax k‘i”z g control participants. The inheritance pattern of the mutation is
= A B bhbhG ko shown in Figure S1 (available at www.ophthalmologyretina.org).
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Figure 2. Iris and spectral-domain OCT images showing variation in iris phenotype. A—G, Iris in participants carrying the PAX6 mutation. H, Iris in a
normal control participant. A, Iris with an almost normal appearance, but a slightly decentered pupil and thinning of the iris tissue. B, D, Thin rim of
remnant iris. C, G, Almost total iris hypoplasia with only a small stump of visible remnant iris. E, F, Total absence of iris. White arrows indicate the location

of the iris structure in the corresponding OCT image shown to the right.

Table 1 shows a summary of clinical phenotype in the 7 family
members with aniridia who underwent an eye examination (marked
with an asterisk in Figure S1). Total or near total iris hypoplasia or
a thin rim of iris was observed in 6 of the family members.
Participant 5199 initially demonstrated a normal iris, but on
closer inspection, the iris was unusually thin and bright
gray—pale blue, and the pupil was decentered nasally in both
eyes (Fig 2A).

The normal control participants, including the 4 unaffected
family members, were healthy with no reported systemic disease or
ocular abnormalities and were found to be free of eye disease on
clinical assessment, including fundus examination. Visual acuity
was 0.10 logarithm of the minimum angle of resolution units or
better.

Retinal Layer Thicknesses and Foveal Cone
Specialization

Foveal hypoplasia was observed in all participants with aniridia; 4
showed grade 2 (all males), 2 showed grade 3 (both females), and 1
showed grade 4 (female). All, as per grading definition, lacked
excavation of inner retinal layers, but ONL and cone OS thickness
in the fovea varied considerably between and within each foveal
hypoplasia grade (Fig 1).

Total foveal thickness (Fig 3A) ranged from 302.1 to 357.8 pum,
compared with normal control participants who showed a mean+SD
foveal thickness of 230.3£18.9 um (P < 0.001). The foveal ONL
plus HFL thickness (Fig 3B) in aniridia ranged from 49.7 to 99.2
pm and was significantly thinner than in normal control
participants (mean, 106.3+14.8 pum; P < 0.001). Those with
aniridia demonstrated a shorter foveal cone OS (range, 22.2—34.9
pum) compared with normal control participants (mean, 44.1+£3.3

pum; P < 0.001; Fig 3C). However, relative lengthening (foveal-to-
perifoveal length ratio) of the OS was within normal mean + 2 SD
for 3 of them, consistent with specialization of the foveal cones.
The ONL plus HFL and OS foveal-to-perifoveal length ratio
showed a clear relationship with foveal hypoplasia grade (Fig 3D).
Those with aniridia demonstrated shorter inner segment length
(range, 26.9—34.6 pum vs. mean = SD, 33.6+2.4 pm) than the
normal control participants, but the difference was not significant
(P =0.08).

Retinal Cone Photoreceptor Density and Mosaic
Regularity

Images of the foveal cone mosaic for those with aniridia and a normal
control are shown in Figure 4 (top), together with confocal and split-
detection images of parafovea and perifovea for 1 participant with
aniridia (bottom). Peak cone density in aniridia ranged from 19 899
to 55 128 cones/mm? (38 28014 813 cones/mm?) and was reduced
significantly compared with normal control participants, 91 318 to
162 282 cones/mm® (122 23121 572 cones/mm’ n = 13;
P < 0.001). Peak cone density was not estimated in the normal
control participants in whom cones within the central 50 x 50 pum
could not be resolved reliably.

The cone density topographic features among those with anir-
idia were similar in shape as those seen in the normal control
participants but with flatter peaks and reduced cone density at all
retinal eccentricities within the central 10° (Fig 5). Cone density
varied between family members with aniridia and was more than
3 SD less than the normal mean within 0.5°, more than 2 SD
less than the normal mean at 0.5° to 4°, and more than 1 SD
less than the normal mean at 5° retinal eccentricity. Estimates of
cone density in the participants with aniridia showed a high
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Figure 3. Graphs showing variation in retinal layer thicknesses along the horizontal meridian in aniridia compared with normal control participants. A,
Total retinal thickness. B, Outer nuclear layer (ONL) thickness. C, Outer segment (OS) length. Black solid lines and the shaded area represent the normal
mean =+ 2 standard deviations (SDs). The different filled symbols represent each of the 3 female patients with aniridia and foveal hypoplasia grades 3 to 4
(see Fig 1IF—H). Open symbols and asterisks represent the 4 male patients with aniridia and FH grade 2 (see Fig 1B—E). D, Relative lengthening of the foveal
OS, inner segment (IS), and ONL plus Henle’s fiber layer (HFL) represented as the foveal-to-perifoveal ratio. The normal mean is plotted as a horizontal bar

with error bars representing +2 SD.

intrarater agreement (intraclass correlation coefficient, 0.991; 95%
confidence interval, 0.977—0.996) and interrater agreement
(intraclass correlation coefficient, 0.989; 95% confidence interval,
0.972—0.996).

Cone mosaic regularity was measured by calculating the per-
centage of cones with 6 Voronoi cell neighbors. Those with anir-
idia showed a lower mean percentage of Voronoi cells with 6 sides
in the parafovea compared with normal control participants (45.9+
10.0% and 55.1+£9.9%, respectively; P < 0.001), but not in the
fovea (49.7% [range, 35.3%—67.0%] vs. 52.0+£7.4%; Fig 6A). The
eccentricity with comparable cone density to peak density in
aniridia varied in normal control participants, but for some it was
at approximately 2.5° eccentricity, and the average + SD
percentage of 6-sided cells at this location was the same as that
of the fovea: 52.1+£7.4%.

There was no difference in coefficients of variation in ICD at
the foveal center between participants with aniridia (CV range,
0.091—0.144) and normal control participants (coefficient of
variation mean + SD, 0.1074+0.011; P = 0.57). However, overall
variability in ICD was greater in aniridia (0.107 £0.022) than in
normal retinas (0.086+0.019; P < 0.001). This difference in CV
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was most evident in the parafovea (1°—3° eccentricity; Fig 6B).
The same trend also was observed in nearest neighbor distance
variability (Fig 6C).

Visual Function and Foveal Cone Specialization

The 3 females with FH grade 3 to 4 showed the shortest OS
(Fig 3C, filled symbols) and poorest VA, whereas the 4 males
showed FH grade 2, longer OS, and better VA. The 2 males
with the best VA and red—green color sensitivity'* showed the
highest cone density, thickest ONL, and longest OS (Fig 7).
However, there was an overlap in range of VA and cone density
within the OCT grades (Table 1). The oldest participant with
aniridia, a man, showed the lowest foveal cone density among
all with aniridia, but his foveal cone OSs were clearly elongated.
His OS length and foveal-to-perifoveal OS ratio were similar to
those of the other participants with FH grade 2 (Fig 3B), but he
demonstrated a thinner ONL (Fig 3C). Moreover, there was
evidence for cone packing toward the foveal center in the female
patient with FH grade 4, even if no ONL or OS lengthening was
observed on OCT images.
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Figure 4. Adaptive optics scanning light ophthalmoscopy (AOSLO) confocal and split-detection images showing variability in foveal cone mosaic within
the same aniridia PAX6 genotype. The top 2 rows show foveal AOSLO images with a 0.5°x0.5° field of view for the 5 family members with aniridia and 1
unaffected family member (5159). Asterisks mark the location of the foveal center for each person. The middle row shows an image montage from the left
eye of participant 5120. Nasal is toward the left, and temporal is toward the right. The AOSLO images 5120 and (A;—C;) and (A,—C;) correspond to the
locations indicated by the yellow squares (at approximately 1°, 3°, and 5° temporal eccentricity). Ay, By, C;, Confocal images. A, B;, C,, Nonconfocal
split detection images of the same locations. Scale bars = 20 pm.
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Figure 5. Graphs showing variation in cone density as a function of retinal eccentricity along the nasal and temporal meridian. A, Five individuals with
aniridia compared with mean + standard deviation cone density in 30 normal control participants. B—D, Cone density replotted to show differences
between normal control participants and aniridia patients for 3 different age groups.

Gender Differences

The phenotypes observed in the females with aniridia in this family
were more severe than those in the males, their degree of foveal
hypoplasia was more severe, they had been diagnosed with glau-
coma, and 2 of the female patients demonstrated both optic nerve
hypoplasia and nystagmus (Table 1). None of the male patients
demonstrated glaucoma, optic nerve hypoplasia, or nystagmus. A
gender difference also was observed between male and female
control participants, with male control participants demonstrating
significantly thicker central retinas (241.1£21.1 pm vs. 223.1+
13.6 pm; P = 0.018).

Discussion

This study showed the extent of phenotypic variability in
familial aniridia through detailed in vivo evaluation of iris
and retinal structures of individuals carrying the same
PAX6 mutation. Greater central retinal thickness, shorter
OSs, and thinner ONLs were observed in persons with
aniridia compared with normal control participants. Cone
density was reduced within the central 10°, and the par-
afoveal cone mosaic was less regular in aniridia than in
normal retinas. In this particular family with aniridia, male
members were less affected than female members. In
addition to differences in severity of foveal hypoplasia, this
difference also was evident in degree of iris hypoplasia,
with 1 male participant showing an almost normal iris,
whereas all female participants showed complete or nearly
complete iris hypoplasia. Importantly, the poor association
between iris and foveal hypoplasia underscores the
importance of a thorough ocular examination for all
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members of families with aniridia, even those who initially
seem unaffected.

The IVS2-delA mutation, found in all 8 participants with
aniridia, affects splicing in the 5’ untranslated region of the
PAX6 gene, probably excluding, exon 3, but the effect on
protein translation is unknown.””® The mutation, reported
in the PAX6 Allelic Variant Database, segregates with
aniridia in a United Kingdom family and 2 sporadic cases in
Russia and Germany.’ Herein, it was associated with a
thinner ONL and lower CD than normal at all the
measured eccentricities. Thus, the PAX6
haploinsufficiency associated with this mutation results in
a hypocellular retina, as a consequence of associated loss
of propagation of retinal progenitor cells and
differentiation into different cell types early in
development.”” * The lack of a foveal pit in FH grade 2
or more implies that retinal development is arrested before
the foveal pit normally starts to form, which is at mid
gestation (25—28 fetal weeks).' "' Indeed, PAX6 is thought
to have an indirect role on molecular markers that normally
are expressed in retinal ganglion cells to prevent vascular
ingrowth.'" Foveal pit formation depends on the presence of
a foveal avascular zone as well as an adequate proportion of
midget-type gan%lion cells to allow displacement of inner
retinal layers.'”’

The observed thinner outer retinal layers in those with
aniridia, as compared with normal control participants, is in
line with impaired cone specialization. However, the foveal-
to-perifoveal ratio (within normal range) of the ONL
thickness and OS length (Fig 3D) suggests that some degree
of foveal cone migration and specialization must have
occurred even in persons with FH grades 2 and 3. This is
evidenced further by similar foveal mosaic regularity in
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Figure 6. Graphs showing photoreceptor mosaic regularity as a function of
retinal eccentricity. A, Percentage of 6-sided Voronoi cells. B, Variability
in intercone distance. C, Variability in nearest neighbor distance. Each
metric is plotted as a function of retinal eccentricity along the nasal and
temporal meridian for 5 individuals with aniridia compared with the
mean =+ standard deviation of 30 normal control participants. The vari-
ability in intercell distance (ICD) and nearest neighbor distance (NND)
was calculated as coefficient of variation (CV = ¢ / ).

aniridia and control participants, even if foveal cone density
is significantly lower in aniridia. The observation suggests
that cone packing has occurred independently of foveal pit
formation, which is in line with what Wilk et al*” propose
in albinism; a foveal pit may not be needed for further
cone packing but plays a facilitatory role. The parafoveal
cone mosaic was less regular in aniridia patients compared
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Figure 7. Graph showing the relationship between foveal cone density and
cone outer segment (OS) elongation. Peak cone density is plotted as a
function of OS length. The different red symbols represent participants
with aniridia, and filled black circles are normal control participants.

with control participants, more akin to that observed for
cones at greater eccentricities in normal retinas.

The degree of impaired migration and elongation of
cones varied between FH grades as expected, but important
differences also were observed within each FH grade. This
may be a developmental difference related to the degree of
vascularity in the deep foveal capillary plexus. This has
been reported to contribute to the inhibition of outer retinal
specialization.”’ Development of retinal vasculature in
aniridia warrants further investigation. Although the total
number of cones in the retina is expected to remain
constant after mid gestation,”' early migration of cones
toward the foveal center will increase the foveal cone
density to a certain degree.”” This initial cone migration
may be responsible for the cone packing seen in the
aniridia patients with lowest peak cone density. However,
the visible foveal cone OS elongation, thickening of the
ONL, or both observed here in FH grades 2 and 3 suggest
that postnatal elongation and migration of cones have
occurred in aniridia but to a lesser degree than in normal
control participants. The observed cone packing toward
the foveal center without ONL or OS lengthening in FH
grade 4 may describe a threshold at which increased
density will elongate cone OS. We previously reported an
association between foveal hypoplasia grade and
red—green color discrimination in aniridia.'* Herein,
higher foveal cone density was observed in those with the
highest red—green sensitivity (lowest threshold; Table 1).
Differences in retinal ganglion cell density, cone—retinal
ganglion cell pathways,” or both are factors that may
explain variation in visual function between persons with
the same grade of foveal hypoplasia and the variable
relationship among CD, VA, and color vision.

The 2 retinas with highest and the 1 with lowest CD in
the aniridia group were graded as FH grade 2. The age of the
participant with lowest CD may suggest an age-related
decline in CD. A slight, but significant, age-related decline
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in CD also was observed at 0.5° and 1° for the normal
control participants (R* = 0.30 and P = 0.001, and R* =
0.26 and P = 0.002, respectively); only 3 of the normal
control participants were older than 60 years. Presenile ag-
ing may play a role in aniridia together with additional
factors (like increased vulnerability to retinal diseases
resulting from the low redundancy of macular cones in
foveal hypoplasia and possible risk for phototoxic damage).
Subtle retinal changes and poorer image quality also may
decrease the number of reflective cones that are identified in
confocal AOSLO,44 and thus, cone density may be
underestimated. Nonconfocal images unfortunately were
not available at this location for this participant.

In most cases, the phenotype in aniridia may be explained
by the loss of 1 functional copy of the PAX6 gene (hap-
loinsufficiency), which provides an insufficient level of
PAX6 protein.”*> Abnormal mRNA is degraded through
nonsense-mediated decay, which prevents accumulation of
truncated protein products within cells.*® It is not clear how
haploinsufficiency can lead to wide variation in phenotype
and severity within a family. However, the complex gene
expression associated with PAX6 that is regulated at
multiple levels during different processes of eye
development may contribute to large phenotypic
variability.”” "’ Differences in genetic background and
transcriptional and epigenetic regulation may alter the func-
tion of the PAX6 protein further, in turn affecting coac-
tivators, corepressors, and regulation of downstream
targets.”’*>! In some cases, competition for DNA binding
between truncated PAX6 proteins and wild-type PAX6 pro-
teins possibly results in Is)henotypic variability, so-called
dominant-negative effects.”” It is not known if mutations
that lead to abnormal mRNA splicing in the 5" untranslated
region may cause this effect. In conclusion, quantitative
analysis of cone elongation and packing within the macular
area including the fovea allowed for a more detailed
evaluation of retinal phenotypic variability in aniridia than
reported previously. The analysis revealed a decreased
number of cones within the macular area and considerable
variability in foveal development within a family with
aniridia carrying the same genetic PAX6 mutation. This,
together with the structural and functional variability within
each grade of foveal hypoplasia, underlines the importance
of in vivo examinations of retinal layers and photoreceptors
at single-cell resolution. Such detailed examinations are
essential for improving our understanding of underlying
pathophysiology and retinal development in different aniridia
PAX6 mutations. This will aid clinicians and scientists alike in
determining prognosis, rehabilitation, and the potential for
gene therapy and stem cell replacement strategies.
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Supplemental Figure 1: Pedigree of the family with a PAX6 mutation showing an autosomal dominant
inheritance pattern. The genotype was analyzed for 15 family members, indicated by their study ID number.
The phenotype was documented for family members marked with study ID number followed by *.

Wiritten informed consent to publish the pedigree have been obtained from all the study participants and/or
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Abstract

Purpose: Investigate the association between PAX6 genotype and macular morphology in congenital

aniridia.

Methods: The study included 37 participants (15 males) with congenital aniridia (10—72 years) and 58
age-matched normal controls (18 males). DNA was isolated from saliva samples. PAX6 exons,
intron/exon junctions, and known regulatory regions were amplified in polymerase chain reaction
(PCR) and sequenced. Multiplex ligation-dependent probe amplification (MLPA) was performed to
detect larger deletions or duplications in PAX6 or known cis-regulatory regions. SD-OCT images were
acquired and segmented semi-automatically. Mean thicknesses were calculated for inner and outer

retinal layers within the macula along nasal and temporal meridians.

Results: Mutations in PAX6 or regulatory regions were found in 97% of the participants with aniridia.
Foveal hypoplasia was observed in all who had a mutation within the PAX6 gene. Aniridic eyes had
thinner outer retinal layers than controls, but with large between-individual variation (meanSD
156.3+32.3um vs 210.8+12.3um, P<0.001). Parafoveal and perifoveal inner and outer retinal layers
were thinner in aniridia. Participants with mutations in non-coding PAX6 regions had thicker foveal
outer retinal layers than those with mutations in the PAX6 coding regions (P=0.04) and showed signs
of postnatal development and maturation. Mutations outside the PAX6 gene were associated with the

mildest retinal phenotypes.

Conclusions: PAX6 mutations are associated with significant thinning of macular inner and outer
retinal layers, consistent with misdirected retinal development resulting in abnormal foveal formation
and reduced number of neurons in the macula, with mutations in PAX6 coding regions giving the worst

outcome.



Introduction

Congenital aniridia is a rare genetic disorder disrupting normal development of the eye and affects an
estimated 1 in 64,000-72,000 people worldwide.” 2 Heterozygous mutations within the PAX6 gene
(paired box gene 6; OMIM # 607108) or associated regulatory regions, are the most common cause of
aniridia.>® These mutations reduce the expression of the PAX6 gene and lead to a shortage of
functional PAX6 protein which, amongst other effects, disrupts eye development.” This can lead to a
spectrum of ocular anomalies, including incomplete development of the iris, fovea and optic nerve,
severely impaired vision and nystagmus. The progressive nature of aniridia frequently leads to
secondary ocular complications such as cataract, glaucoma and aniridia-associated keratopathy (AAK).
The clinical phenotype is highly variable among individuals with different genotypes, as well as

between individuals with the same genotype.®'°

While absence of the iris is considered the hallmark of aniridia, foveal hypoplasia is one of the most
common ocular findings, observed even in cases where the iris may appear intact.® ** PAX6 plays an
important role in retinal development,* including in cell type specification/differentiation®® and
migration of cones towards the foveal centre.’* However, little is known about PAX6’s specific role in
foveal maturation, and the reported variability in visual acuity and foveal hypoplasia in eyes with
aniridia® ** may be attributed to different mutations found in or around the PAX6 gene. It is therefore
reasonable to hypothesize that more severe PAX6 mutations, that has a larger effect on the PAX6
protein dosage, will result in a thinner retina in the perifovea and parafovea, poorer foveal cone
specialization and more severe alteration of macular morphology. The current study tested this
hypothesis. The aim, therefore, was to assess the contribution of each retinal layer to macular

morphology in PAX6-associated aniridia, investigate the relationship between foveal cone

specialization and visual acuity and to determine any genotype-phenotype relationships.



In addition to employing qualitative grading of foveal hypoplasia using optical coherence tomography
(OCT),*® measures of inner and outer retinal layer thicknesses within the foveal, parafoveal and
perifoveal regions were assessed. Such assessment is warranted because of large between-individual
variation, both between and within each OCT grade of foveal hypoplasia.'® " This variation indicates
that qualitative grading of foveal hypoplasia alone may be insufficient to fully characterize foveal
formation in aniridia. Knowledge about individual variations in foveal formation and macular
development in aniridia is particularly important for understanding each individual’s potential of visual

function and for predicting treatment outcomes.

Methods

Thirty-seven persons with congenital aniridia (24 familial, 13 sporadic, 15 males, aged 10-72 [mean +
SD, 35.8 + 18.6] years) and 58 age-matched normal controls (18 males, aged 10-74 years [35.7 + 19.0],
P =0.99) participated in the study (Table 1). Those with aniridia were recruited through the Norwegian
Association of Aniridia or via family members, whereas the normal controls were recruited through
the National Centre for Optics, Vision and Eye Care, University of South-Eastern Norway. The study
followed the principles in the Helsinki Declaration and was approved by the Regional Committee for
Medical and Health Research Ethics (Southern Norway Regional Health Authority). The purpose,
procedures and possible consequences of the study were explained to each participant and/or their

guardians before data collection and written informed consent was obtained.

The participants underwent a comprehensive eye examination of the anterior and posterior segment
as described previously.'” Best corrected visual acuity was measured with a high-contrast logMAR
acuity chart (TestChart 2000, Thomson Software Solutions, London, UK) at 6 meters. If a reliable
measurement could not be obtained at the longer distance, the test distance was reduced to 3 or 1
meter and the logMAR value corrected accordingly. Refractive errors were classified based on
spherical equivalent refraction (SER = sphere + % cylinder). Ocular axial length (AL) was measured with

an optical interferometer (IOL Master 700, Carl Zeiss Meditec AG, Jena, Germany). Grading of AAK



have been reported previously.?’” 8

Table 1. Distribution of participants within each age group

Normal controls Aniridia
Mean Age Mean Age

Agegroup n age range n age range
<20 14 1471 10-19 8 13.88 9-19
20-29 12 22.08 20-27 9 23.78 20-29
30-39 8 33.62 31-37 4 3275 31-36
40-49 8 44.38 41-48 6 4350 40-49
50-59 7 52.86 50-58 5 5420 50-59

> 60 9 67.44 64-74 5 67.00 64-72

Genetic Analysis

DNA, isolated from saliva samples (Oragene-DNA, DNA Self-Collection Kit; DNA Genotek, Inc., Ottawa,
ON, Canada) from 35 of 37 participants with aniridia, was used in the polymerase chain reaction (PCR)
to amplify and sequence the exons (1-13) and intron/exon junctions of the PAX6 gene using previously
described primers and conditions.’ Fluorescent DNA sequencing was performed on both DNA strands.
PAX6 transcript reference sequence NM_00280.4 from the National Center for Biotechnology
Information (NCBI) was used for nucleotide numbering. Variations were described according to
conventional notations.'® Nucleotide numbering starts with 1 at the A of the ATG translation initiation

codon.

For the participants for whom no abnormalities were found by intragenic PAX6 sequencing, the
remote, ultra-conserved PAX6 enhancer SIMO, located 150 kb downstream from PAX6 was
sequenced.* 2 Multiplex ligation-dependent probe amplification (MLPA) was performed using the
SALSA MLPA reagent kit P219-B3 (MRC Holland, Amsterdam, the Netherlands) to detect larger
deletions or duplications in the PAX6 genomic region including several known PAX6 regulatory regions.
The MLPA analysis included three control DNA samples. The deletions detected by the MLPA analysis

were confirmed by TagMan Copy Number Assays (Applied Biosystems) using quantitative real-time



PCR to determine gene copy number. Identified PAX6 mutations were analyzed using online
bioinformatics tools (Mutation Taster?!) to predict their disease-causing potential. Mutations were

also checked against entries of the Leiden Open Variation Database (LOVD, https://www.lovd.nl/),

ClinVar, EXAC (Exome Aggregation Consortium), HGMD (Human Gene Mutation Database), and a

PubMed search.

PITX2 and FOXC1 genes were amplified and sequenced for participants who were negative for
mutations in the PAX6 genomic region. The primer sequences and PCR conditions have been described

previously.?

Optical Coherence Tomography

Heidelberg Spectralis OCT2 (Heidelberg Engineering GmbH, Heidelberg, Germany) was used to acquire
SD-OCT scans of the macular region as described previously (512-1536 A-scans/B-scan, 49 B-scans
over 20°x20° or 30°x10°; 30°x5° for normal controls).'” 22 The built-in eye-tracking system was used
to compensate for eye-motion artifacts and 5-20 horizontal B-scans were averaged during imaging.
The participants’ head posture and gaze direction were adjusted to minimize the amplitude
of nystagmus during OCT imaging. If a reliable volume scan still was unattainable because of
nystagmus, a horizontal scan line was moved manually across the macula to look for signs of foveal
specialization.?® % Several repetitive horizontal line scans (30° field of view) were acquired at the
expected foveal location and above and below the central scan using the optic nerve head as a
reference point®® to increase the probability of scanning through the center of the fovea. The image

quality was verified and considered adequate when signal was > 15dB.

Foveal hypoplasia was graded by two separate graders (authors HRP and RCB) according to the grading
scheme suggested by Thomas et al.’®: presence of inner layers at the foveal centre (grade 1); absence
of a foveal pit (grade 2); absence of outer segment lengthening (grade 3); and absence of outer nuclear

layer widening (grade 4). Foveal hypoplasia grade was typically the same in both eyes of each



individual, thus only the dominant eye was included in analysis. The retinal layers were segmented
using a semi-automatic active contour method,?” that sought to follow local image intensity gradients
while a thin-plate constraint ensured that segmented contours were smooth and, therefore, robust to
local noise. The operator could dynamically modify the contour via an interactive interface to correct
for any segmentation errors that may have arisen due to image artefacts or noise (e.g. shadows cast
from blood vessels). This method has successfully been applied to OCT image segmentation
previously.'® 22 The horizontal OCT B-scan through the foveal center, defined as the section with
maximum photoreceptor layer thickness, was used for analysis (Figure 1). In participants without
presence of outer segment (OS) lengthening, the expected foveal location was identified via maximum
thickness of the outer nuclear layer (ONL). In those with grade 4 foveal hypoplasia, the expected foveal
center was located based on doming of the inner retinal layers (if present), and/or the horizontal and

vertical distance between fovea and optic disc as described previously.?®

Because it is difficult to differentiate ONL and Henle’s fiber layer (HFL) without capturing directional
OCT,* these were defined as one layer. The reflective bands corresponding to the photoreceptor 0S
— retinal pigment epithelium (RPE) interdigitation zone (1Z) and/or the external limiting membrane
(ELM) were not visible or clearly demarcated in seven and ten eyes, respectively. Hence, we used a
combined measurement of ONL, photoreceptor inner and outer segment and RPE to provide a more
robust thickness measurement of the outer retinal layers. Measurements of the three innermost
layers, i.e. the retinal nerve fiber layer (RNFL), ganglion cell layer (GCL) and inner plexiform layer (IPL),
were also combined. Thicknesses of all the component layers of the outer and inner retina were also
calculated for those where the boundaries between the layers were visible. Mean thicknesses were
calculated within five lateral regions: Foveal center (central 50um), parafoveal region (0.5-1.5mm
retinal eccentricity) and perifoveal region (1.5-3.0mm retinal eccentricity) along the nasal and
temporal meridians. The lateral scale was corrected for between-individual AL differences by
multiplying the lateral scale obtained from the instrument with the ratio between each individual’s AL

and the OCT AL setting (24 mm for a medium-long eye).



Inner retinal
layers

Outer retinal
layers

Figure 1. Horizontal SD-OCT scan through the foveal center of a male with PAX6 related aniridia
including an illustration of the segmented retinal layers and definition of the retinal layers. The fovea,
parafoveal and perifoveal regions along the nasal and temporal meridians are marked with red, yellow
and turquoise, respectively.

Data Analysis

Statistical analyses were performed using R statistical software,*! version 3.5.1. Normal distribution of
the variables was verified using histograms, QQ-plots and the Shapiro-Wilk test. Between-group
differences were analyzed using 2-tailed Student’s or Welch’s independent sample t-tests for equal

and unequal variances, respectively. The Wilcoxon rank sum test was applied for non-normal data.

We performed a linear mixed-effects analysis, using the nmle R package,?? to examine the differences
in retinal layer thicknesses between the participants with aniridia and normal controls. A random
effect was entered to treat retinal layer as a within-subject variable (random intercept per subject).
Weights were added to account for the difference in variance between the groups. Small deviations
from homoscedasticity and normality of the residuals, when analyzing the foveal center, were
accounted for by applying a square root transformation to the dependent variable. Likelihood ratio

tests were performed to compare models. Differences were considered significant when P < 0.05.

Holm-Bonferroni corrected pairwise t-tests were used to assess differences in outer retinal thickness
between the different locations of the PAX6 mutations. Correlations were assessed using Pearson
correlation coefficient (rp). Multiple linear regression was performed to assess the relationship
between logMAR visual acuity, retinal layer thicknesses and AAK grade. Significance level was set at
0.05. Weighted Cohen’s Kappa (k) was calculated to assess interrater agreement in grading of foveal

hypoplasia.



Results

Table 2 shows an overview of the clinical phenotypes in aniridia. Iris anomaly severity varied from
subtle structural anomalies to complete absence of the iris (more or less symmetrical in both eyes) as
observed by slit-lamp examination. Best-corrected visual acuity ranged from logMAR 0.00-1.76 to
hand movements at 0.5 m. The mean AL was similar in aniridic eyes (23.27, range 19.48-28.30 mm)
and control eyes (23.64, 20.63—26.14 mm, P = 0.29), although with a larger range in aniridia. Refractive
errors in aniridic eyes ranged from SER -20.50 to +10.00 D. The normal controls were healthy with no

systemic or ocular diseases and had visual acuity < 0.10 logMAR.

Aniridia Genotypes

The 11 families (24 participants) showed mutations that followed an autosomal dominant pattern.
Table 3 summarizes the details of the identified PAX6 mutations including nucleotide change, amino
acid change, type of mutation and predicted functional outcome. Genetic data was not available from
participants 5119 and 5124. Mutations that affect PAX6 were found in 34 of 35 participants with
aniridia who provided a saliva sample (20 unique variants), employing PAX6 sequencing (n=25) and
MPLA analysis (n=9). Three variants have not been reported previously. Figure 2 shows a schematic
presentation of the deletions and mutations identified in PAX6 and adjacent downstream regulatory

regions.

PAX6 sequencing identified 15 different mutations, with five variants located in the paired domain,
four in the linker region, one in the homeodomain and two in the proline-serine-threonine rich region.
Untranslated regions of the PAX6 gene (5'UTR: exons/introns 1-3) were involved in three different

mutation variants.

Thirteen participants had mutations that introduce a premature termination codon (PTC), with or

without a frameshift. All of these occurred > 50 base pairs upstream of the last exon/exon junction,



and thus the mRNA are expected to be targeted for degradation in the nonsense mediated decay
pathway and result in haploinsufficiency.?®* 3* Two participants had mutations predicted to result in a
PAX6 protein with a C-terminal extension (CTE) and nine had mutations predicted to cause splice
errors. Partial deletions of PAX6 were detected in two participants with sporadic aniridia. One was a
17 base pair deletion in exon 4 (GGCCCCCAGCCAGAGCC), followed by an A>T substitution that disrupts
the Kozak sequence.®® This mutation has not been reported previously. Without the Kozak sequence,
the absence of protein is expected. This participant had severe corneal and lens opacities that hindered
retinal imaging. The second person has a deletion that removes the last 25 base pairs of exon 5 through
the first 61 base pairs of exon 6, including exon 5A (previously described by Grgnskov et al.*®). Seven
from one family (no. 2), who have a splice site mutation (IV2-2delA) in the 5'UTR, have been described

in detail previously.°

In nine participants, MPLA analysis identified five different multiple exon deletions, either within,
upstream or downstream of the PAX6 genomic region. One of these (ELP4-DCDC1) did not include any
of the PAX6 exons but was located downstream of the PAX6 gene and contains 3' regulatory elements
for PAX6.% Four of the large deletions included the PAX6 coding exons, but only two of them included
the retina-specific enhancer located in DNasel hypersensitive sites (HS2—3) within the downstream
regulatory region (DRR) between the ELP4 and PAX6 genes.®® Without the enhancer, no messenger

RNA is expected from the affected alleles.

No, PAX6, FOXC1 or PITX2 mutations could be detected for one sporadic case who had a classical
aniridia phenotype with iris hypoplasia, moderate AAK and grade 3 foveal hypoplasia. No point

mutations in the SIMO element were found for any of the participants.
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Table 2. Overview of phenotypes in aniridia. Participants are sorted in the same way as in Table 3, that
is according to whether the genotype is sporadic (above the broken line) or familial.

ID Test VA AL Iris AAK Nystagmus FH ON Glaucoma Lens
Eye* [logMAR] [mm] hypoplasia grade grade  hypoplasia status §
5110 oD 1.00 (HM) 21.29 (20.79) Complete 3 Yes N/A Yes Yes P. phakic
5118 oD 0.74 (CF) 23.35(24.80) Complete 3 Yes N/A No Yes P. phakic
5121 oS CF (CF) 26.08 (N/A) Partial 3 Yes N/A No No N5/C1/P1
5126 oD 0.80 (0.88) 22.02 (21.68) Complete 1 Yes 4 No Yes N1/C4/P4
5137 OD  0.70(0.74)  23.47(23.20) Partial 1(2) Yes 3 No No N1/C3/P2
5138 oD 0.90 21.84 (21.64) Complete 1 Yes 4 No No N1/C3/P1
5147 oD 0.50 (0.60) 22.64 (23.09) Complete 2 Yes 3 No No N1/C3/P1
5149 0S  0.90(1.10)  20.26 (20.21) Partial 2(3) Yes 4 N/A No N2/C5/P3
5151 (6N CF (HM) 23.35(23.39) Complete 3 Yes N/A N/A Yes N1/C2/NA
5134 oD 0.18 21.66 (21.80) Partial 1 No 1 No No P. phakic
5154 OD  0.72(0.80)  22.27(22.59) Complete 1(2) Yes 2 No No N1/C4/pP2
5119 OD  1.00(1.30) 21.22 (N/A) Complete 1(3) Yes 4 No Yes N1/C3/P1
5124 oD 0.40 (0.60) 24.01 (24.54) Partial 0 No 0 No No N1/C1/P1
5113 0D 0.80(1.00)  21.14(21.40)  Complete . 27T Tes T a7 T No No | P. phakic
5129 oS 1.30 (CF) 21.50 (23.37) Complete 3 Yes N/A No Yes P. phakic
5114 oD 0.86 (1.78) 23.97 (24.04) Complete 1(3) Yes 3 Yes Yes Aphakic
5116 oD 0.40 25.66 (25.41) Partial 2 No 2 No No P. phakic
5120 (6N 0.22 (0.32) 23.80(23.93) Partial 1 No 2 No No N2/C1/P1
5123  0S  0.50(1.30%)  22.72(24.63) Almost 2(1) No 2 No No N1/C3/P1
complete
5135 oD 0.70 (0.80) 24.05 (23.25) Complete 1 Yes 3 Yes Yes N2/C4/P3
5148 (6N 0.60 (0.64) 21.04 (21.06) Almost 2 No 4(3) No Yes P. phakic
complete
5199 oD 0.20 (0.30) 25.55 (25.36) Near normal 1 No 2 No No NO/C2/PO
5125 oD 0.74 (0.76) 24.13 (23.98) Complete 1 Yes 3 No Yes N1/C2/P2
5127 oD 1.20(1.10) 25.37 (26.51) Almost 2 Yes 4 No (Yes) Yes P. phakic
complete
5146 (o CF (LP) 23.30 (N/A) Complete 2 (3) Yes N/A N/A Yes P. phakic
5131 oD 1.30 (CF) 24.42 (24.37) Partial 1 Yes 4 Yes Yes Aphakic
5140 OD  0.70(0.80)  20.97 (20.88) Complete 2(3) Yes 4 No No N1/C4/P2
5141 oD 1.00 (0.90) 28.30 (28.08) Partial 2 Yes 4 No No N1/C3/P1
5144 oD 0.74 (1.00) 23.55(23.88) Complete 2(3) Yes 3 No No (Yes) P. phakic
5145 OD  1.76(1.80)  23.45(22.65) Complete 3 Yes N/A N/A No P. phakic
5117 oD 1.00 (1.10) 23.34 (23.35) Complete 2(1) Yes 4 No Yes P. phakic
5128 OD  0.90(1.10)  19.48(19.44) Complete 2(3) Yes N/A N/A No N1/C4/P4
5152 oD 1.30 23.21 (N/A) Complete 3 Yes N/A N/A Yes N1/C3/P1
5130 (o 1.30 (LP) 26.59 (N/A) Complete 3 Yes N/A Yes Yes Aphakic
5132 oS 0.56 (0.30) 25.74 (28.50) Complete 0 No 1(2) No Yes P. phakic
5139 oD 0.00 (0.46%) 22.95 (22.35) Complete 0 No 0 No No N1/C1/P1
5155 (6N N/A N/A (N/A) Complete 0 No N/A N/A No N/A

Abbreviations: N/A, not available; VA, visual acuity; CF, counting fingers at 0.5m; LP, light perception; AL, axial length; FH,
foveal hypoplasia grade; ON, optic nerve; P. phakic, pseudophakic

* The test eye is the eye included in retinal layer thickness analyses. Data from the other eye is noted in parenthesis if
different from that of the test eye.

tSubluxated lens OD, not corrected for during VA measurement

$Amblyopic OS

§ LOCS Il grading3®
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Figure 2. Schematic presentation of the deletions and mutations identified in PAX6 and adjacent
downstream regulatory regions. (A) PAX6 is located at chromosome 11p13. The ruler at the top gives
the nucleotide numbers for the region shown. By convention, the nucleotides that comprise each
chromosome in the reference sequence are numbered consecutively starting at the tip of the petite
(p) arm. The region shown is for the GRCh38/hg38 assembly of the human genome. The colored
horizontal bars represent the size of the deletions identified in the participants with aniridia and are
colored according retinal phenotype, green: FH grade 0-1; yellow: FH grade 1-2. (B). Zoomed in view
of PAX6 gene structure. The gene has 14 exons and a 3’ untranslated region (UTR) depicted as colored
boxes (including exon 5a). The white boxes indicate introns. The protein coding region begins in exon
4 at position c.1. The protein domains encoded by the exons are color coded (blue: paired domain,
grey: linker region, orange: homeodomain, dark grey: proline-serine-threonine domain). Mutations
involving only the PAX6 gene found in this study are indicated as red bars above the gene showing
deletions larger than 1 nucleotide. The arrows below the gene show the locations of point mutations,
including single nucleotide deletions. The labeling convention for the arrows shows the coding region
nucleotide number for the affected position which are positive if after the translation start site, or
negative if in the 5’ untranslated exons. The nucleotide number is followed by the identity of the
nucleotide found in the reference sequence followed by “>” then by the nucleotide found in the
mutant. Deletions are indicated by “del” followed by the identity of the deleted nucleotide. The arrows
are color coded as follows: turquoise: FH grade 2—4; black FH grade 3—4.
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Table 3. Summary of genotypes

ID Inheritance  Family Location Nucleotide change Amino acid change  Type of NMD
Nr. mutation #  predicted

5110 Sporadic Ex5_6 Deletion PAX6 Ex5_6 % Deletion Yes

5118 Sporadic Ex7 c.485G>A p.(Trp162*) Nonsense Yes

5121 Sporadic Ex 4 Deletion PAX6 Ex4 § Deletion Yes

5126 Sporadic Ex 8 c.607C>T p.(Arg203%*) Nonsense Yes

5137 Sporadic Ex5 c.120C>A p.(Cys40%*) Nonsense Yes

5138 Sporadic Ex 8 c.546delA || p.(Gly184Glufs*23)  Frameshift Yes

5147 Sporadic - Not found - - -

5149 Sporadic Ex 13 c.1268A>T p.(*423Leuext15) CTE No

5151 Sporadic Ex9 c.718C>T p.(Arg240%*) Nonsense Yes

5134 Sporadic Ex9_13; Deletion PAX6, Ex9_13 Deletion No mRNA
ELP4-Ex9 ELP4, Ex9 expected

5154 Sporadic Up_Ex1_13; Deletion PAX6 Upstream_ Deletion No mRNA
ELP4, EX9; DCDC1, Ex4 expected

_______________________________ DD, EXIt

5113 Familial 1 Ex 8 c.538delC | | p.(GIn180Argfs*27)  Frameshift Yes

5129 1 Ex 8 c.538delC | | p.(GIn180Argfs*27)  Frameshift Yes

5114*  Familial 2 Int 2 c.-128-2delA (IVS2-2delA) Splice Most likely

5116* 2 Int 2 c.-128-2delA (IVS2-2delA) Splice Most likely

5120* 2 Int 2 c.-128-2delA (IVS2-2delA) Splice Most likely

5123* 2 Int 2 c.-128-2delA (IVS2-2delA) Splice Most likely

5135* 2 Int 2 c.-128-2delA (IVS2-2delA) Splice Most likely

5148* 2 Int 2 c.-128-2delA (IVS2-2delA) Splice Most likely

5199* 2 Int 2 c.-128-2delA (IVS2-2delA) Splice Most likely

51251  Familial 3 Int3 c.-52+1G>A (IVS3+1G>A) Splice Yes

5127 Familial 4 Ex 6 c.151G>T p.(Gly51*) Nonsense Yes

5146 4 Ex 6 c.151G>T p.(Gly51*) Nonsense Yes

5131 Familial 5 Ex5 c.112delC p.(Arg38Glyfs*30) Frameshift Yes

5140 Familial 6 Ex 13 c.1269A>T p.(*423Tyrext15) CTE No

5141 Familial 7 Int4 c.11-2A>G (IVS4-2A>G) Splice Yes

5144 Familial 8 Ex9 c.718C>T p.(Arg240%*) Nonsense Yes

5145 8 Ex9 c.718C>T p.(Arg240%*) Nonsense Yes

5117 Familial 9 Ex3_9 Deletion PAX6, Ex3_9 Deletion Yes

5128 9 Ex3_9 Deletion PAX6, Ex3_9 Deletion Yes

5152 9 Ex3_9 Deletion PAX6, Ex3_9 Deletion Yes

5130 Familial 10 Ex4_13 Deletion PAX6, Ex4_13 Deletion Yes

5132 Familial 11 ELP4, EX9; Deletion ELP4, Ex9_ Deletion Unknown
DCDC1, Ex1+4 DCDC1, Ex4

5139 11 ELP4, EX9; Deletion ELP4, Ex9_ Deletion Unknown
DCDC1, Ex1+4 DCDC1, Ex4

5155 11 ELP4, EX9; Deletion ELP4, Ex9_ Deletion Unknown

DCDC1, Ex1+4  DCDC1, Ex4

* Participants previously reported'®

T Participant harbours an additional variant in PAX6 Ex10: c.831G>A, does not alter amino acid

¥ A 1013 bp deletion that removes the last 25 bp of exon 5 through the first 61 bp of exon 6

§ There is a 17 pb deletion (GGCCCCCAGCCAGAGCC), followed by an A>T substitution that disrupts the Kozak
sequence. This deletion has not been reported previously

| | These single nucleotide deletions have, to our knowledge, not been not reported previously. Slightly
different nucleotide changes (c.551delG and c. 538C>T, respectively) are previously reported to give the same
amino acid changes and are described as a cause of aniridia.

# All genetic variants are predicted to be pathogenetic according to the ACMG classification scheme*°
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Retinal Layer Thicknesses

SD-OCT imaging was obtained of 26 persons with aniridia and 58 controls. Severe ocular media
opacities (AAK > 2) limited the view of the posterior pole and/or severe nystagmus prohibited a reliable
measurement or scan through the expected foveal center in ten participants with aniridia. One

participant (5155) was not available for OCT imaging.

Figure 3 shows the variability in foveal morphology, including variability of inner and outer retinal
structures, within and across foveal hypoplasia grades among those with aniridia. There was a
statistically significant agreement in grading of foveal hypoplasia between the two graders (k = 0.883,
P < 0.001). Foveal hypoplasia was observed in 24 of 26 (92.3%) participants. The central fovea was
thicker in aniridia (mean = SD 311.6 + 30.2 um, range 232.5-357.8 um) compared with the controls
(229.4 + 15.9 um, 198.2—-275.6 um, P < 0.001). In contrast, the mean nasal and temporal perifoveal
and parafoveal retinal thicknesses were significantly thinner in aniridia compared with the controls (all
regions P < 0.001, Figure 4A). This was a consequence of thinner parafoveal and perifoveal inner (RNFL
+ GCL + IPL, Figure 4B) and outer retinal layers in aniridia (summarized in Table 4), whereas parafoveal

and perifoveal INL and OPL were similar in both groups.

The outer retinal layers were significantly thinner in aniridia, across the whole horizontal meridian,
compared with the controls, particularly in the foveal center (mean + SD 156.3 + 32.3 um vs 210.8 +
12.3 um, P < 0.001; Figure 4C). The mean (SD) central foveal thicknesses of two of the component
layers of the outer retina were thinner in participants with aniridia than the controls: ONL (73.0 £ 21.7
vs.104.6 £12.9 um; P<0.001) and OS (29.0+ 7.2 vs. 44.0 £ 3.2 um; P < 0.001). Inner segment thickness
was similar in the two groups (31.3 £ 3.7 vs. 33.7 £ 2.4 um; P = 0.5) while the RPE tended to be slightly
thicker in aniridia (32.4 £ 7.0 vs. 28.5 + 3.7 um; P = 0.3). Outer retinal layer thinning in the foveal center
was associated with thinner nasal and temporal parafoveal and perifoveal retinal thickness (nasal
parafovea: r, = 0.74, P < 0.001; temporal parafovea: r, = 0.75, P < 0.001; nasal perifovea: r, =0.51, P =

0.009; temporal perifovea: r, = 0.61, P = 0.001) and ILM-IPL thickness (nasal parafovea: r, = 0.56, P =
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0.004; temporal parafovea: r, = 0.45, P = 0.02; nasal perifovea: r, = 0.52, P = 0.009; temporal perifovea:

r,=0.59, P =0.002).

Normal control

Figure 3. Variability in foveal morphology in aniridia. SD-OCT horizontal line scans through the
expected foveal location are shown for the participants with aniridia and one normal control. The
images are ordered from thickest (upper left) to thinnest (lower right) outer retinal layers within
groups of foveal hypoplasia grade: grade 0 (no foveal hypoplasia), grade 1, grade 2, grade 3, and grade
4. Scale bar =200 um.
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Figure 4. Graphs showing the variation in thickness of the (A) total retina, (B) inner retinal layers (ILM-
IPL) and (C) outer retinal layers (ONL+IS+OS+RPE) along the horizontal meridian in aniridia compared
with normal control participants. Black solid lines and the shaded area represent the normal mean +
SD and line with blue squares and dashed lines represent the mean + SD for the participants with
aniridia. The fovea, parafoveal and perifoveal regions along the nasal and temporal meridians are
marked with red, yellow and turquoise, respectively.
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Table 4. Differences in parafoveal (0.5-1.5 mm from the foveal center) and perifoveal (1.5-3.0 mm
from the foveal center) retinal layer thicknesses between the participants with aniridia (n = 26) and
normal controls. Outer nuclear thickness could only be calculated for a subset of the aniridia patients
(n=19).

Mean 95% Confidence Mean 95% Confidence
Retinal layer difference Interval P-value difference Interval P-value
[um] Upper Lower [um] Upper Lower
Nasal parafovea Temporal parafovea
Inner retinal layers
(RNFL + GCL + IPL) -9.77 -4.69 -14.85 <0.001 -3.29 2.33 -8.91 0.25
Inner nuclear layer 5.45 10.62 0.28 0.039 2.40 8.12 -3.33 0.41
Outer plexiform layer 4.63 9.80 -0.54 0.079 1.39 7.12 -4.33 0.63
Outer retinal layers
(ONL + IS + OS + RPE) -31.09 -26.09 -36.09 <0.001 -30.96 -25.43  -36.48 <0.001
Outer nuclear layer -21.55 -18.52 -24.58 <0.001 -26.33 -22.02 -30.65 <0.001
Nasal perifovea Temporal perifovea
Inner retinal layers
(RNFL + GCL + IPL) -16.91 -11.23  -22.59 <0.001 -6.65 -2.46  -10.84 0.002
Inner nuclear layer 2.69 8.49 -3.10 0.36 -0.28 3.98 -4.55 0.90
Outer plexiform layer 4.82 10.62 -0.97 0.10 1.45 5.72 -2.81 0.50
Outer retinal layers
(ONL + IS +0S + RPE) -13.92 -8.33 -19.50 <0.001 -14.50 -10.31 -18.69 <0.001
Outer nuclear layer -11.28 -8.42 -14.13 <0.001 -15.45 -12.08 -18.82 <0.001

We found a strong negative correlation between foveal outer retinal layer thickness and high-contrast
logMAR visual acuity in aniridia (r, = -0.80, P > 0.001). Multiple linear regression also showed that
foveal outer retinal layer thickness was the strongest predictor of high-contrast logMAR visual acuity
when AAK was < grade 2 (r? = 0.66, P < 0.001; Figure 5). No correlations were observed between AL
and foveal retinal thickness, except when AL < 21.5 mm which was only observed with grade 4 foveal
hypoplasia and thin outer retinal layers. Analysis of variance followed by post-hoc Bonferroni-
corrected pairwise t-tests revealed no significant differences in outer retinal thickness between a
normal fovea and foveal hypoplasia grade 1 (p = 0.3), between grades 1 and 2 (p = 0.15), nor between

grades 2 and 3 (p = 0.2). Foveal phenotypes did not correlate with iris phenotype.
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Figure 5. Relationship between foveal outer retinal layer thickness and high contrast logMAR visual
acuity in aniridia. The number of the datapoint for each participant corresponds to their grade of foveal
hypoplasia.

Genotype-Phenotype Correlations

All participants with a PAX6 mutation had foveal hypoplasia. There was a large phenotypic variability

among individuals with the same mutation, as well as between individuals with different mutations.

Participants with splice site mutations in the 5’ untranslated region (5" UTR) of PAX6 (families 2 and 3)
had, on average, thicker foveal outer retinal layers than those with mutations in the coding regions of
the PAX6 gene (difference [range]: 27.7 [0.01-55.32] um, P = 0.040; Figure 6). Those with mutations
in PAX6 coding regions that introduced a PTC and predicted haploinsufficiency due to NMD had severe
foveal hypoplasia (grade 3 or 4). In contrast, the participants who have large PAX6 deletions including
the retina-specific enhancer had milder foveal hypoplasia (grades 1-2, Table 5). The family (no. 11)
with a deletion in the 3' regulatory region (ELP4-DCDC1), but an intact PAX6 transcriptional region, had

complete iris hypoplasia, but normal foveal shape or only mild foveal hypoplasia with outer retinal
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layer thickness within the normal range (Figure 6). The two individuals with CTE mutations had

complete foveal hypoplasia, thinning of outer retinal layers and short AL < 21 mm.

Table 5. Summary of the types of mutations and retinal phenotypes for the 26 participants who were

imaged with OCT. The participants are ordered according to foveal hypoplasia grade corresponding

to the OCT images in Figure 3.

ID FH Central Central Gender Mutation
grade retinal outer
thickness retinal
[um] thickness Type Remarks
[pm]
5124 0 239.27  220.22 M Not available
5139 0 232.48 213.88 F Deletion ELP4, DCD1 Deletes retina enhancer
5134 1 296.73 210.63 F Large deletion PAX6, ELP4 Deletes retina enhancer
5132 1 292.45 190.04 F Deletion ELP4, DCD1 Deletes retina enhancer
5199 2 338.12 194.98 M Splicing error PAX6 5’UTR
5120 2 34791 179.77 M Splicing error PAX6 5'UTR
5123 2 323.30 176.84 M Splicing error PAX6 5'UTR
5116 2 357.77 161.44 M Splicing error PAX6 5'UTR
5154 2 300.10 157.69 F Large deletion PAX6, ELP4, DCD1 Deletes retina enhancer
5114 3 312.42 180.67 F Splicing error PAX6 5'UTR
5125 3 343,52 171.49 M Splicing error PAX6 5'UTR
5144 3 333.82 156.79 F PTC — PAX6 coding region
5135 3 342.37 152.71 F Splicing error PAX6 5'UTR
5137 3 318.16  143.99 F PTC — PAX6 coding region
5147 3 307.81 142.82 F No mutation found
5140 4 316.55 148.83 F CTE — PAX6 coding region
5138 4 336.59 146.20 F PTC — PAX6 coding region
5113 4 325.71 140.84 F PTC — PAX6 coding region
5126 4 310.08 137.64 M PTC — PAX6 coding region
5131 4 340.81 135.18 F PTC — PAX6 coding region
5148 4 302.02 130.50 F Splicing error PAX6 5'UTR
5141 4 284.63 124.15 M PTC — PAX6 coding region
5119 4 293.74 117.36 F Not available
5149 4 316.80 114.61 F CTE — PAX6 coding region
5117 4 282.13  109.26 F Large deletion PAX6 Intact retina enhancer
5127 4 305.73 105.72 F PTC — PAX6 coding region
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Figure 6. The boxplot shows the differences in foveal outer retinal layer thickness between participants
who have mutations within PAX6 coding regions, PAX6 non-coding regions and 3’ regulatory regions.
One participant had no identified mutation.

Discussion

Mutations in the PAX6 gene or in one or several of its regulatory regions were found in 97 % of the
participants with aniridia, with three of 20 different pathogenic variants not reported previously.
Comparison of the genotype with the detailed retinal phenotype in aniridia showed that all PAX6
mutations were associated with varying degrees of arrested foveal development, reduced outer retinal
thickness, and altered macular morphology. There was an association between the location of the
gene mutation and macular phenotype. The better developed retinas were associated with mutations
before the translational start codon (PAX6 5'UTR), deletions including the 3' regulatory region (ELP4—
DCDC1) only, and in large PAX6 deletions when the downstream regulatory region retina enhancer was
deleted. This underscores the role of PAX6 in foveal and macular development and indicates that

residual PAX6 function may contribute to variation in phenotype depending on mutation location.
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The mutations associated with the thickest foveal outer retinal layers and the mildest retinal
phenotypes were mutations outside the PAX6 gene (3' regulatory regions ELP4-DCDC1) followed by
splice site mutations in the 5'UTR of PAX6. Mutations at these locations were generally associated with
a better developed fovea than multiple PAX6 exon deletions and mutations within the PAX6 protein
coding regions which are predicted to cause haploinsufficiency due to nonsense mediated decay of
the mRNA. Deletions in 3' regulatory regions may affect PAX6 expression through disruption of
enhancer activity,?® whereas variants in the untranslated regions may affect PAX6 function by altering
normal splicing or disrupting open reading frames.® However, it is not known exactly how splice site
mutations for the non-coding exons affect pre-mRNA splicing, mMRNA expression level, or protein
translation. The two variants in 5'UTR in the present study (c.-128-2delA and c. 52+1G>A) have been
demonstrated to lead to skipping of exon 3 (in vitro) and exons 3-6 (reverse transcription-PCR),

respectively, &% suggesting that the most likely outcome is haploinsufficiency.

It is clear that the contribution of each retinal layer to retinal thickness within the macula (central 6
mm) is considerably different in aniridia compared with the normal controls. During embryonic eye
development, PAX6 induces the differentiation of progenitor cells into retinal neurons.*”** The
detailed analysis of the OCT images presented here shows that in eyes with aniridia, not only was the
retina thicker and outer retinal layers thinner in the foveal center, but parafoveal and perifoveal inner
and outer retinal layers were also significantly thinner than in the normal controls. This confirms
previous findings in animal studies that loss off PAX6 expression leads to a hypocellular macula.*? It

also corroborates the findings from other human studies,'* %/

including a study using adaptive optics
scanning light ophthalmoscopy, that revealed decreased macular cone photoreceptor density within
one family with aniridia.’® Thinner foveal outer retinal layers suggest that cone specialization and
migration has not occurred to a full extent, resulting in immature foveal cones and decreased cone
density. Absence of the IZ band (the photoreceptor — RPE apical processes interdigitation zone),

observed in some of those with aniridia, may indicate immature foveal cone outer segments resulting

in shorter cones with less indentation into the RPE. This could result in a hyperreflective signal from
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the IZ that is more anterior than in a retina with longer and more mature cones (hence the tendency

for the RPE to be thicker in aniridia).

The increased central foveal thickness in PAX6-associated aniridia appears to be caused by lack of
centrifugal migration of the inner retinal layers away from the fovea. This is possibly related to the
absence of a foveal avascular zone (FAZ) which is known to prevent the formation of a foveal pit.>®
PAX6 is important for the development of retinal ganglion cells*® and for RPE specification and
pigmentation.*® The RPE and ganglion cells normally secrete pigment epithelium derive factor (PEDF),
which prevents retinal blood vessels from invading the foveal region during early development.?> %’
EphA6, which plays a role in regulating astrocyte migration across the retina, is also highly expressed
by ganglion cells.”® Thus, it is plausible that PAX6 mutations affect the expression of anti-proliferative
and anti-angiogenic factors in the developing foveal region which again lead to abnormal foveal

vascularization.

Multiple exon deletions have previously been reported to result in a more severe corneal phenotype.*®
The same was observed here as four of seven participants with large PAX6 deletions had corneal
opacities that precluded retinal imaging. The three who were imaged (5134, 5154, 5117) had retinal
phenotypes ranging from mild to severe (FH grade 1-4). Interestingly, the one participant (5117) who
had a severe phenotype, had a deletion that included the region covered by the MLPA probes from
PAX6 exon 3 —9, but left the DRR retina-specific enhancer intact. The mRNA from this deletion is likely
to be unstable and be targeted to NMD. Thus, it appears that mutations that are predicted to target
MRNA to destruction in NMD have a more severe phenotype than mutations that deleted the retina
enhancer and thus do not produce any mRNA in the retina. The NMD pathway does not work with
100% efficiency, and there is variability in its efficiency even across family members with the same
mutations.* Thus, one explanation for the difference in severity for participants lacking the retina
enhancer versus those with a mutation that would be transcribed, but the mRNA targeted to

destruction, is that a small amount of the mRNA escapes NMD. The escaped mRNA is expected to be
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translated into a mutant protein that has a dominant negative effect. Variation in the efficiency of
NMD across individuals may also contribute to the observed variability in phenotypes among family

members with the same PAX6 mutation.

CTE and PTC mutations were associated with moderate to severe retinal phenotypes. Myopia has been
reported to be a common feature of CTE mutations,® *° but the two in our cohort were both hyperopic
with a short AL (< 21 mm). Aniridia has often been associated with small eyes, but our results show
that there is large variability in ocular AL among those who have PAX6-associated aniridia. Only three
participants were diagnosed with microphthalmia (AL < 21 mm)** accompanied by a severe retinal
phenotype (FH grade 4, see 5140 and 5149 in figure 3; Ocular media opacities precluded OCT imaging
in 5128). Normal eye growth is an important factor for emmetropization and is also thought to play a
role in foveal maturation, including cone packing and elongation.>? In normally developing eyes, a large
part of foveal maturation and cone packing occurs after birth and up to the age of at least 16 years.>®
At birth, foveal photoreceptors are shorter than parafoveal and perifoveal photoreceptors, however
they elongate as the eye grows and the fovea continues to mature.>® The increased outer retinal layer
thickness in the foveal center relative to the perifovea observed in some persons with PAX6-associated
aniridia, therefore reflects photoreceptor development and foveal maturation after birth. This was
evident in those who had a mutation in either 3' regulatory regions (ELP4-DCDC1) or splice site
mutations in the 5'UTR of PAX6, but also in some participants with large PAX6 deletions including the
DRR (5134 and 5154). Longitudinal studies are required to understand the association between ocular

axial growth and foveal maturation in aniridia, and the importance of refractive error correction and

visual stimulation from an early age.

The effects of PAX6 mutations are dose-dependent, thus mutations on both alleles will cause a very
severe phenotype that usually are lethal before birth.” In the present study, participant 5125 exhibited
classical aniridia and had two mutations, a splice site mutation (c.-52+1G>A) in intron 3 and a mutation

in exon 10 (c.831 G>A). These two mutations are therefore likely to be present in one allele where the
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former one (c.-52+1G>A) first terminates the PAX6 protein. Alternatively, the mutation in exon 10
(c.831G>A) is a silent mutation because it does not alter amino acid as reported previously,** although

Mutation Taster?! predicted that it would cause a splicing defect and be disease-causing.

No pathological sequence changes were observed in one sporadic case with classical aniridia
indistinguishable from PAX6-associated aniridia. Next generation sequencing approaches such as
whole genome sequence or whole exome analysis might be able to uncover the mutation in this
individual. Somatic PAX6 mosaicism has been described and might explain the presence of aniridia in
persons without detectable PAX6 mutations.>* Mosaicism could also be a possible genetic factor to

explain variable expressivity within families.>

A strength of this study was the detailed examination of foveal anatomy across a wide phenotypic and
genotypic range of aniridia. Based on a reported prevalence of 1:72 000, the 37 participants in this
study represent > 50% of the persons who have aniridia in Norway and are therefore reasonably
representative for persons with aniridia across the country. Despite limitations related to only being
able to image with adequate quality in 26 participants with aniridia, the present analysis includes the

full range of aniridia phenotypes.

Conclusions

The results presented here shows significant variation in outer retinal layer thickness measurements
within each grade of foveal hypoplasia. Importantly, outer retinal layer thickness was the structural
measure with the highest correlation with visual acuity in participants without severe central AAK.
Notable examples are participants 5154 and 5199, both with FH grade 2, but participant 5154 have 35
pum thinner outer retinal layers than participant 5199 with correspondingly poorer visual acuity (0.72
vs. 0.20 logMAR, respectively). In clinical terms, this implies that qualitative grading (1-4) of foveal

hypoplasia from OCT images is too coarse and may misclassify visual outcome for persons with aniridia.
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PAX6 mutations were found to be associated with abnormal foveal formation and reduced number of
neurons in the macula, with mutations in PAX6 coding regions giving the worst outcome. The observed
variation underscores the importance of careful retinal phenotypic characterization, even when the
PAX6 mutation is known, for predicting visual outcome after surgery, optical visual rehabilitation and
future gene therapy. If photoreceptor development extends after birth in some eyes with PAX6-
associated aniridia, as the increased foveal outer retinal layer thicknesses observed here indicates, it
suggests that early visual stimulation and optimization of visual function is as important as it is in

normally developing eyes. It may be a factor in improving foveal maturation outcome in adult life.
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