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RETINITIS
PIGMENTOSA

Retinitis pigmentosa (RP) is a degenerative disorder typically
affecting the retinal rod photoreceptors first, resulting in night-
blindness, and progressive deterioration of the cones, often ending
in blindness. The disease has a prevalence of about 1 in 4000 and
considers a major cause of visual impairment under the age of 60.
The discovery of multiple disease-causing genes starting from 1990
has contributed to an increasing knowledge of the retinal function.
However, the genetic heterogeneity still makes it a complex disease
with respect to the understanding of common underlying processes
and the resulting lack of curative therapy. It is estimated that the
multiple contributing genes identified so far represent 60 - 70%
of the total number of genes that cause RP. The identification of
remaining genes that cause RP or hereditary retinal diseases, as well
as the identification of other factors that contribute to the severity
of disease, remains important in order to extend our knowledge of
the retinal processes. Although some developments with respect
to therapy seem encouraging for the future, we must not forget
today’s patient. Symptoms of night blindness, tunnel vision, and
low visual acuity may be helped by vision aids and adaptation

strategies, usually provided by visual rehabilitation institutes.
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1. NADP afhankelijke isocitraat dehydrogenase speelt een belangrijkere rol in de

10.

11.

12.

13.

citroenzuurcyclus dan het NAD afhankelijke isocitraat dehydrogenase met mogelijk
uitzondering van de retina (dit proefschrift).

Micro-array mRNA expressie analyse kan gebruikt worden ter opsporing van
recessief overgeérfde genmutaties (dit proefschrift).

Individuele verschillen in telomeerlengte lijken geen verklaring voor het verschil
in de ernst van retinitis pigmentosa bij patiénten met eenzelfde genmutatie (dit
proefschrift).

Bradyopsie moet worden toegevoegd aan de differentiaal diagnose van patiénten met
klachten van fotofobie en onverklaarde wisselende visusmetingen welke verbeteren
bij gebruik van de stenopeische opening (dit proefschrift).

De nachtzichtbril geeft een toename van onafhankelijkheid en kan worden toegepast
in het dagelijks leven van retinitis pigmentosa patiénten (dit proefschrift).

Retinitis pigmentosa patiénten moeten actief verwezen worden naar een visueel
revalidatiecentrum (dit proefschrift).

Vuurwerk is oogverblindend.
Het Fenway Park in Boston is een van de weinige parken in de wereld zonder bomen.

Er komt steeds meer bewijs dat de Nederlandse uitdrukking ‘Elkaar niet kunnen
luchten of zien’ waar is voor wat de voorkeur van vrouwen voor ‘Luchten’ van
mannen aangaat (Joep Hartong).

Een toppunt van gehandicapten voorziening betreft de aanwezigheid van braille op
informatieborden op uitkijkpunten van het Empire State Building.

Interne kinderopvang is een vereiste om continue topklinische zorg te waarborgen.

De TomTom heeft op de gebruiker een vergelijkbaar effect als eerder de calculator
heeft opgewekt.

Evolution took time, so does the unravelling of it.




Chapter 7: Retinitis pigmentosa and possible interventional strategies in perspective
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ERRATUM

Behorende bij het proefschrift ‘Retinitis Pigmentosa’
door Dyonne T. Hartong

aan de Rijksuniversiteit Groningen

Als gevolg van een conversie tussen verschillende tekstbestanden is er een fout
opgetreden in de volgorde van de referenties nr. 67 t/m 264 behorende bij hoofdstuk 1
‘Retinitis Pigmentosa’ van het proefschrift.

De juiste referenties kunt u vinden in het online artikel dat beschikbaar is via
www.pubmed.com: Lancet. 2006; 368:1795-809. PMID: 17113430

of
voor de gehele aangepaste versie van het proefschrift kunt u ter zijner tijd terecht bij de

elektronische bibliotheek van de Rijksuniversiteit Groningen:
http://dissertations.ub.rug.nl
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General introduction

Retinitis pigmentosa (RP) is a degenerative disorder typically affecting the rod
photoreceptors first, resulting in night-blindness, and progressive deterioration of
the cones, often ending in blindness. The disease has a prevalence of about 1 in
4000 and considers a major cause of visual impairment under the age of 60. The
discovery of multiple disease-causing genes starting from 1990 has contributed to
an increasing knowledge of the retinal function. However, the genetic heterogeneity
still makes it a complex disease with respect to the understanding of common
underlying processes and the resulting lack of curative therapy. It is estimated
that the 55 contributing genes (including Bardet-Biedl and Usher syndrome)
identified so far represent 60-70% of the total number of genes that cause RP. The
identification of remaining genes that cause RP, as well as the identification of genes
that cause other hereditary retinal diseases remains important in order to extend
our knowledge of the retinal processes. Chapter 1 of this thesis considers a review
of the disease describing epidemiology, symptoms, diagnosis, and a summary of
all known genetic causes so far. Chapter 2 describes the identification of a novel
gene defect that causes RP using micro-array messenger ribonucleic acid (mnRNA)
expression analysis, a novel approach for the search of recessive mutations.

The identification of other factors, beside the specific gene defect, that contribute
to the disease process may also provide us clues with respect to interventional
strategies. Chapter 3 describes the hypothesis test that chromosomal telomere
length (repetitive elements at the end of chromosomes, previously associated with
cell death and age-related diseases) is associated with disease severity in RP.

Chapter 4 is not actually about RP, but it describes a non-progressive hereditary
retinal disease, bradyopsia, of which the clinical findings are very important to the
general knowledge of retinal function.

Although some developments, as outlined in chapter 1 and chapter 7 seem
encouraging for the future, we must not forget today’s patient. Symptoms of
night blindness, tunnel vision, and low visual acuity may be helped by vision
aids and adaptation strategies, usually provided by visual rehabilitation institutes.
Symptoms may already present from young adolescence and usually impair
independent (night time) activities throughout most of the patient’s life. Accurate
testsand implementation of vision aids that address the patient’s needs are therefore
warranted. Chapter 5 and 6 describe the application of night-vision goggles and its
effect on subjective independence for patients with RP.



Chapter 7 discusses future perspectives with respect to expectations of therapy
with the purpose to provide the reader a realistic perspective of potential treatment
options for this complex disease.






Chapter 1

Retinitis pigmentosa

Dyonne T Hartong?, Eliot L Berson ® and Thaddeus P Dryja *

*Ocular Molecular Genetics Institute, Harvard Medical School, Massachusetts Eye and Ear Infirmary,
243 Charles Street, Boston, MA 02114, USA

®Berman-Gund Laboratory for the Study of Retinal Degenerations, Harvard Medical School,
Massachusetts Eye and Ear Infirmary, 243 Charles Street, Boston, MA 02114, USA

Lancet. 2006 Nov 18;368(9549):1795-809.
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Summary

Hereditary degenerations of the human retina are genetically heterogeneous,
with well over 100 genes implicated so far. This Seminar focuses on the subset of
diseases called retinitis pigmentosa, in which patients typically lose night vision in
adolescence, side vision in young adulthood, and central vision in later life because
of progressive loss of rod and cone photoreceptor cells. Measures of retinal function,
such as the electroretinogram, show that photoreceptor function is diminished
generally many years before symptomic night blindness, visual-field scotomas,
or decreased visual acuity arise. More than 45 genes for retinitis pigmentosa
have been identified. These genes account for only about 60% of all patients; the
remainder have defects in as yet unidentified genes. Findings of controlled trials
indicate that nutritional interventions, including vitamin A palmitate and omega-
3-rich fish, slow progression of disease in many patients. Imminent treatments
for retinitis pigmentosa are greatly anticipated, especially for genetically defined
subsets of patients, because of newly identified genes, growing knowledge of
affected biochemical pathways, and development of animal models.

Retinitis pigmentosa is the term given to a set of hereditary retinal diseases that
feature degeneration of rod and cone photoreceptors. This Seminar will review
the current status of our knowledge of this disorder, including its prevalence and
inheritance patterns, symptoms and signs, molecular genetics, current treatments,
and anticipated future treatment approaches.

Prevalence and inheritance patterns

The worldwide prevalence of retinitis pigmentosa is about 1 in 4000 for a total
of more than 1 million affected individuals. The disease can be inherited as an
autosomal-dominant (about 30-40% of cases), autosomal-recessive (50-60%),
or X-linked (5-15%) trait." 22" 3 These proportions for inheritance patterns
assume that all isolated cases - ie, patients with no other affected relatives - are
autosomal recessive, although a few might represent new dominant mutations,
instances of uniparental isodisomy,?* 5 or, for males, X-linked mutations.
Non-mendelian inheritance patterns, such as digenic inheritance and maternal
(mitochondrial) inheritance, have been reported but probably account for only a
small proportion of cases.®”# %241 In a multicentre study from Japan including
29 vision rehabilitation centres, retinitis pigmentosa was the major cause of
visual handicap or blindness, accounting for 25% of patients."! In Kuwait, this
disease was the leading cause of visual disability in individuals younger than
60 years,'? and in Denmark, retinitis pigmentosa and optic neuropathy were the
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leading causes of blindness in people aged 20-64 years, each accounting for 29%
of cases.”

Syndromic retinitis pigmentosa

Retinitis pigmentosa is a disease usually confined to the eye. However, some
20-30% of patients have associated non-ocular disease, and such cases fall within
more than 30 different syndromes.

Usher’s syndrome, in which retinitis pigmentosa is associated with hearing
impairment, is the most frequent syndromic form, accounting for about 20-40%"
of individuals with recessive disease (or 10-20% of all cases). The hearing loss
can be either profound, present at birth, and associated with vestibular ataxia
(Usher’s syndrome type I) or moderate to mild in severity and non-progressive
(type II). Normal hearing can be present in youth but during later years gradual
hearing loss can occur (type III). Alterations in at least 11 genes cause Usher’s
syndrome; different mutations in some of these genes lead to type I, II, or III
disease.”* Depending on the mutation, some genes for Usher’s syndrome can also
cause either retinitis pigmentosa without hearing loss* 162" 7 or deafness without
retinitis pigmentosa.'8 120, 2t and 22

Another major form of syndromic retinitis pigmentosa is Bardet-Biedl syndrome,
in which retinitis pigmentosa is variably associated with obesity, cognitive
impairment, polydactyly, hypogenitalism, and renal disease (mostly structural
abnormalities such as calyceal cysts or calyceal clubbing and blunting);***42* some
patients develop renal failure and need transplantation. Bardet-Biedl syndrome
accounts for as many as 5-6% of cases of retinitis pigmentosa.?***!?¢ Ten genes for
Bardet-Biedl syndrome have been identified, which cause about 70% of cases.””*
ad2 Inheritance is generally a mendelian autosomal-recessive pattern; however, in
some families, mutations at two unlinked Bardet-Biedl genes have been recorded,®
ad30 with compound heterozygosity (or homozygosity) present at one locus and
one mutation at the second.® 30243 Whether the mutation at the second locus is
needed to express the disease or whether it merely modifies severity or expressivity
of mutations at the other locus is still unclear. The proportion of Bardet-Biedl
families showing digenic inheritance might be low.*

Of the many rare syndromic forms of retinitis pigmentosa, three are important
clinically. In these disorders, treatment might be vision-saving if begun early:
abetalipoproteinaemia (Bassen-Kornzweig syndrome); phytanic acid oxidase
deficiency (Refsum’s disease); and familial isolated vitamin E deficiency (a
tocopherol transport protein deficiency).”
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Symptoms

Retinitis pigmentosa is a highly variable disorder; some patients develop
symptomatic visual loss in childhood whereas others remain asymptomatic until
mid-adulthood. Many patients fall into a classic pattern of difficulties with dark
adaptation and night blindness in adolescence and loss of mid-peripheral visual
field in young adulthood. As the disease advances they lose far peripheral vision,
eventually develop tunnel vision, and finally lose central vision, usually by age 60
years.

Visual symptoms indicate the gradual loss of the two photoreceptor types (figure
1): rods, which mediate achromatic vision in starlight or moonlight; and cones,
which are important for colour vision and fine acuity in daylight. The outer
nuclear layer of the retina consists of rod and cone photoreceptor nuclei and is
severely attenuated in patients with retinitis pigmentosa. The inner nuclear layer—
composed of amacrine cell, bipolar cell, and horizontal cell neurons—and the
ganglion-cell layer are fairly well preserved, but many of these cells degenerate
later in the disease.

Normal retina Neuronal cell types of the retina Retina of patient with
retinitis pigmentosa

©) Ganglion cell

¥
. [ . 2
Ganglion cell layer B i by iy

Inner plexiform layer

bipolar
cell

Inner nuclear layer

Outer plexiform layer

Photoreceptor

Outer nuclear layer (cone)

Photoreceptor outer
segments

Pigment epithelium

Figure 1. Histological appearance of healthy human retina (left) and retina of a patient with retinitis pigmentosa
at a mid-stage of disease (right). The space between the retinal pigment epithelium and the outer nuclear layer in
the diseased retina is a processing artifact.

Most patients are legally blind by age 40 years because of severely constricted visual
fields. In most forms of typical retinitis pigmentosa, loss of rod function exceeds
reduction of cone sensitivity. In other types, rod and cone decline is similar.
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Occasionally, the deficit of cones far exceeds that of rods, which is termed cone-
rod degeneration,* a form of retinitis pigmentosa in which loss of visual acuity
and defective colour vision are the prominent early symptoms.

A clinician must be cautious when relying on symptoms to identify patients with
early retinitis pigmentosa. In our electrically illuminated night-time environment,
people can be unaware of a severe loss of rod function because night-time
activities are typically done with sufficient light to allow vision with cones. By the
time an individual recognises the symptom of night blindness, a reduction in cone
sensitivity can have happened on top of a loss of rod function. Furthermore, no
subjective difficulties with daily tasks may arise in people with a remaining central
visual field reduced to about 50 degrees in diameter (normal bilateral visual field
is about 180 degrees in the horizontal meridian).”” Patients can lose 90% of cones
in the fovea before having a reduction in visual acuity.* Reading impairment and
difficulties in undertaking daily activities are typically seen when visual acuities
fall below 0-5 (20/40).7 438 Objective measures of photoreceptor sensitivity (see
below) are much more reliable than symptoms for diagnosis of retinitis pigmentosa
and grading its severity.

Clinical assessment and findings

Visual acuity can remain normal even in individuals with advanced retinitis
pigmentosa with a small island of remaining central visual field, or it can be lost
early in the course of the disorder. Neglect of careful determination of refractive
errors in people with severe visual loss can happen, yet patients can be very
grateful for the modest improvement in vision that spectacles might provide.
Furthermore, a measure of refractive error could give a clue to the inheritance
pattern. For example, patients with X-linked retinitis pigmentosa are likely to have
myopia of 2 dioptres or more, whereas hyperopia favours a diagnosis of dominant
inheritance.* 440

Visual fields, measured with a Goldmann perimeter or a Humphrey field analyser
(Carl Zeiss, Dublin, CA, USA), typically have scotomas in the mid-periphery that
enlarge over years owing to loss of rod and cone function. In moderate-to-advanced
retinitis pigmentosa, only small islands of vision remain in the far peripheral field
and in the visual axis; later these areas of vision slowly disappear.

Colour vision assessed with Ishihara plates, the Farnsworth D15 panel (Munsell
Colour Laboratory; Macbeth, New Windsor, NY, USA), or other tests might show
normal colour vision or a deficiency in blue cone function (acquired tritanopia),
which is characteristic of advanced retinitis pigmentosa. If a red or green colour
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deficiency is present, a diagnosis of an anomaly in colour vision—eg, X-linked
colour blindness present in 5-8% of all males—or cone-rod or cone degeneration
should be considered.

The final dark adaptation threshold is a measure of the degree of night blindness
under moonlight and starlight conditions. It is measured after the patient adapts
to 30 min of darkness with eye patches or by being in a completely dark room. The
lowest intensity of white light that is able to be perceived is then measured. If this
intensity is at least 100 times brighter than normal (ie, the final dark adaptation
thresholdis raised 2 log units or more), a severeloss of rod photoreceptor sensitivity
has arisen and individuals should be cautioned about driving at dusk or at night
irrespective of the status of their visual acuity or visual fields. Large increases in
threshold indicate a decrease in cone photoreceptor sensitivity as well.

Contrast sensitivity is measured with a contrast chart (ie, Pelli-Robson chart).*
A decline in contrast sensitivity is a common finding in patients with retinitis
pigmentosa,*” and it can account for poor subjective vision in those people who
have good high contrast visual acuity.*

Slit-lamp biomicroscopy and ophthalmoscopy show posterior subcapsular
cataracts in about 50% of individuals with retinitis pigmentosa.®® 4 ¢4 Cells
in the vitreous are commonly seen. Attenuation of retinal vessels is an almost
universal finding (figure 2). The fundus typically shows intraretinal pigmentation,
sometimes referred to as bone-spicule deposits because of their shape, in the mid-
periphery or far periphery (figure 2). They might be absent, especially early in
the course of disease.” Pigment deposits are created when the retinal pigment
epithelium (a pigmented cell layer adjacent to photoreceptors) migrates into the
neural retina in response to photoreceptor-cell death.#” The optic nerve head can
have a waxy pale colour (figure 2).
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Normal human (left eye) Patient with retinitis pigmentosa

- o G >

Figure 2. Fundi of a healthy individual (left) and a patient with retinitis pigmentosa (right).

In theimage of the diseased eye, optic-disc pallor, attenuated retinal arterioles, and
peripheral intraretinal pigment deposits in a bone-spicule configuration are seen.

Electroretinograms (ERGs) measure the electrical response of the retina to flashes
of light and are recorded with either a contact-lens electrode on the topically
anaesthetised cornea or an electrode applied to the eyelid. A single-flash dim blue
light elicits a rod response, a brighter single-flash white light elicits a combined
rod-plus-cone response, and flickering (30 Hz) white light stimuli generate
cone-isolated responses (figure 3). With single flashes (0-5 Hz) of white light,
an initial a wave shows hyperpolarisation of photoreceptors and a subsequent b
wave results from depolarisation of cells in the inner nuclear layer. Patients with
retinitis pigmentosa have reduced rod and cone response amplitudes and a delay
in their timing (figure 3).%2% Amplitudes of the a and b waves can be either
moderately reduced (as in dominant disease) or almost non-detectable (as seen in
recessive and X-linked patients). Time intervals from stimuli to peak rod or cone
isolated responses are prolonged in typical retinitis pigmentosa. ERG amplitudes
are objective measures of retinal function and are useful for accurate diagnosis of
disease, for assessment of severity,*® 5! to follow the course of disease,* % to
provide a visual prognosis,” and for measurement of responses to treatments.>
With conventional recordings without computer averaging, most patients have
non-detectable full-field cone response amplitudes (<10 uV; normal >50 uV)
even when they have substantial cone vision; with computer averaging, ERG
sensitivity is extended 100-fold. Patients with cone ERG amplitudes as low as 1
1V or less can still have ambulatory vision and read newspapers; most people
with amplitudes less than 0-05 pV are legally blind or have only light perception.**
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Figure 3. ERG responses from a healthy individual and from three patients with early retinitis pigmentosa inherited
as an autosomal-dominant, autosomal-recessive, or X-linked trait.

RP=retinitis pigmentosa. a=a wave. b=b wave. Vertical dotted lines (left and centre columns) and vertical shock
artifacts (right column) represent stimuli. Arrows indicate response times (called implicit times).

Optical coherence tomography is a non-invasive technique for assessment of the
morphology of the retina and particularly of the macula. It is especially useful in
patients with retinitis pigmentosa for measurement of retina thickness, assessment
of the status of the photoreceptor layer, and determining the presence of macular
Oedema.SS, 56, 57 and 58

Images of fundusautofluorescenceshow that some patients with retinitis pigmentosa
have raised concentrations of lipofuscin in retinal pigment epithelium. Regions of
the retina with the highest amounts of autofluorescence are those producing the
lowest ERG amplitudes, as measured with multifocal ERGs.¥2d

Course of retinitis pigmentosa

The age of onset of retinitis pigmentosa typically refers to theage at which a patient
reports visual symptoms, and it can range from early childhood to adulthood.
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Because of the striking variation in how aware individuals are of their visual
loss, the age of onset of symptoms is an imprecise measure of disease severity,
and it gives little or no indication of when photoreceptor degeneration actually
begins. ERGs and other tests show that photoreceptor degeneration is already
present as early as age 6 years, even in patients who remain asymptomatic until
young adulthood.® Clinical examinations, especially those including objective
quantitative measures of retinal function, are crucial to describe accurately the
degree of visual compromise and rate of its decline. This information is necessary
to give a prognosis for vision customised to every patient. Individuals older than
age 6 years with normal ERGs have not been reported to develop typical retinitis
pigmentosa at a later time.*'

In general, retinitis pigmentosa is a progressive disease with an apparently
exponential decline® in remaining visual-field area (2:6-13-5% loss annually)**
63and 64 and ERG amplitude (8-7-18-5%).3* 63 24 6 Varijations in reported rates of
decline have been attributed to stage of disease, environmental and dietary factors,
primary gene defects, and possible modifier genes. Visual acuity better than 0-1
(20/200) reflects the function of foveal cones and, since the fovea is generally the
last region of the retina to deteriorate, good acuity can persist for many years
in patients with only tiny islands of remaining peripheral visual field and very
low ERG amplitudes.’> Thus, clinical trials and studies to monitor progression
of disease usually include visual fields and ERG amplitudes. However, subjective
visual handicap correlates best with visual acuity and less well with visual field and
ERG amplitudes.®

Causal genes

Most cases of retinitis pigmentosa are monogenic, but the disease is nevertheless
very heterogeneous genetically. Investigators have identified at least 45 loci so
far at which mutations cause the disorder, and these genes collectively account
for disease in a little over half of all patients (figure 4). Most genes for retinitis
pigmentosa cause only a small proportion of cases (figure 4), exceptions being
the rhodopsin gene (RHO), which leads to about 25% of dominant retinitis
pigmentosa, the USH2A gene, which might cause about 20% of recessive disease
(including many with Usher’ssyndrome type II), and the RPGR gene that accounts
for about 70% of X-linked retinitis pigmentosa. In aggregate, mutations in RHO,
USH2A, and RPGR genes cause about 30% of all cases of retinitis pigmentosa.
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Figure 4. Genes and their relative contribution to retinitis pigmentosa.

Causal genes and their contributions to (A) autosomal-recessive disease (ARRP), including Usher’s and Bardet-
Biedl (BBS) syndromes, (B) autosomal-dominant disease, and (C) X-linked disease. About 40% of cases are due
to genes that are as yet undiscovered. In A, these cases are represented by three pie slices named unknown
non-syndromic retinitis pigmentosa 30%; unknown BBS 3%; and part of MASS1, USH2B, and unknown 10%. All
digenic cases with RDS/ROM1 mutations are included in the dominant category. The figure does not include
Leber congenital amaurosis, cone-rod dystrophy, macular degeneration, or cases with maternal inheritance (eg,
Kearns-Sayre syndrome). For some genes, only one or afew families have been reported with mutations; in these
cases, we have arbitrarily set the gene frequency at 1%. Our estimates for the proportions of cases accounted for
by every gene are based on data from the following articles. Autosomal-recessive retinitis pigmentosa: ABCA4;%
CERKL;® CNGAT1;% CNGB1;” CRB1;”" LRAT;”> MERTK;” NR2E3;7*>"7 NRL;™ PDE6A;”” PDE6B;® "¢ RGR;® RHO;®' and 2
RLBP1;®and84 Rp1;85end & RPEGS:S” SAG;® TULP1;2 USH2A;* 2 * Bardet-Biedl syndrome;?-*% Usher's syndrome
type |;%¥ USH3A.* Autosomal-dominant disease: RHO;® 8. %% and 97 Rp1,97and 88 PRPF3] (unpublished data from the
authors); PRPF3 (unpublished data from the authors); RDS/ROM1;%* PRPF8 (unpublished data from the authors);
IMPDH1;00and 100 NR ;102 CRX;¥7 2n¢ 103 CA4(RP17);% FSCN2;"® GUCA1B;' RP9;” SEMA4A.'® X-linked disease: RPGR
and RP2;92nd110 RPG, RP23, and RP24 are mapped to X chromosome but remain unidentified.'" 112z 113
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Affected biochemical pathways

The table categorises currently identified genes for retinitis pigmentosa according
to the known or presumed function of the encoded proteins. Some of the
genes normally encode proteins in the rod photoreceptor cascade, a specific
biochemical pathway that transduces light and leads to changes in photoreceptor-
cell polarisation. Recessive null mutations in any of these genes would evidently
interfere with rod function and produce night blindness from birth. Subsequent
death of rod photoreceptors is probably an outcome of the deranged physiology
associated with the defective or absent gene product. For example, without
functional rod cGMP-phosphodiesterase, which arises with recessive defects in
PDE6A or PDE6B, cGMP concentrations in photoreceptor outer segments rise,
which in turn opens an excessive proportion of cGMP-gated cation channels in
the plasma membrane.!¢% 165 2nd 1€ Rods apparently die from the rush of cations
flowing into the cell through these open channels. As another example, dominant
rhodopsin mutations are probably detrimental to rods because the mutant forms
of rhodopsin are toxic to rod photoreceptors. The toxic effects are attributable
to interference with metabolism, perhaps by formation of intracellular protein
aggregates, from a defect in intracellular transport, or from a fault in the structure
of the photoreceptor outer segments.'¢7 168 169 170 171, 172 and 173
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Phototransduction cascade

RHO, rhodopsin (G-protein coupled photon receptor)"

PDE6A, rod cGMP-phosphodiesterase a subunit (G-protein effector enzyme)''s2nd 116
PDEG6B, rod cGMP-phosphodiesterase a subunit (G-protein effector enzyme)'5ad 1
CNGAT1, rod cGMP-gated cation channel a subunit’

CNGBI1,rod cGMP-gated cation channel a subunit'® 1820120

SAG, arrestin (rhodopsin deactivation)™

Vitamin A metabolism

ABCA4, ATP-binding cassette protein A4 (photoreceptor disc membrane flippase for
vitamin A)122and123

RLBP1, retinaldehyde binding protein (11-cis-retinaldehyde carrier)?*

RPEBS5, (vitamin A trans-cis isomerase)? 2126

LRAT, lecithin retinol acetyltransferase (synthesises vitamin A esters)'?

RGR, RPE-vitamin A G-protein coupled receptor (photon receptor in RPE)'?
Structural or cytoskeletal

RDS, peripherin (outer disc segment membrane protein)8ad12

ROM1, rod outer segment protein'®

FSCN2, fascin (actin bundling protein)''and 122

TULPI, tubby-like protein 1'*

CRB1, crumbs homologue (transmembrane protein, adherent junctions)™
RPI1, microtubule-associated protein (microtubule formation and stabilisation)®
Signalling, cell-cell interaction, or synaptic interaction

SEMA4A, semaphorin B, transmembrane immune system protein'®

CDH23, cadherin 23 (adhesion receptor)*72nd 13

PCDH15, protocadherin 15 (adhesion receptor)'®®

USH1C, Usher's syndrome type 1C (integrating scaffold protein harmonin)**
USH2A, Usher’s syndrome type |IA (Usher’s network protein)'®

MASS1, monogenic audiogenic seizure susceptibility 1 (Usher's network protein)'®
USH3A, Usher's syndrome type IlIA (transmembrane protein clarin 1)"*'

RP2, plasma membrane associated protein'?

RNA intron-splicing factors

PRPF31, precursor mMRNA-processing factor 31 (spliceosome component)™
PRPF8, precursor mRNA-processing factor 8 (spliceosome component)'
PRPF3, precursor mRNA-processing factor 3 (spliceosome component)'and 146

RPY, PIM1-associated protein (RNA splicing factor)'’
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Inheritance

Dominant, recessive
Recessive
Recessive
Recessive
Recessive

Recessive

Recessive

Recessive
Recessive
Recessive

Recessive

Dominant, digenic
Digenic

Dominant
Recessive
Recessive

Dominant, recessive

Dominant
Recessive
Recessive
Recessive
Recessive
Recessive
Recessive

X-linked

Dominant
Dominant
Dominant

Dominant



Trafficking of intracellular proteins
MY07 A, myosin 7A (melanosome motility protein)'®

USH1G, scaffold protein containing ankyrin repeats and SAM domain (Usher's type |
protein traffic regulator)™

Maintenance of cilia/ciliated cells (possible role in intracellular trafficking)
BBS1, Bardet-Biedl syndrome 1"
‘ BBS2, Bardet-Bied| syndrome 250151 and 152
ARL6, ADP-ribosylation factor like 6'
BBS4, Bardet-Bied| syndrome 4'50nd 153
1 BBS5, Bardet-Bied| syndrome 5'%02nd1%¢
| MKKS, McKusick-Kaufman syndrome's2nd1%
BBS7, Bardet-Bied| syndrome 7' 2156
TTC8, tetratricopeptide repeat domain 830 15 and 157
PTHB1, parathyroid hormone-responsive B1 gene™®
RPGR, trafficking of proteins in the cilia '®2nd5
pH regulation (choriocapillaris)
CA4, carbonic anhydrase IV (carbon dioxide/bicarbonate balance)'®
Phagocytosis

MERTK, mer tyrosine kinase proto-oncogene (RPE receptor involved in outer
segment phagocytosis)'®

Other
CERKL, ceramide kinase-like (ceramide converting enzyme)'®

IMPDH]1, inosine-5" monophosphate dehydrogenase type | (guanine nucleotide
synthesis)’®

BBS10, vertebrate-specific chaperonin-like protein®

RPE=retinal pigment epithelium.

Inheritance

Recessive

Recessive

Recessive
Recessive
Recessive
Recessive
Recessive
Recessive
Recessive
Recessive
Recessive

X-linked

Dominant

Recessive

Recessive

Dominant

Recessive
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Why do mutations in genes that are exclusively expressed in rod photoreceptors
cause the death of both rod and cone cells? The secondary death of cones might
indicate their as yet unexplained reliance on neighbouring rods for survival.
Understanding the interaction between rods and cones, and the factors from rods
that promote cone survival, might provide clues to treatments.!742d 175

Some genes for retinitis pigmentosa are expressed in tissues outside the eye,
and some encode proteins that are essential for life. For example, the dominant
genes PRPF31, PRPF8, and PRPF3 encode components of the spliceosome, a vital
complex that excises introns from RNA transcripts. These proteins are highly
conserved in eukaryotes ranging from mammals to yeast, so the fact that mutations
in these factors lead to retinitis pigmentosa without other evidence of systemic
disease in patients is especially fascinating.

Treatment

Based on a study of the natural course of retinitis pigmentosa,®® patients who happen
to be taking vitamin A, vitamin E, or both were recorded to have slower declines
in ERG amplitudes than those not taking such supplements.*® This observation
prompted a randomised clinical trial of oral vitamin A and E supplements in
601 patients with dominant, recessive, and X-linked non-syndromic retinitis
pigmentosa and Usher’s syndrome type I1.** Participants were randomly assigned
either daily vitamin A as retinyl palmitate 15 000 IU, vitamin E 400 IU as dl-a-
tocopherol, the combination, or trace amounts of both vitamins; follow-up was for
4-6 years. Patients assigned high-dose vitamin A showed a significantly (p=0-01)
slower decline in cone ERG amplitudes than did those in the other groups.
Differences were more pronounced (p<0-001) in a subgroup of 354 individuals
with higher initial cone ERG amplitudes; in these people, a significant (p=0-04)
negative effect of vitamin E was also recorded.*®

Critics of the trial pointed out that measures of retinal function other than cone
ERG—such as visual-field area and visual acuity—did not differ significantly
between groups,”® and that results with cone ERGs were of only modest
significance.'”” However, visual-field area has substantial inter-visit variability, so
that a small change in the decline of visual-field area would probably not have
been detectable with the study design. In a subsequent analysis of 125 participants
who did visual-field tests with the greatest precision (<5% inter-visit variability),
those assigned vitamin A showed a significantly slower loss of field than did those
not taking vitamin A.!78#17 Furthermore, in most patients, visual acuity declines
slowly or not at all in earlier stages,”®® and thus to note a therapeutic effect would
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need a larger or longer study than was undertaken. As far as we are aware, no
clinical trials by other groups to assess the effectiveness of vitamin A supplements
have been undertaken.

Based on these results, many clinicians recommend that adults with early or middle
stages of retinitis pigmentosa take 15 000 IU of oral vitamin A palmitate every day
and avoid high-dose vitamin E supplements. p carotene is not a suitable substitute
forvitamin A becauseitis notreliably converted tovitamin A. People on this regimen
should have annual measurements of fasting vitamin A concentrations in serum
and liver function, although no cases of toxic effects have been reported.'’®' Older
individuals should also be monitored for bone health because a slight increased
risk for hip fractures from osteoporosis has been reported in postmenopausal
women and men older than 49 years who take vitamin A supplements. '8 2 18
Because of an enhanced risk for birth defects, high-dose vitamin A supplements
are not recommended for women who are pregnant or planning to conceive.'®* No
children younger than age 18 years were included in the study, nor were people
with less common forms of retinal degeneration (eg, cone-rod degeneration, Leber
congenital amaurosis, and many syndromic forms of retinitis pigmentosa), and
thus no formal recommendation can be made for them about vitamins A and E.

Another nutritional treatment assessed for patients with retinitis pigmentosa is
docosahexaenoic acid (DHA), an omega-3 fatty acid found in high concentrations
in oily fish such assalmon, tuna, mackerel, herring, and sardines. DHA is apparently
important for photoreceptor function, since membranes containing rhodopsin and
cone opsins in photoreceptor cells have very high concentrations of this fatty acid.'®
Amounts of DHA in red-blood cells are on average lower in patients with retinitis
pigmentosa than in unaffected people, but whether the difference is attributable
to a speculative metabolic variation or to changes in diet or other factors is
unknown.!#¢2n187 Results from two independent studies of oral DHA supplements
for individuals with retinitis pigmentosa, one consisting of 44 males with X-linked
disease and the other of 208 patients with various inheritance patterns, did not
show a clear benefit for the treatment based on the original outcome measures. '8¢
18 However, in both studies, people with the highest concentrations of DHA in red-
blood cells (combining patients on supplements and controls who possibly had
high amounts from their diet) had the slowest rates of retinal degeneration.!862n41
Furthermore, analysis of the control group in the larger study—ie, 110 participants
receiving vitamin A and placebo—showed that those with a diet containing at least
1-4 g of omega-3 fatty acids per week (equivalent to two 90 g servings of oily fish per
week) lost visual field at a rate 40-50% slower than those eating less omega-3 fatty
acids. Possibly, if the slower rate of degeneration were sustained for a long period,
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the combined benefit of vitamin A and oily fish could provide almost 20 additional
years of visual preservation for the average patient who starts this regimen in their
mid-30s.'® Some clinicians, therefore, recommend that adults with typical retinitis
pigmentosa should follow this regimen.

Patients with three rare syndromic forms of retinitis pigmentosa can also benefit
from specific dietary modification and nutritional supplements. First, individuals
with abetalipoproteinaemia (Bassen-Kornzweig disease) have low concentrations
of apolipoprotein B in plasma and have fat malabsorption, which results in low
amounts in plasma of fat-soluble vitamins. Besides retinitis pigmentosa, patients
develop ataxia, peripheral neuropathy, and steatorrhoea. High oral doses of vitamin
A result in acute restoration of retinal function in the early stages of the disease.!*
and 191 Addition of vitamin E has been reported to stabilise the disorder.'? Second,
phytanic acid oxidase deficiency (Refsum’s disease) is associated with cardiac
conduction defects, ataxia, polyneuropathy, deafness, anosmia, dry skin, and
retinitis pigmentosa. Dietary modification to severely reduce intake of phytanic
acid while maintaining bodyweight can slow or stop progression of this form of
retinitis pigmentosa.'” Finally, familial isolated vitamin E deficiency (a tocopherol
transport protein deficiency) can cause adult-onset ataxia, dysarthria, reduced
touch and position sense, and retinitis pigmentosa. Treatment with vitamin E has
been reported to halt progression of this disease.'**

Reduction in exposure to light is postulated to be beneficial for patients with
retinitis pigmentosa. This hypothesis is lent support by findings in two animal
models of the disease (both with rhodopsin mutations), in which constant darkness
was associated with a reduction in the rate of degeneration'®® or in which brief
exposures to bright light hastened loss of photoreceptors.’”® Two patients (one
later found to have digenic retinitis pigmentosa with mutations in the RDS and
ROM1 genes)® tested the effect of light deprivation on their retinitis pigmentosa
by occluding one eye for 6 h per day for 5 years.'”” No difference in the extent
of retinal degeneration was recorded between occluded and unoccluded eyes.
Separately, an individual with retinitis pigmentosa had a monocular occlusion of
the pupil from childhood trauma, causing more than a tenfold reduction in light
to the retina; the pupil was surgically opened 40 years later, yet the traumatised
eye had a funduscopic appearance and ERGs equivalent to the fellow eye.'*® As far
as we know, no studies of light exposure with many patients, either prospective or
retrospective, have been undertaken. The benefit of modulation of light exposure
for individuals with certain genetically defined forms of retinitis pigmentosa
remains to be established.
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Some measures do not directly benefit the retina but nevertheless help patients
with vision loss related to retinitis pigmentosa. Cataract extraction is indicated in
individuals with lens opacities that substantially reduce distance and near vision.
Carbonic anhydrase inhibitors can provide transient improvement in visual acuity
in people with oedema of the macula.'**"?% Patients should be encouraged to visit
vision-rehabilitation clinics, at which (for example) a night vision pocket scope or
goggles?! =422 or 3 wide-angle mobility lamp?® could be offered to improve night
vision. Hand-held and computer magnification devices could boost reading vision
in individuals with advanced disease.

The future

With knowledge of causal genes in more than half of patients with retinitis
pigmentosa, and increasing knowledge about associated biochemical defects,
many clinicians are optimistic that novel treatments for the disorder will soon be
developed. Many mechanistically diverse approaches to treat retinitis pigmentosa
are being investigated. These include: 1) gene-specific approaches; 2) interventions
in secondary biochemical pathways that could benefit groups of patients with
various gene defects; 3) transplantation to replace lost retinal tissue; and 4)
implanted electrical devices.

Gene-therapy approaches are dependent on the type of mutation. Recessively
inherited diseases typically result from alterations that eliminate the encoded
protein (loss-of-function mutations). For this type of genetic change, introduction
of a normal copy of the gene into the diseased tissue (gene-replacement
treatment) might induce local production of the missing protein. One notable
gene-replacement approach to a form of retinitis pigmentosa is on the verge of
human trials. The target gene is RPE65, which encodes the isomerase in the retinal
pigment epithelium that is essential for production of the photopigment 11-cis-
retinal. In patients and animal models without this enzyme owing to recessive
RPE65 mutations, many photoreceptors survive for a long time after severe visual
loss.® 204and 205 By trapsiently providing 11-cis-retinal or a related photopigment
pharmacologically, these cells are seen to be functional® 4 26 A window of
opportunity is therefore available during which replacement of the RPE65 gene
might restore vision. Subretinal injection of adeno-associated virus vectors
containing the RPE65 gene has shown success in restoring vision in mice and
dogs with mutations in RPE65.20+ 207208, 209.210.211and 212 Gepe-replacement treatment
has also been successful in animal models of other genetically identified forms
of retinitis pigmentosa,?!> !4 215 216.217and 218 hnt many of the approaches will not
be easily transferred to human beings. One difficulty is that many patients have

27



already lost all or nearly all rod photoreceptors and are hoping for a treatment to
save the few remaining cone photoreceptors. Techniques such as optical coherence
tomography will be valuable adjuncts in clinical trials since they can provide a
measure of the status of the photoreceptor cell layer and establish whether patients
with vision loss have cells available for rescue.*” %8 2nd 204

Dominantly inherited mutations typically alter the transcribed aminoacid sequence
and result in toxic variants of the encoded protein (termed gain-of-function
mutations). One strategy to treat these alterations is to eliminate the mutant gene
(genessilencing) and hope that the remaining normal copy of the gene will provide
sufficient functional protein. Current experimental approaches to accomplish this
aim include ribozyme-based or interference RNA (RNAi)-based gene therapy to
inactivate or reduce expression of specific dominant alleles.?!* 220221, 222 and 223

Nutritional or neuroprotective treatments or approaches that affect secondary
biochemical pathways have the advantage of being less dependent on the
disease-causing mutation than genetic strategies and could therefore be widely
applicable—eg, treatment might interfere with apoptosis.??4 22 226.22720d 228 Rindings
of work done in animals have shown that some neurotrophic factors can promote
photoreceptor survival.!74 175 229,230, 231and 232 Regylts of a human phase I study of an
intravitreal capsule containing cells that release ciliary neurotrophic factor have
been reported.”® Of some concern, one patient in the study had a decline in ERG
amplitudes; however, the same individual and some others had improvements in
visual acuity over the 6-month duration of the study.

Small-molecule drugs are also being assessed as possible treatments for forms
of retinitis pigmentosa. For example, in a study of a calcium-channel blocker
(diltiazem), researchers claimed a beneficial effect in a mouse model of a form of
recessive retinitis pigmentosa due to recessive mutations in the p subunit of rod
phosphodiesterase.”** However, three subsequent trials of this drug in mice and
other animal models by independent groups failed to confirm a benefit. 23236 and 237

Many research groups are studying the potential value of transplantation of the
retinal pigment epithelium,? 2% 240. 241 and 242 photoreceptors,* or stem cells.?* >
246,247,248, 249,250 and 251 Results of transplantation of retinal pigment epithelium have
shown a slight increase in visual acuity in one patient;** a phase II clinical trial is
ongoing. Stem cells have been shown to differentiate into cells that express retina-
specific markers.?424246and247 Embryonic stem cells transplanted in rats and mice
integrate into the host retina*®?# and seem to protect host retinal neurons.?*
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Devices to electrically stimulate the retina, optic nerve, or visual cortex are being
developed and tested in animal models and patients.25 254 255 256. 257, 258, 259 and 260 The
few people tested with the first versions of these devices have reported seeing

phosphenes (flashes of light) in response to direct retinal stimulation.?" 262 263 and
264

In view of the growing research effort on therapeutic approaches for retinitis
pigmentosa, new treatments for some forms of the disease will probably be helping
subsets of patients within the next 5-10 years. Strategies to save or restore vision in
all individuals might need many decades of research.
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Abstract

Here we describe two families with retinitis pigmentosa, a hereditary
neurodegeneration of rod and cone photoreceptors in the retina. Affected family
members were homozygous for loss-of-function mutations in IDH3B, encoding
the B-subunit of NAD-specific isocitrate dehydrogenase (NAD-IDH, or IDH3),
which is believed to catalyze the oxidation of isocitrate to a-ketoglutarate in the
citric acid cycle. Cells from affected individuals had a substantial reduction of
NAD-IDH activity, with about a 300-fold increase in the Kn for NAD. NADP-
specific isocitrate dehydrogenase (NADP-IDH, or IDH2), an enzyme that catalyzes
the same reaction, was normal in affected individuals, and they had no health
problems associated with the enzyme deficiency except for retinitis pigmentosa.
These findings support the hypothesis that mitochondrial NADP-IDH, rather than
NAD-IDH, serves as the main catalyst for this reaction in the citric acid cycle
outside the retina, and that the retina has a particular requirement for NAD-
IDH.
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Mutations in at least 34 genes have been identified as causes of nonsyndromic
retinitis pigmentosa, including dominant mutations in 15 genes, recessive
mutations in 20 genes and X-linked mutations in 2 genes (data from RetNet; see
Methods for URL). The identified mutations are estimated to account for about
60% of cases of retinitis pigmentosa’. In addition, 11 unidentified genes have been
mapped to specific chromosomal regions. There likely are dozens of unmapped,
unidentified genes with recessive mutations associated with retinitis pigmentosa,
each accounting for at most a few percent of cases'?.

We searched for some of these unidentified genes using an approach that relies on
the fact that recessive alleles are often deletions, frameshift mutations or nonsense
mutations that result in a scarcity of the disease gene’s transcript because the
transcript is either not made or rapidly degraded through nonsense-mediated
decay®. The principle underlying this method has been described**¢, but to our
knowledge, the method has not been used to identify a human gene associated
with a hereditary disease. Using microarray techniques that simultaneously
assay mRNA levels from tens of thousands of transcripts in affected individuals,
we searched for genes with absent or very low expression that may result from
two allelic disease-causing mutations. It would have been ideal to carry out this
analysis with RNA derived from the retina before its degeneration, but this tissue
was not available from affected individuals. However, a substantial minority of
the genes already known to be mutated in retinitis pigmentosa, including RPGR,
RP2,IMPDH]1, PRPF31, PRPF8 and PRPF3 (refs. 7, 8, 9, 10, 11, 12), are expressed
throughout the body, so we reasoned that low-abundance messages from some as-
yet-unidentified genes might be detected by analyzing lymphoblast mRNA.

We focused our study on 13 unrelated families with recessive retinitis pigmentosa.
The families were previously screened, with negative results, for mutations in all
or all but one of the following genes associated with recessive retinitis pigmentosa:
PDE6A (accounting for 3-4% of recessive retinitis pigmentosa cases), PDE6B (4-
5%), RPE65 (2%), TULP1 (1%), USH2A (8%) and CNGA1 (1%)'. Six of the 13
families had two or more available affected siblings: one sibship had four affected
members, and five sibships each had two affected members. We preferred such
multiplex sibships for this study, because if any of them had recessive mutations
leading to low-abundance messages, the low-abundance mRNA would be shared
by all affected siblings and would thus be more likely to be recognized as distinct
from fortuitously low-abundance messages from genes other than the disease
gene. We created lymphoblast cell lines from peripheral blood lymphocytes from
the 13 index individuals, their available affected siblings and some unaffected
relatives. We also prepared lymphoblast lines from four control individuals: two
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were unrelated individuals with Usher syndrome who were homozygous for the
USH2A mutation 2299delG (E767SfsX21), one was an individual with dominant
retinitis pigmentosa and the 68C>A (P23H) mutation of the rhodopsin gene, and
one was an individual without retinitis pigmentosa or a family history of retinitis
pigmentosa.

Lymphoblast mRNA was labeled and hybridized to an Affymetrix U133 Plus 2.0
array, which has one or more sets of oligomer probes to individually assay over
47,000 human transcripts derived from approximately 39,500 genes or ESTs.
Normalized signal intensities indicate the relative amount of mRNA bound to
each probe. Applying stringent filtering criteria to the numerous genes in each
lymphoblast line for which the microarray analysis indicated low mRNA levels,
we identified 3 to 25 candidate genes or ESTs in each family, for an aggregate of
50 candidates in the multiplex families (Supplementary Table 1). We individually
eliminated 13 of the 50 corresponding genes as likely disease-associated genes
because we found no mutations by direct sequencing or because our analysis of
intragenic polymorphisms showed that the alleles did not segregate with disease
among the relatives of the relevant index individual (Supplementary Table 2).
Analysis of the remaining candidate genes has not been completed.

We concurrently evaluated the microarray results from seven families in which
only one affected individual provided a blood sample for a lymphoblast line.
IDH3B (ref. 13) was the most notable gene from those families, as the three probe
sets (210014_x_at, 210418_s_at and 201509 _at) that hybridized to the IDH3B
transcript in index individual 003-053 gave normalized hybridization signals of
62, 25 and 68, respectively; in contrast, the signals in the 24 other samples were 384
+44, 279 +37 and 200 +15.4 (mean +s.d.), respectively (Fig. 1). Index individual
003-053 had an affected brother who had previously donated a blood sample for
DNA analysis but had since died at age 71 years from carotid artery occlusion;
lymphoblast cell lines had not been generated from this brother. Sequencing of
IDH3B revealed that both the index individual and her deceased, affected brother
were homozygous for a 1-bp deletion in codon 197 (589delA; p.1197fs; m.p.I1163fs
(m.p., mature protein); cDNA numbering is based on mRNA variant 1, which is the
longest of the three known transcripts). The frameshift produced a premature stop
codon in all three mRNA variants transcribed from IDH3B (Fig. 2). The parents
of the affected individuals were first cousins. Four of the unaffected siblings were
heterozygous, and one was wild type (Fig. 3).
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Figure 1. Scatter plot of probe-set hybridization intensities from individual 003-053. Data are organized according
to percentage of respective mean signal across all subjects (x axis) and number of s.d. below this mean (y axis).
The plot shows the 306 probe sets detecting hybridization signals two or more s.d. below the mean of all other
subjects and controls. Of the 306 probe sets, 3 were clear outliers, with hybridization intensities more than 6
s.d. below the respective means; the 3 probe sets detected IDH3B (IDH3B-1, probe set 210014_x_at; IDH3B-2,
210418_s_at; IDH3B-3, 201509_at.) These were the only probe sets in the microarray designed to hybridize to
mRNA from IDH3B.
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Figure 2. /DH3B showing three known RNA splicing variants (see URLs section below) and the location of the
m.p.lle163fs and m.p.Leu98Pro mutations. The m.p.Leu38Pro mutation is a missense mutation and alters /DH3B
in variants 1 and 2. There is no predicted effect on variant 3 since the mutation is located in the 5’ untranslated
region of that variant. Splice variant 3 is missing exons 1-5 which encode 132 amino acid residues out of 385 in
the full-length protein. It is not likely to encode a functional beta subunit that could compensate for the defective
m.p.Leu98Pro mutation in the two other variants. The m.p.lle163fs mutation causes a frameshift with a premature
stop codon in all three variants presumably leading to mRNA degradation by nonsense-mediated decay.
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We subsequently sequenced all 12 exons of IDH3Bin 261 individuals with recessive
retinitis pigmentosa and 285 individuals with simplex retinitis pigmentosa (most
individuals with simplex retinitis pigmentosa have autosomal recessive disease).
Individual 003-178 was homozygous for the m.p.L98P missense mutation
(395T>C; p.L132P) in exon 5 (Fig. 2). This individual’s parents were first cousins.
The individual’s three siblings, all unaffected, were heterozygous (Fig. 3). Neither
the m.p.L98P mutation nor the m.p.I163fs mutation was found after screening
leukocyte DNA from 95 control individuals without retinitis pigmentosa.

Individuals 003-053 and 003-178 were ophthalmologically examined at ages 47
and 38 years, respectively. Both had subnormal visual acuities, concentrically
constricted visual fields, fundi typical of retinitis pigmentosa (pale optic discs,
attenuated arterioles and intraretinal pigment deposits), impaired dark adaptation
and reduced electroretinogram amplitudes indicating substantial loss of rod
and cone photoreceptor function (see Supplementary Note for clinical details).
They reported no other relevant health problems and, in particular, no problems
typically associated with mitochondrial dysfunction (such as reduced muscle
strength, cardiac dysrhythmias or reduced athletic stamina).

NAD-IDH is a heterotetramer with two a-subunits, one B-subunit and one
y-subunit'. In individual 003-053, who had the m.p.1163fs mutation, the p-subunit
is presumably poorly expressed (as indicated by the low message levels detected
by the microarray analysis). Any IDH3B-encoded protein produced would be
truncated and unlikely to participate in a functional heterotetramer. To confirm
this prediction and determine the effect of the substitution m.p.L98P, we evaluated
NAD-IDH activity in lymphoblast cell lysates from the index individuals, some of
their heterozygous siblings and unaffected individuals. The NAD-IDH activities
in homozygous cell lysates under standard assay conditions were only 4.8%
(m.p.I163fs) and 2.4% (m.p.L98P) of normal control activity, whereas activities
in heterozygous cell lysates were 24% and 82%, respectively (Fig. 4). The K, for
NAD in homozygous lysates was 267- to 298-fold higher than normal, whereas
the K, in heterozygous lysates was 4- to 8-fold higher than normal (Fig. 4). The
concentration of NAD in mammalian tissues has been estimated at 0.4-0.8 mM
(ref. 15), which is sufficient for normal NAD-IDH (K, for NAD ~40 pM) but too
low to appreciably bind to the mutant NAD-IDH of homozygous lysates (K, 11-
12 mM).
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Figure 4. Activity of NAD-dependentisocitrate dehydrogenase. Average results of atleastduplicate measurements
with standard deviations of Km for NAD and Km for isocitrate (with or without ADP), Vmax and NAD-IDH activity
under standard conditions in lymphoblast lysates from three normal subjects (+/+); two heterozygotes (m1/+) and
one homozygote (m1/m1) with /[DH3B-m.p.lle163fs; one heterozygote (m2/+) and one homozygote (m2/m2) with the
IDH3B-m.p.Leu98Pro mutation. The mutant homozygotes have a 267-298-fold increase in the Km for NAD (upper
left panel) and a resulting loss of NAD-IDH activity (lower right panel). The normal effect of ADP in lowering the
Km for isocitrate is partially (for m1 = m.p.lle163fs) or completely (for m2 = m.p.Leu98Pro) lost in homozygote
patients (lower left panel).

Without ADP, the K, for isocitrate was three- to four-fold higher than normal in
homozygous cell lysates, whereas it was normal in heterozygous cell lysates (Fig.
4). ADP is an allosteric activator for IDH3, lowering its K, for isocitrate’é. In our
assays on lysates from unaffected controls, ADP decreased the K, for isocitrate to
11% of that in the absence of ADP, whereas in m.p.I163fs homozygous samples
ADP only decreased the K, for isocitrate to 35% of the value in its absence. This
allosteric effect of ADP was almost completely lost in homozygous m.p.L98P
mutant cells: ADP only lowered the K, for isocitrate to 88% of the value obtained
in its absence (Fig. 4). Theimportance of the region around m.p.L98P for activation
of IDH by ADP is supported by previous studies of an engineered substitution of
the neighboring residue m.p.Arg99 (p.Argl33). The mutant m.p.R99Q, like the
m.p.L98P mutant, lacks an allosteric effect of ADP"".

In the archetypical model of the citric acid cycle, also known as the Krebs cycle,
NAD-IDH catalyzes the conversion of isocitrate to a-ketoglutarate, an essential
reaction of the cycle that simultaneously changes a molecule of NAD* to NADH',
The NADH produced in this step and other steps of the citric acid cycle is used
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to generate ATP, a molecule universally used in cells as an energy source. It is
therefore noteworthy thatthe individuals with homozygous IDH3B mutations had
no evident health problems except for retinitis pigmentosa. Another mitochondrial
enzyme, NADP-IDH, also converts isocitrate to a-ketoglutarate, but uses the
cofactor NADP* instead of NAD*. NADP-IDH activity and K, were normal in
the individuals with homozygous IDH3B mutations (Supplementary Table 3).
The NADPH produced by NADP-IDH can be converted into NADH through the
action of nicotinamide-nucleotide transhydrogenase, which is present in the inner
membrane of mitochondria'®%. The activity of NADP-IDH exceeds that of NAD-
IDH in mammalian mitochondria®, and the activity of the transhydrogenase is
comparable to the rate of NADPH production by NADP-IDH. It is possible that,
in the individuals with homozygous IDH3B mutations, NADP-IDH together with
the transhydrogenase adequately substitute for the defective function of NAD-
IDH in all tissues except the retina. In fact, our review of serial analysis of gene
expression (SAGE) tags (EyeSAGE database; see Methods for URL), which crudely
reflect mRNA expression levels, indicates that NADP-IDH tags are more frequent
than NAD-IDH tags across all human tissues except the retina and retinal pigment

epithelium (Fig. 5).
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Figure 5. Frequency of SAGE tags from IDH3 and IDH2 in the retina and retinal pigment epithelium (retina/RPE) in
comparison to that from all other human tissues using EyeSAGE database. IDH3: mitochondrial NAD-dependent
isocitrate dehydrogenase, alpha subunit - /DH3A (gene ID 3491), beta subunit - /DH3B (gene ID 3420), gamma
subunit - /DH3G (gene ID 3421); IDH2: mitochondrial NADP-dependent IDH - /DHZ (gene ID 3418). The low ratio
of tags from NADP-IDH suggest that the retina/RPE has a relatively low abundance of NADP-IDH and may be
unusually dependent on NAD-IDH.
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An alternative explanation for the viability of humans with greatly reduced NAD-
IDH is that NADP-IDH may actually be the principal catalyst of the isocitrate
to a-ketoglutarate reaction in the citric acid cycle in all tissues, whereas NAD-
IDH serves as an accessory enzyme that augments or regulates the reaction,
with the retina being particularly sensitive to the loss of this accessory activity.
In this regard, it is notable that the K, for isocitrate is about 1 uM for NADP-
IDH, which is low relative to the 40-60 uM of isocitrate estimated to be present in
mammalian mitochondria®. Thus, NADP-IDH would normally be saturated with
isocitrate. Furthermore, the K, for NADP is ~2 uM, whereas mammalian tissue
levels of NADP are estimated at ~100 uM (ref. 15), so the coenzyme site would
also be saturated. In contrast, the K, of NAD-IDH for isocitrate is 1-2 mM (in the
absence of ADP), which is high relative to the mitochondrial levels of isocitrate.
It is only in the presence of ADP that the K, for isocitrate is lowered to the 0.1-
mM range, thereby allowing that enzyme to make a contribution to the oxidative
decarboxylation of isocitrate. These considerations all support the interpretation
that NADP-IDH is the major enzyme serving this step of the citric acid cycle,
with the retina being a possible exception. The association of loss-of-function
mutations with retinitis pigmentosa suggests that NAD-IDH is essential for normal
retinal function. Further studies of mitochondrial metabolism in the retina and
other tissues should help to confirm the association of NAD-IDH mutations with
retinitis pigmentosa and the role of the IDH family of enzymes in mitochondrial
metabolism.

Methods

Subjects

Twenty-one individuals with recessive retinitis pigmentosa from 13 unrelated
families and four control individuals were included in the study. This study adhered
to the tenets of the Declaration of Helsinki and was approved by the Institutional
Review Boards of the Massachusetts Eye and Ear Infirmary and Harvard Medical
School and the Human Subjects Review Board of the University of Delaware.
Informed consent was obtained from all study participants. See Supplementary
Note for further details regarding subject recruitment and phenotyping criteria.

Lymphoblast cell lines

Cell lines were created from whole blood by immortalization with Epstein-Barr
virus. Cells were grown to confluence, pelleted, suspended in TRIzol (Invitrogen)
and stored at -80 °C until RNA was extracted.
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RNA isolation, labeling and hybridization
Details in addition to those indicated in the text are provided in Supplementary
Methods.

Statistical analysis

Raw data reflecting hybridization intensities from individual probes of 25 different
chips were provided as Microarray Suite 5.0 (Affymetrix) experiment data files
(.chp, .txt, .rpt, .exp and .cel) and were normalized to a chip with median overall
brightness using dChip*. The normalized data were extracted into a Microsoft
Excel file, and hybridization intensities from all probes of the affected members
of individual families were compared to all of the other samples. Significance in
multiplex families was tested using a one-tailed Student’s t-test assuming unequal
variance, a Bonferroni correction and P < 0.05. In families with only one affected
individual available, the transcript in that individual had to have a hybridization
signal more than two s.d. below the mean hybridization intensity found in all other
subjects.

DNA sequencing of candidate genes

Sequencing was done by amplifying individual exons along with flanking intron
sequences using primers designed with Primer 3 (see below for URL). The
amplified fragments were treated with ExoSAP-IT (US Biochemical) to eliminate
unincorporated primers and dNTPs and then directly sequenced using BigDye
version 3.1 and an ABI 3100 automated sequencer (Applied Biosystems). For some
genes, only exons with one or more known SNPs were amplified and sequenced
to determine whether the alleles segregated with disease in the relevant families.
Primer sequences are listed in Supplementary Table 4.

Protein extraction

Extraction was done by resuspending each lymphoblast cell pellet from a 200-ml
culture (see Supplementary Methods for details of lymphoblast culture) in 1 ml
of mammalian protein extraction reagent (Pierce). The volume of each cell pellet
ranged from 300 to 400 ul and yielded between 9 and 15 mg of protein. The cells
were incubated on ice during lysis for 1 h. The lysate was then centrifuged, and the
supernatant was used for measuring enzyme activity and protein concentration.
Protein concentration was determined from an absorbance at 280 nm after
correcting for the ratio of the absorbances at 280 and 260 nm (ref. 23).

Activity of NAD-IDH and NADP-IDH
Activity was determined using the Perkin-Elmer fluorescence spectrophotometer
MPE-3 by monitoring the time-dependent increase in the fluorescence of NADH
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or NADPH at 440 nm after excitation at 340 nm. Standard assay conditions for
NAD-IDH were 33 mM Tris-acetate buffer (pH 7.2), 20 mM DL-isocitrate, ] mM
NAD and 1 mM MnSO, (final concentrations). Kinetic studies were conducted
by varying the concentration of one substrate at a time. Measurements of the Kn
for isocitrate in the absence and presence of 1 mM ADP were done at 10 mM
NAD. Standard assay conditions for NADP-IDH were 30 mM triethanolamine
hydrochloride buffer (pH 7.4), 4 mM DL-isocitrate, 0.1 mM NADP and 2 mM
MnSO,. The Kn values for isocitrate and for NADP were determined by varying
the concentration of each substrate at otherwise standard conditions.

URLs

RetNet, http://www.sph.uth.tmc.edu/retnet/; EyeSAGE, http://neibank.nei.nih.
gov.ezp-prodl.hul harvard.edu/EyeSAGE/index.shtml; IDH3B splicing variants,
http://genome.ucsc.edu/cgi-bin/hgTracks?position=chr20:2587041-2592843&hg
sid=107503458&refGene=pack&hgFind.matches=NM_006899; Primer3, http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi.

Accession codes

Gene Expression Omnibus: mRNA expression data have been deposited with
accession code GSE12086. Entrez Nucleotide for IDH3B (chromosome 20p13):
NM_006899 (transcript variant 1), NM_174855 (transcript variant 2) and
NM_174856 (transcript variant 3). Entrez Gene: 3491 (IDH3A, a-subunit), 3420
(IDH3B, B-subunit), 3421 (IDH3G, y-subunit) and 3418 (IDH2). OMIM for
IDH3B: 604526.
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Supplementary material

Supplementary Table 1.
Number of candidate genes resulting from microarray analysis.

Family

Genes or ESTs with only one probe on the microarray and for
which (1) the microarray indicated an mRNA level < 50% of the
average of all other samples, (2) the low mRNA level among the
affected siblings was statistically significantly different from the
other samples, and (3) the raw expression level was at least 100
arbitrary units (normal dynamic range is 5-14,000) in at least one
sample (to eliminate transcripts with an expression level barely
above noise for the microarray)

Genes or ESTs with 2 or more probes in the microarray and for
which (1) only one of the probes indicated an mRNA level <

50%, (2) the low mRNA level among the affected siblings was
statistically significantly different from the other samples, (3) the
raw expression level was > 100 for the probe showing a significant
reduction in mRNA level.

Genes or ESTs which had 2 or more probes on the microarray
and for which 2 or more probes indicated a significantly reduced
mRNA level in the affected siblings in comparison with the other
samples (independent of signal level or amount of reduction)

Total 4 4 10 4 25 3

Number of candidate genes/clones that were screened by direct
sequencing or segregation analysis.

Applying stringent filtering criteria to the numerous genes in each lymphoblast line for which the microarray
analysis indicated low mRNA levels, we narrowed our analysis to between 3 to 25 candidate genes or ESTs for
each multiplex family.
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Supplementary Table 2.

Analysis of candidate genes in multiplex families.

Gene
Family 1
ZEBD3

Clone AF271776
Family 2
DKFZP434C171
Family 3

TRA2A

TNRFSF7

Clone IMAGE:111693
Family 5

RGS16

BICD1

PEX6

Clone IMAGE:4794726
Clone IMAGE:3443353
Family 6

GBP1

clone BRACE-2020028

M

5

12

Chrom Exons

n

Screened

Exon3

1

No mutations found

No mutations found

No mutations found

No mutations found

No mutations found

No mutations found

No mutations found

No mutations found

GENETICS

No segregation with disease

Segregation uninformative

Segregation uninformative
Segregation uninformative

Segregation uninformative

No segregation with disease

No segregation with disease

No segregation with disease

No segregation with disease

Candidate genes from micro-array analysis in multiplex families which were analyzed either by direct DNA
sequencing or by analysis of linked polymorphisms to determine if alleles cosegregated with disease in the
respective families. Results from these genes made it unlikely that any of them was responsible for RP.
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Supplementary Table 3.
Enzyme activity for NADP-dependent isocitrate dehydrogenase.

Tvoe Km NADP Km Isocitrate Vmax Specific activities®
e (uM) (uM) (umol/min/mg) (umol/ min/ mg)
Normal 1.92+0.22 1.36 +0.74 47 +5(x 10-3) 47 +5(x 10-3)
Heterozygote R .
¢.589delA 252 +0.38 1.55+0.11 56 + 3 (x 10-3) 53 +3(x 10-3)
Homozygote i .
¢.589delA 3.39+.0.76 0.59+0.19 57+2(x10-3) 60 +2(x 10-3)
Heterozygote 2014076 055 +0.13 254+ 1(x 10-3) 334 1(x 10-3)
m.p.Leu98Pro
LI 2.01 +0.76 1444037 44 +1(x 10-3) 41+1(x10-3)

m.p.Leu98Pro

® Specific activities were determined in tris acetate buffer, pH 7.4, 20mM Isocitrate, ImM NADP and TmM MnSQ,.

Average results of Km for NADP and Km for isocitrate and Vmax in cell lines of three normal subjects; two
heterozygote and one homozygote /DH3B- m.p.lle163fs; one heterozygote and one homozygote m.p.Leu38Pro
subject. The Kms for NADP as well as isocitrate are similar in all the samples. (Note that the NADP-activities
reflect the sum of mitochondrial NADP-IDH (IDH2) and cytosolic NADP-IDH (IDH1) activities. Human EST profiles
(available from www.ncbi.nlm.nih.gov) suggest that IDH1 and IDH2 are approximately equally well expressed in
lymphocytes and lymph nodes. In the eye, the expression level of the mitochondrial IDH2 appears to be about 2.5
times higher than is the cytosolic IDH1. Itis reasonable to assume that the mitochondrial NADP-IDH (IDH2) would
be the enzyme participating in the citric acid cycle since all the other citric acid cycle enzymes, as well as the
electron transport system, are localized within the mitochondria.)

Supplementary Table 4.
Primer sequences and conditions used for amplification of IDH3B.
Exon Direction Primer sequence T:l:nealing
perature
Sense CTCAGTACAGGCCGGAAGTC
12 Antisense CACGGATCCTGGGAGTAGAG %0
Sense CCGGGTCTCCCTACTTCTCT
I Antisense TGTGGGGAGAAGGGCTTAAT *
Sense CTGATGTGGGAATGGGAGAT
ot Antisense GCAGCAGCTAGGTGACACTG *
. Sense TGGGTATATGACTCGGCACA .
Antisense GGGACAGAATCAGCCAAGAA
_ Sense GGCATGGCTTTGTGTAGGAT
849 Antisense GGAGATATTGGGATGGGAGA %
Sense CCACCATGCCTCTTTTCAGT
10+ Antisense AGGTTCCCCAGAGGGTAGTG %
” Sense TGGCTTCCATTTCCTCAATC =
Antisense TACCATAGCCCAAGGTGACA

Primer sequences and conditions thatwere used forthe amplification of the 12 /DH3B exons with flanking intron

sequences.
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Supplementary Methods

Lymphoblast cell lines. Lymphoblasts were immortalized and grown at the
Harvard Partners Center for Genetics and Genomics. Prior to harvesting for
isolating mRNA, cells were grown to confluence in T25 flasks (10 ml medium/
flask), and then put in T75 flasks with an additional 15 ml of fresh medium. When
the cells reached confluence (typically after 3 - 6 weeks), another 25 ml of medium
was added, for a total of 50 ml. The cells were harvested 24 hours afterwards.
Cells were pelleted by centrifugation at room temperature and washed twice with
PBS bulffer. Finally, cells were pelleted again, suspended in Trizol, divided into 4
aliquots, and kept at -80 C. Cell counts indicated that each aliquot contained about
2.5-17.5 million cells, although cell counts were not performed on some of the
harvested lymphoblast cultures.

Larger quantities of cells were required to measure IDH activity from lymphoblasts.
From each cell line, 10 flasks of cells were grown to confluence, with 200 mls of
liquid media per flask. Cells were pelleted by centrifugation, washed with PBS,
re-pelleted and flash-frozen in liquid nitrogen and stored at -80 C. Each of the 10
flasks yielded a cell pellet with a volume of approximately 300-400 ul.

RNA isolation, labeling and hybridization An aliquot of the lymphoblast-trizol
suspension was thawed and RNA was purified using the Promega SV Total RNA
Isolation kit and resuspended in RN Ase-free water to a final concentration ranging
from 0.2 to 0.7 pg/pl. The RNA yield from the different cell lines was approximately
5-18 pg. cDNA was synthesized and biotin-labeled from 1.5-2.0 pg total RNA/
sample by priming with random decamers and using MMLYV reverse transcriptase
according to standard protocols. The cDNA was used as template to produce
biotin-labeled cRNA which was hybridized to the Affymetrix gene chip “Human
Genome U133Plus2.0” containing probes from all known human genes and EST
transcripts. The microarrays were washed and the hybridizing biotin-labeled
cRNA was detected with a streptavidin-conjugated fluorophore. The hybridized
chips were scanned and analyzed with Microarray Suite (MAS) 5.0 (Affymetrix)
(performed at the Dana-Farber Cancer Institute Microarray Center, Boston,
MA). The probes (each 25 bases in length) detect over 47,000 transcripts from
approximately 39,500 human genes and ESTs.

To enrich for transcripts with low expression due to recessive mutations (and
not due to normal variation in gene expression)', we confined our search for
mutations to transcripts that met the following criteria. 1) the hybridization
intensity was at least 100 units (out of a range of 5-14,000) in at least one of the
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subjects to eliminate transcripts normally expressed in lymphocytes at a low level
indistinguishable from background noise; 2) the probe sets detecting the transcript
showed a mean hybridization intensity in the affected family members less than
50% of the mean intensity found in all other samples; 3) genes where more than
one corresponding probe showed significant results were evaluated irrespective of
hybridization intensity or amount of reduction; 4) the transcript had comparably
low hybridization intensity in all evaluated affected siblings of the index patient;
5) in multiplex families, the hybridization signal for the transcript was statistically
significantly lower than the signal from all other patients and controls even after
a Bonferroni correction for the thousands of transcripts evaluated; 6) in families
with only one available patient, the transcript in that patient had a hybridization
signal more than two standard deviations below the mean hybridization intensity
in all other patients. As many as 205 to 473 probes (34 for the sibship with 4
affected members) were significantly decreased in the tested family in comparison
to the other samples. Of these, as many as 43 to 121 probes (8 for the sibship with
4 affected members) had a > 50% reduction in average expression compared to the
average expression of all other samples (Supplementary Table 1). After applying
the filtering criteria, there were a total of 3 to 25 candidate genes per family (50
in total) as is indicated in the original article (Supplementary Table 1). Two of the
four controls were homozygotes with the previously identified USH2A mutation
(Glu767SerfsX21 (c.2299delG)) which results in a premature termination codon.
The mutant mRNA would be expected to suffer nonsense-mediated decay.
Unfortunately, USH2A transcripts hybridized very weakly with the microarray
probes for this gene, with hybridization intensities indistinguishable from
background noise in all subjects. Thus, the microarray data did not reveal whether
the nonsense mutation affected mRNA levels.

DNA sequencing of the IDH3B gene. Six primer pairs were selected to cover the
12 exons and flanking intron regions. For primer sequences and amplification
conditions used see Supplementary Table 4.

1. Yan,H., Yuan,W, Velculescu,V.E., Vogelstein,B., & Kinzler,K.W. Allelic variation in human gene
expression. Science 297, 1143 (2002).
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Supplementary Note

Patient recruitment and phenotyping criteria:

The patients described in this study were selected from a group of patients who
had come to the ERG service at the Massachusetts Eye and Ear Infirmary to be
evaluated for retinal degenerations and who had donated leucocyte DNA as part of
a general study to identify genetic mutations causing retinitis pigmentosa (RP). All
patients had been diagnosed with retinitis pigmentosa based on elevated final dark
adaptaton thresholds, reduced and delayed ERGs (electroretinograms), retinal
arteriolar narrowing and bone spicule pigmentation in most cases. All selected
for the present study had autosomal recessive disease based on family history. Of
the 250 identified unrelated patients with recessive RP, we selected 13 who were
previously screened with negative results for mutations in all or all but one of the
following known recessive RP-causing genes: PDE6A, PDE6B, RPE65, TULPI,
USH2A, and CNGALI. After obtaining informed consent, these 13 patients, 8 of
their affected siblings and 4 control individuals (three with RP due to known gene
defects, and one unaffected person) were asked to provide a fresh blood sample for
the generation of the lymphoblast line.

The specific clinical ophthalmological findings of the patients with the IDH3B
mutation described in our study were as follows: Best-corrected visual acuities
were 20/40 in the right eye (OD) and 20/30 in the left eye (OS) in patient 003-053
and 20/25 in both eyes (OU) in patient 003-178. The visual field was constricted
concentrically to a diameter in each eye of 20° (003-053) and 20-30° (003-178)
(normal = 135° horizontally and 90° vertically) in each eye with a V-4e white test
light in the Goldmann perimeter. Both patients retained a crescent of vision in the
inferior far periphery. Patient 003-053 had early posterior subcapsular cataracts
whereas patient 003-178 had clear lenses. Both index patients had waxy pallor of
the optic discs, attenuated retinal arterioles, and moderate to heavy intraretinal
pigment in a bone-spicule configuration in the periphery. After 30 minutes of
darkness, the ability of the patients to detect dim light was impaired. Specifically,
they required light 1000 times brighter than normal for minimal perception (i.e.,
final dark adaptation thresholds were elevated 3 log units). Mixed cone-rod ERG
responses to 0.5 Hz white flashes were 9.8 yV OD and 22.1 pV OS in 003-053 and
17.6 OU in 003-178 (normal = 350 uV). Cone isolated responses to 30 Hz white
flicker were 4.7 pV OD and 9.4 uV OS in 003-053 and 2.3 uV OU in 003-178
(normal = 50 uV). These subnormal ERG amplitudes reflect substantial loss of rod
and cone photoreceptor function and are characteristic of RP.
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Chapter 3

Search for a correlation between telomere
length and severity of retinitis pigmentosa due

to the dominant rhodopsin Pro23His mutation

Dyonne T. Hartong,'? Terri L. McGee,"? Michael A. Sandberg,’
Eliot L. Berson,? Folkert W. Asselbergs,* Pim van der Harst,*
Immaculata De Vivo,® and Thaddeus P. Dryja’

'Ocular Molecular Genetics Institute, Harvard Medical School, Massachusetts Eye and Ear Infirmary,
Boston, MA, USA

’The Berman-Gund Laboratory for the Study of Retinal Degenerations, Harvard Medical School,
Massachusetts Eye and Ear Infirmary, Boston, MA, USA

*Dept .of Ophthalmology, University Medical Center Groningen, Groningen, The Netherlands

‘Dept. of Cardiology, University Medical Center Groningen, Groningen, The Netherlands

*Channing Laboratory, Dept. of Medicine, Brigham and Women’s Hospital, Harvard Medical School,
Boston, MA, USA

Mol Vis. 2009; 15: 592-597.
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Abstract

Purpose

Great variation exists in the age of onset of symptoms and the severity of disease
at a given age in patients with retinitis pigmentosa (RP). The final pathway for
this disease may involve apoptotic photoreceptor cell death. Telomere length is
associated with biologic aging, senescence, and apoptosis. We evaluated whether
the length of telomeres in leukocytes correlated with the severity of RP in patients
with the Pro23His rhodopsin mutation who have shown marked heterogeneity in
disease severity.

Methods

We evaluated 122 patients with the Pro23His rhodopsin mutation. The patients’
retinal function was stratified according to their 30-Hz cone electroretinogram
(ERG). The length of telomeres in leukocytes was measured by the quantitative
real time polymerase chain reaction (QRT-PCR) method in the 15 patients with
the highest age-adjusted 30-Hz ERG amplitudes and in the 15 patients with the
lowest amplitudes.

Results

Mean leukocyte telomere length was similar in the 15 patients with the highest
cone ERG amplitudes (median: 0.40 units; interquartile range 0.36-0.56) and the
15 patients with the lowest cone amplitudes (median: 0.41 units; inter quartile
range 0.34 —0.64; p=0.95).

Conclusions

We found no evidence for an association between telomere length and the severity
of RP as monitored by the cone ERG in patients with the Pro23His rhodopsin
mutation.
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Introduction

Retinitis pigmentosa (RP) is a group of inherited retinal degenerations with
progressive photoreceptor cell death typically causing night blindness, constricted
visual fields, and in later stages, a decrease in visual acuity. As the condition
progresses, the cone electroretinogram (ERG) amplitude decreases. Mutations in
the rhodopsin gene (RHO; OMIM ID: +180380) account for about 25% of the
dominantly inherited RP cases and less than a few percent of recessively inherited
cases.!'* The Pro23His mutation is the most frequently reported rhodopsin
mutation in the United States,” accounting for about 8.5% of all dominant RP
cases or about 1/3 of those with a dominant rhodopsin mutation. Interfamilial
and intrafamilial variation in disease severity among patients with this mutation
have been described,”® suggesting that factors besides the primary gene defect
contribute to the disease.

Telomeres are structures at the ends of chromosome arms consisting of tandem
repeats of the nucleotide sequence TTAGGG. These repetitive elements stabilize
chromosomes by preventing fusion with other chromosome ends and by impeding
degradation of coding DNA.’!' Short telomere length has been associated with
apoptosis.!*'* Telomere length is dependent on the number of previous cell
divisions and, thus, decreases with age. This decrease is compensated in part
by telomerase, which adds TTAGGG tandem repeats to the 3™ end of the DNA
strand.’>* Telomere length is highly variable among individuals, and this variation
is detectable at birth.?*? Telomerelengths are similar in different tissues of the same
individual, so the analysis of one cell type (e.g., leukocytes) reflects the telomere
size throughout that individual 2%

Previous studies have shown an inverse relationship between leukocyte telomere
length and the occurrence of age-related diseases such as chronic heart failure*
and dementia”*. Shorter telomere length has also been associated with disease
severity.”

In this study we evaluated the possible association between telomere length and
the severity of RP. We hypothesized that individuals with shorter telomere lengths
may have more severe photoreceptor degeneration. We evaluated 122 patients
who had autosomal dominant RP due to the Pro23His mutation and selected 15
patients with the best preserved retinal function and the 15 who had the least
preserved retinal function. Telomere length was compared with the loss of retinal
function as indicated by the amplitude of the 30-Hz cone ERG.
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Methods

Patient selection

This study conformed to the Declaration of Helsinki and was approved by the
Institutional Review Boards of Harvard Medical School and the Massachusetts Eye
and Ear Infirmary and the Human Subjects Committee of the Harvard School of
Public Health. Informed consent was obtained from all patients. We evaluated 122
RP patients previously found to have the dominant mutation Pro23His in RHO.%
Patients were recruited from the files of the Berman-Gund Laboratory, Harvard
Medical School. Patients had elevated final dark adaptation thresholds and
reduced rod ERGs; all had attenuated retinal arterioles and most had intraretinal
bone spicule pigment around the periphery. The general health of the patients was
good. Blood samples from the patients were obtained through phlebotomy and
leucocyte DNA was isolated using a Phenol/Chloroform extraction.

Measurements of retinal function

Retinal function was evaluated based on the ERG amplitude recorded in response
to 30-Hz white flashes. Full-field ERG responses were obtained following pupil
dilation using one drop of a solution containing 10% phenylephrine hydrochloride
and 1% cyclopentolate hydrochloride (Akorn, inc., Buffalo Grove, IL) and 45 min
of dark adaptation. ERGs were recorded with a contact lens electrode placed on the
cornea topically anesthetized with one drop of 0.5% proparacaine hydrochloride
(Alcon Laboratories, Inc. Fort Worth, TX). Responses below 10 pV were recorded
with narrow band-pass filtering and then computer averaged to increase the signal
to noise ratio as described previously.** Amplitudes were averaged between the
two eyes (when results from both eyes were available) and adjusted for age and
refractive error.

Telomere lengths

The relative telomere lengths were determined using a modified quantitative real
time polymerase chain reaction (QRT-PCR).>"*? Briefly, the 7900 HT thermocycler
(Applied Biosystems, Foster city, CA) was used to obtain the relative length of
telomeres, expressed as the ratio between the repeat copy number of telomeres (T)
and a reference single-copy gene (S; 36B4 gene, chromosome 12). All samples were
compared with the same reference DNA sample. This method has been shown to
correlate with Southern blot measurements of telomere length.***

For each reaction 5 ng of DNA were dried in the well of a reaction plate and
resuspended in 10 pl of PCR reaction mix, which contained 1X Qiagen Quantitect
Sybr Green Master Mix, 2.5 mM of dithiothreitol, and primers. Primers for the
telomere reaction were 270 nM of the sense primer (GGT TTT TGA GGG TGA
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GGG TGA GGG TGA GGG TGA GGG T) and 900 nM of the antisense primer
(TCC CGA CTA TCC CTA TCC CTA TCC CTA TCC CTA TCC CTA). Primers
for the 36B4 reaction were 300 nM of the sense primer (CAG CAA GTG GGA
AGG TGT AAT CC) and 500 nM of the antisense primer (CCC ATT CTA TCA
TCA ACG GGT ACA A). The temperature for the first 5 min was 95 °C; this was
followed by 40 cycles consisting of 15 s at 95 °C and 2 min at 54 °C for the telomere
reaction or 1 min at 58 °C for the 36B4 reaction. ABI 7900HT software calculated
the cycle threshold for the Telomere (T) and reference gene (S) for each sample.
The ratio T:S represented the relative amount of telomere DNA compared to single
copy DNA and therefore corresponded to relative telomere length. All samples
were analyzed in triplicate and the coefficient of variation (CV), describing the
amount of repeat variability, was calculated.

Statistical analysis

We confined our analysis of telomere length to sets of patients at the extremes of
disease severity as determined by cone 30-Hz ERG amplitudes. Individuals at the
extremes for a continuously variable trait (such as disease severity) provided the
most power foruncoveringthe responsible factors, since they are most likely to differ
in the level of the responsible factors or their frequency (see, for example, power
calculations for mapping genes for quantitative traits)®. First, the relative telomere
lengths (TS ratios) in the high and low ERG amplitude groups were compared by
means of a two-tailed Mann-Whitney U test. Second, a linear regression analysis
compared the log 30-Hz ERG amplitude to the T:S ratio adjusting for age and
refractive error. The Spearman correlation was used to test the association between
age and telomere length. A p-value of <0.05 was considered statistically significant.
The aforedescribed calculations were performed with SPSS version 14 software
(SPSS, Chicago, IL) or with JMP, version 6 (SAS Institute, Cary, NC).

Results

Patients

We ranked 122 patients with the RHO-Pro23His mutation according to their mean
30-Hz ERG amplitude, adjusted for age and refractive error. After excluding a few
outlier patients with respect to age, we selected the 15 with the highest 30-Hz ERG
amplitude and the 15 with lowest. The 15 patients with the least severe RP (i.e.,
those with the highest ERG amplitudes) consisted of nine males and six females.
The 15 patients with the most severe disease (i.e., those with the lowest ERG
amplitudes) comprised eight males and seven females. The mean age at time of
phlebotomy for DNA samples from these two groups was 46.7 years (range: 27-58)
and 45.1 years (range: 31-62), respectively. Many of the 122 patients were related
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to others in this set. Of the 30 individuals included in the analysis of the least and
most severely affected, 14 were first degree relatives (siblings). An additional nine
individuals were also related to others in the analysis set but were more distantly
related. Among the first degree relatives, four sets of two siblings appeared in the
group with high ERG amplitudes (least severe), one set of three siblings appeared
in the group with low ERG amplitudes (most severe), and one sibship was split
among the groups with two siblings in the most severe group and one in the least
severe group. Seven patients were not related to any of the 30 extreme patients in
the in the analysis set. No unaffected controls were included since we were only
interested in the variation of telomere length related to disease severity within this
group of Pro23His mutants. For patient characteristics and individual results, see
Table 1.
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Table 1.

Patients included in high and low ERG amplitude groups.

Sample D Family ID
High ERG amplitude group
218-288 5938
001-191 1566
218-289 5938
226-1070 6149
226-1063 6149
226-007 5850
218-309 6281
226-685 5970
001-299 5970
226-638 6149
218-243 6038
226-905 6038
001-385 6803
218-282 5938
218-280 E716
Low ERG amplitude group
001-007 6994
226-1426 5998
001-162 6653
218-003 5850
001-390 1509
218-005 5850
001-131 6281
218-255 5938
001-089 6149
218-407 6888
218-060 1566
001-078 6038
001-387 5938
218-002 5850
218-031 5938

1°relative

218-289

218-288

226-1063

226- 1070
218-005, 218-002
001-299

226-285

226-905

218-243

226-007, 218-002

001-387, 218-031

218-2565, 218-031
226-007, 218-005
218-255, 001-387

Sex

—

-+ 3 3 - 3 -3 3 =~=3 3 3 3

3 3 3 3 =» == -=-3 3 3 3 = - -

Age
(years)

34
38
Q
49
51
56
46
56
58
27
52
50
46
47
49

34
2
4%
38
48
55
03
32
31
62
62
49
34
60
I

Av30Hz
ERG(pV)

81.0
76.0%
69.5
67.5
51.5
50.0
46.0
425
4.1

41.0
38.0
38.0
353
275
126

23
1.04
0.7
0.65
0.47
0.3
0.3
0.23
0.2*
0.17
0.16
0.15
0.13*
0.12
0.08

GENETICS

T/S ratio

0.430198
0.537613
0.557743
0.364527
0.350156
0.756707
0.376173
0.397979
0.341629
0.380276
0.394993
0.556106
0.519532
0.56872
0.311241

0.364527
0.769996
0.368992
0.412048
0.376173
0.608039
0.355099
0.586807
0.799895
0.274106
0.340283
0.197481
0.651994
0.430762
0.638473

This table lists the 30 Hz cone ERG amplitudes averaged across both eyes (Av30Hz ERG) for the 15 patients
included in the high ERG amplitude group (least severely affected) and the 15 patients included in the low ERG
amplitude group (most severely affected) along with the relative telomere lengths (ie. T/S ratio) obtained for each
patient, the patient’s age at phlebotomy, their gender and any first degree relatives also included in this study.
Age ranges, gender distribution and T/S ratios were similar between the two groups whereas the 30 Hz ERG
amplitudes were on average nearly 100 fold greater in the high ERG group than the low ERG group. Amplitudes
marked with an * indicate thatdata was available for only one eye. All patients had reduced or nondetectable rod
ERG amplitudes (data not shown); some still had normal cone ERG amplitudes (normal range=50-125pV).
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Analysis of the relative telomere lengths

The coefficient of variation in our study was satisfactorily low with 1.27% for the
T assay and 0.64% for the S assay. Spearman’s correlation test showed a modest
inverse relationship between patient age and relative telomere length in the 30
patients (r=-0.38; p=0.037). We found no significant difference in T:S ratio
between the 15 patients with the highest cone ERG amplitudes (median: 0.40
units; interquartile range 0.36-0.56) and the 15 patients with the lowest cone ERG
amplitudes (median: 0.41 units; interquartile range 0.34 —0.64; p=0.95) using
the Mann-Whitney U nonparametric test (Figure 1). The results did not change
when first degree relatives were excluded from the analysis (n=22): T:S ratios of
11 patients with highest cone ERG amplitudes (median: 0.39 units; interquartile
range 0.36-0.56) were similar to the ratios of 11 patients with the lowest cone ERG
amplitudes (median: 0.36 units; interquartile range 0.33 —0.64; p=0.38). Multiple
regression analysis of the total group of 30 patients, adjusting for age and refractive
error, also showed no significant relation between log, 30 Hz-ERG amplitude and
telomere T:S ratio (t=-0.75; p=0.46).

0.80

0.70

0.60

0.50

TS ratio

0.40 -

0.30

0.20

0.10

L T
High ERG amplitude Low ERG amplitude

Figure 1 Relative telomere lengths in Pro23His RP patients. Boxplot showing no difference in T:S ratio’s between
patients with high- or low ERG amplitudes. The shaded boxes indicate the interquartile range. The horizontal line
in each shaded box denotes the median, and the error bars mark the upper and lower 95 percentiles of the T:S
ratio.
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Discussion

The rhodopsin gene product is a transmembrane G-coupled protein (opsin). It is
found in the rod outer segments, and, when bound with chromophore, mediates
the initial steps of the phototransduction cascade.*?*” The RHO-Pro23His mutation
encodes a misfolded protein that aggregates within the endoplasmic reticulum?-
and seems to activate apoptosis by the unfolded protein response (UPR).%-
On average, patients with the RHO-Pro23His mutation tend to have milder
disease compared to those with other rhodopsin mutations.****” However, there is
great variability in disease severity among those with Pro23His, and this variation
can be objectively measured with ERGs.*

Since photoreceptors in RP appear to die ultimately through apoptosis, and
since cells with chromosomes with short telomeres are prone to apoptosis, we
hypothesized that patients with short telomeres might have more severe disease
because their photoreceptors would more rapidly undergo apoptosis in response
to the deleterious effects of RHO-Pro23His. To test this hypothesis, we confined
our analysis to sets of patients at the extremes of disease severity as determined by
30-Hz cone ERG amplitudes. We found no evidence for an association between
telomere length and severity of RP. However, a limitation of our analysis method
must be noted: We used DNA derived from dividing leukocytes, since our cells
of interest, the nondividing retinal photoreceptors, were not available from living
patients. Although it is reported that telomere size is highly correlated among
tissues,*>? it is known that dividing cells are subject to changes in telomere length
with the main known factor being age. Since our groups of patients with mild
and severe RP were of about the same ages, and since the effect of age is relatively
small compared to the individual differences in telomere length, we assumed that
the telomere length in the peripheral leucocytes reflected the telomere length
in nondividing photoreceptor cells. However, a possible difference in telomere
lengths between these two cell types cannot be ruled out. Our method using
gRT-PCR measurements of telomere lengths has successfully been used in other
studies and has been shown to correlate to the Southern blot method of telomere
measurement.”*> However both methods provide only an estimate of actual
telomere length.
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Abstract

Objective

Recently, it was discovered that subjects who showed a prolonged response
suppression on their electroretinogram (ERG) and had symptoms of photophobia,
problems adjusting to bright light, and difficulties seeing moving objects shared a
mutation in the RGS9 (regulator of G-protein signaling 9) gene that is involved in
the deactivation of photoreceptor responses. The disorder was termed bradyopsia
(slow vision). This paper reports the clinical presentation and long-term follow-up
of 6 bradyopsia patients.

Design
Retrospective observational case series with a follow-up ranging from 6 to 30
years.

Participants
Six patients with a homozygous mutation in the RGS9 gene.

Methods
Clinical symptoms and signs were compared between the subjects and between
their visits over time.

Main Outcome Measures
Symptoms, visual acuity (VA), ocular findings, visual fields, dark-adaptation tests,
color tests, fluorescein angiography, and ERG findings.

Results

Data showed a consistency in the individual symptoms and ERG recordings,
but an extreme variation in VA between visits. Beside some irregularities in the
macula in some patients, no other related eye abnormalities were seen. The low-to-
subnormal VA varied with background luminance and typically increased by 2 to 3
lines when pinholes were used. Dark-adaptation tests, color tests, and fluorescein
angiography were normal. Visual field tests showed a minor diffuse sensitivity loss.
No progressive changes were seen over time.

Conclusions

No signs of progression were noted in the 6 bradyopsia patients. Photophobia,
impaired movement perception, variable reduced VA that improved with the use
of pinholes and ERG abnormalities were typical for the disease.
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Introduction

Prolonged suppression of the electroretinal response (ie, 5- to 10-fold
longer than normal) was described in 4 Dutch patients in 1991."! The same
prolonged electroretinal response suppression was noted a few years later in the
electroretinograms (ERGs) of mice lacking the RGS9 protein.> > 4245 In 2004,
Nishiguchi et al® analyzed the RGS9 and R9AP genes of the 4 Dutch patients and of
1 Guatemalan patient who had the same ERG characteristics. They discovered the
homozygous missense mutation W299R (TGC to CGG; ¢.895T - C) in the RGS9
geneofall 4 Dutch patientsand a homozygous frameshift mutation R65 (1-base pair
insertion; CGG to CCGG; c.194insC) in the ROAP gene of the Guatemalan patient.
All of the patients had subnormal visual acuity (VA), complaints of photophobia,
difficulties adjusting to changes in illumination, and problems seeing objects at
ball games. Nishiguchi et al proposed the term bradyopsia (slow vision) for this
new disease entity.

In a normal phototransduction cascade, the transmembrane-bound rhodopsin
molecule (in rods) is activated by a photon (light). This activation “turns on” a
transducin molecule that, through activation of phosphodiesterase, decreases the
amount of cyclic guanosine monophosphate available in the photoreceptor cell.
This decrease results in a closure of the cyclic guanosine monophosphate-gated
ion channels and a subsequent hyperpolarization of the photoreceptor outer
segment membrane. This electrical current leads to the activation of downstream
neuronal retinal cells. RGS9 (regulator of G-protein signaling 9) is a photoreceptor
outer segment protein anchored to and stimulated by ROAP®7 ¢ (regulator of
G protein signaling 9-binding protein) that is involved in the deactivation of the
turned on transducin molecule: It accelerates the rate of guanosine triphosphate
hydrolysis by releasing phosphate.® **1° This accelerative mechanism allows the
rapid (in less than a second) return of the photoreceptor cell to its resting state.
Transducin can return to its resting state without RGS9/R9AP, but the process
takes tens of seconds." During this time frame, the photoreceptor is temporarily
immune to light activation. An individual with a defect in RGS9/R9AP, therefore,
is blinded for a considerable amount of time after an initial light stimulus® '®!*
2 and, as a result, has difficulties perceiving small dark structures against a bright
background. This causes decreased VA or, after an initial bright flash like that used
in ERG measurements, a response to subsequent flashes that is decreased for a
longer period than in a normal eye.

All 4 Dutch bradyopsia patients were identified at the University Medical Center
Groningen (Groningen, The Netherlands). When this paper was written, a total
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of 6 patients at the hospital had been diagnosed as having the disorder. The first 5
subjects were identified between 1973 and 1993; the 6th was diagnosed recently.
Four of the first 5 patients were reexamined in 2003. As a result, we had follow-up
information spanning a 30-year period at our disposal. Based on our experience,
the patients’ symptoms and ocular findings can be rather confusing and may easily
lead to an improper diagnosis. This paper addresses the problem and describes the
disease phenotype associated with the RGS9 mutation.

Materials and Methods

Sixsubjectswithbradyopsia were studied (subjects101,102,103,and 105 correspond
to patient numbers 2, 1, 4, and 3, respectively, in Kooijman et al'; subjects 101, 103,
104, and 105 were also described by Nishiguchi et al’). The homozygous mutation
W299R (TGC to CGG; c.895T > C) in the RGS9 gene was confirmed as the cause
of bradyopsia in all 6 subjects at the Ocular Molecular Genetics Institute (Boston,
MA). Five of the 6 patients had had prior consultations at the Groningen hospital
before the discovery of the gene mutation. We collected data from those visits
from the patient records and from additional testing in 2003. The 6th patient was
seen for the first time in 2004. The total number of visits to our clinic ranged from
2 to 7 (mean, 4.4) for subjects 101, 102, 103, 104, and 109; subject 105 was seen
15 times. Age at the last visit varied between 23 and 47 years. The group consisted
of 4 females and 2 males. Table 1 presents the patients’ characteristics. Two of
the subjects (101 and 102) were directly related (brother and sister). Genealogical
researchrevealed that 2 other subjects (103 and 109) were related consanguineously
in the third degree (they had the same great-grandparents). One female subject
mentioned having 2 brothers with the same complaints. They, however, did not
want to participate in the study. Another female subject described a sister who had
the same characteristics, but was unavailable for participation. Written informed
consent was obtained from all subjects before participation in the study and the
Medical Ethical Review Committee of the University Medical Center Groningen
approved the study protocol. The study was consistent with the principles outlined
in the Declaration of Helsinki.

Table 1. Basic Characteristics, Ocular Findings, and Results of Ocular Tests Other Than the Characteristic
Electroretinogram (ERG) Recordings of 6 Bradyopsia Patients
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Nr

101

102

103

104

105

109

Year of
birth

1969

1964

1980

1964

1980

1957

f

Family

+
sister,
subj.102

+ brother,
subj.101

+2
brothers

+
sister

Refr
0D

S +4.0
C-1.25

S+15
C-15

S-05
C-1.25

S-3
C-15

Refr
0s

S +5.0
C-20

S+1.0
C-1.75

C-1.25

S$-3.25

Typical VA

050D
0.08 0S

0.50D
0.50S
0.7 0DS

0.250D
025 0S

0.50D0.4
0S
0.7 0DS

0.6 0D
0.30S
0.7 0DS

0.450D
0.4 0S
06 0DS

Increase

with

pinhole

unknown

3lines

3lines

2 lines

2 lines

2-3 lines

Ocular findings

alterations ODS

10L ODS; normal

Visual field

MO 3-6 dB
HFA diffuse
sensitivity loss

Normal
Goldmann

MO 5-6 dB
HFA diffuse

maculae/ normal sensitivity loss

MO 2-2dB
HFA diffuse
sensitivity loss

MO 5-8 dB
HFA diffuse
sensitivity loss

Color vision

Normal

Non-specific
errors

15 hue desat:

non-specific

errors

Normal

Normal

Normal

Dark adaptation

Normal

Normal

Normal

Normal

Other tests

OCT: normal

Neurol. evaluat:

normal

FAG: normal

FAG: normal

Neurol. evaluat:

normal

VEP: normal
EOG: normal
EEG: normal

Neurol. evaluat:

normal

C = cylinder; dB = decibels; EEG = electro-encephalogram; EOG = electro-oculogram; F = female; FAG = fluorescence angiogram; HFA = Humphrey visual field analyzer;
I0L = intraocular lens; M = male; MD = mean deviation; OCT = optical coherence tomography; 0D = right eye; 0S = left eye; PE = pigment epithelium; S = sphere;

VA = visual acuity; VEP = visual evoked potential.

—, not evaluated.
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Snellen VAs, assessed during earlier visits to our ophthalmology department or by
a general ophthalmologist, were obtained from patient records. In 2003, the acuity
scores were measured using Early Treatment Diabetic Retinopathy Study charts
at luminances ranging from 0.1 to 1200 cd/m?. Electroretinographic responses
were measured using a Ganzfeld ERG lens with a built-in light-emitting diode
stimulator. The scotopic and photopic stimulus conditions were the same as those
in the International Society for Clinical Electrophysiology of Vision (ISCEV)
standard protocol.?*¢ ¥ A double-flash protocol was used to assess the course
of the response recovery. The pupils were dilated with eyedrops—1 drop of 0.5%
tropicamide was used in 1991; a combination of 1 drop of 0.5% tropicamide and
1 drop of 2.5% phenylephrine was used in 2003. The eyes were dark adapted for
>30 minutes before scotopic ERG measurements. According to the double-flash
protocol, 2 standard flashes (0.8 log cd*s/m?) were applied under the dark-adapted
condition. The interval between the 2 flashes varied from 0.5 to 128 seconds and
the interval between the last flash of 1 pair and the first flash of the next pair was
always 2120 seconds. Electroretinogram responses to stimuli, conformed to the
ISCEV standard, were registered as the average of 10 to 20 responses. Double-
flash responses were recorded as single responses. Either the Farnsworth D15-
saturated and -desaturated or the Farnsworth-Munsell 100 Hue Test was used as
the color vision test. Dark adaptation was assessed using the Goldmann-Weekers
dark adaptometer, where the retina is initially bleached for 2 minutes and retinal
responses are subsequently recorded every minute for the first 15 minutes, and
then every 2 to 3 minutes for the second 15 minutes. Visual fields were documented
with either the Goldmann Perimeter, the Octopus 500 (30°), or Humphrey Visual
Field Analyzer (HFA; 30-2 threshold). Optical coherence tomography retinal
mapping was performed in 1 patient using the Optical Coherence Tomography 2
(Zeiss-Humphrey Inc., San Leandro, CA).

Results

Subject 101, a male, was referred to our clinic by a general ophthalmologist in
1986 at the age of 17 years. He was known to have left esotropia and amblyopia,
and nystagmus and hypermetropia in both eyes. His complaints consisted of
photophobia and problems seeing at twilight. He also reported difficulties adapting
from light to dark environments and vice versa. Seventeen years later at the age of
34 (in 2003), his symptoms had not changed. He said that he was unable to partake
in any sports, because he was “not able to see it.” His family history was positive
with 1 older sister experiencing the same problems (subject 102 in this paper).
Corrected VA (Snellen chart) at age 17 were measured as 0.5 in the right eye and
0.08 in the left eye (amblyopia). At age 34, his VA measurements varied 2 Snellen
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lines when different background luminances were used (right eye; maximum 0.6
at 1-3 cd/m% minimum 0.4 at 1200 cd/m? Fig 1). No abnormalities were found
during slit-lamp examination or fundoscopy. Dark-adaptation and color tests
were normal at both 17 and 34 years of age. His visual fields (Octopus) at age 17
showed mild diffuse sensitivity loss (mean deviation/defect MD, —3.4 decibel dB
right eye; —5.7 dB left eye) and a strongly decreased central sensitivity (-21 dB)
in the amblyopic left eye. His visual field tests (measured with HFA) at age 34
showed similar results (MD, —3.22 dB right eye; —5.69 dB left eye). ERG testing
was performed in 1986, 1987, 1988, and 2003 and showed rod responses with
normal implicit times and a- and b-wave components to dim flashes in the dark
adapted condition. The average mixed rod-cone response to the strong standard
flash, however, showed a reduced b-wave amplitude (for an example, see Fig 2).
No responses to single flashes or 30-Hz flashes were recorded under the light
adapted condition. Remarkable was the much delayed recovery of the response
to the second flash (between 16 and 32 seconds) in the dark-adapted condition
during the double-flash measurements (Fig 3). The a- and b-wave components
plus implicit time of the single flash response had not changed from the responses
recorded 17 years earlier. Also, the a:b-wave ratio had not changed considerably
(Fig 4, Table 2). Optical coherence tomography retinal mapping of the macular
region was normal.
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Figure 1. Chart showing decreasing visual acuities (right eye) in 5 bradyopsia patients when background
luminance is increased. The upper 2 lines represent the change in visual acuity with changing background
illumination in normal controls ages 20to 30 years and normal controls ages 50to 60 years. cd = candelas; VAR
= visual acuity rating.
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Figure 2. Routine electroretinograms (ERGs) showed normal responses to scotopic stimulus flashes in the
bradyopsia patient. Responses to standard high-intensity flashes were markedly reduced in amplitude. Photopic
responses were not recordable (subject 109). Hz = hertz; ms = milliseconds; 0.P.s = oscillatory potentials.
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Figure 3. Left, Recovery of response after an initial standard flash occurs within 2 seconds in normal control
subjects. Right, Recovery of response after an initial standard flash takes about 30 seconds in bradyopsia patients
(subject 101). ISCEV = International Society for Clinical Electrophysiology of Vision.
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Figure 4. Figureillustrating mixed rod and cone electroretinogram (ERG) a-wave (left) and b-wave (right) responses
for subjects 101, 103, and 104 at different ages. Single response to the standard flash (0.8 log candela*second/
m?) in the scotopic condition. Pretrigger time without any light stimulation: first visit, 30 seconds; second visit, 120
seconds. No evident changes in amplitudes were detected over the years. 0D = right eye; 0S = left eye.
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Table 2. Comparison of Scotopic a- and b-Wave Amplitudes and the a:b-Wave Ratio for High-Intensity Flashes
(Mixed Rod and Cone-Mediated Response) at Different Ages for 3 Subjects.

Standard combined ERG 0.8 log cd*s/m?, Scotopic Condition

Right eye Lefteye
Subject Year a-Wave b-Wave a:h-V\{ave a-Wave b-Wave a:b-V\_Iave a
(uV) (uV) ratio (uV) (uV) ratio
101 1987 200 360 05 200 320 0.6
2003 315 408 0.7 291 381 0.8
103 1990 292 3n 09 274 306 0.8
2004 258 290 0.9 262 296 0.9
104 1993 300 420 0.7 250 350 07
2003 260 350 0.7 210 315 0.7

ERG = electroretinogram.
Subjects 101, 103, and 104 show comparable results over a period of 17, 13, and 10 years, respectively.

Subject 102, a female, is the older sister of subject 101. She was referred to our
department by a pediatric neurologist at the age of 9 years in 1973. Her medical
history consisted of an episode of meningoencephalitis 3 years earlier. She
complained of extreme sensitivity to bright lights and blurred vision. At follow-up
30 years later (2003), she remarked that she had to wear sunglasses while driving.
Swimming and playing ball games (tennis, beach volleyball) were impossible for
her, but skiing was not a real problem if she wore proper sunglasses. As a child
(9 years old), her Snellen VA was measured as 0.2 in her right eye and 0.1 in her
left eye; her maculae were described as being somewhat irregularly pigmented.
Further orthoptic and ophthalmoscopic evaluation revealed no abnormalities.
Visual field tests (Goldmann) and fluorescein angiography were normal. Color
testing only showed a few nonspecific errors. At that time, she was suspected of
having a conversion syndrome. During an observational hospital stay, she finally
managed to show normal vision (1.0) in both eyes with correction (sphere, —0.5
diopters D; cylinder, —1.5 D; axis, 10° in her righteye, and sphere, —2.0 D; cylinder,
—1.5 D; axis, 170° in her left eye). During subsequent visits over a 3-year period,
however, VAs of 0.5 were measured repeatedly in both eyes and could not be
corrected with an eyeglass prescription. They did increase considerably (to 0.8)
when pinholes were used. Her binocular VA was usually 0.7. During her 2003
visit (age 39), the subject’s VAs changed from 0.5 in her right eye and in her left
eye at low background luminances (100 and 33 cd/m?) to 0.1 in her right eye and
0.2 in her left eye at a higher background luminance (1100 cd/m?). An ERG was
performed in 1988 (at age 24) because the subject’s brother seemed to have a
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strange ERG response at that time. Her ERG also revealed a prolonged adaptation
time. The subject refrained from undergoing more vision tests in 2003.

Subject 103, a male, was first seen at the age of 2 years by a general ophthalmologist
(1982); he seemed to have problems with fixation. At age 11 (1990), the boy
reported photophobic complaints, but had no problems with vision in the dark.
Twelve years later at age 23 (2003), he explained that he still had problems adapting
to sunlight, but that his complaints were usually better after some time in the sun.
Adaptation from light to dark circumstances was easier. The subject always wore
sunglasses outdoors and while driving. He said that he played soccer, but was not
able to see the ball while it was in flight. He was also easily blinded by the snow,
but enjoyed skiing if he wore sunglasses. His VA was 0.9 in both eyes at the age
of 3 and 4 years, 1.0 in both eyes at the age of 6 years, and only 0.1 in both eyes
at the age of 10 years. The use of pinholes increased his VAs to 0.6 in his right
eye and 0.7 in his left eye. One year later (at age 11), VAs of 0.25 were measured
in both eyes, again showing improvement (0.5 in both eyes) when pinholes were
used. During his 2003 visit (at age 23), the subject’s VAs changed from 0.3 in his
right and left eye at a high luminance (1069 cd/m?) to a maximum of 0.5 at 13 to
315 cd/m? (right eye) and 0.6 at 13 cd/m? (left eye; Fig 1). Ophthalmoscopic and
fundoscopic tests (performed in 1990) were normal except that his maculae were
described as being coarsely pigmented. No retinal abnormalities were seen during
the 2003 visit (Fig 5). At age 10, he performed the Farnsworth D15-desaturated
hue test, which showed some nonspecific errors (left eye more than right eye).
Repeated tests at age 23 (Farnsworth D15-saturated and -desaturated and
Farnsworth-Munsell 100 hue), however, were completely normal. In 1990 (at age
10), Goldmann visual field testing revealed a slight central sensitivity loss in both
eyes and a somewhat concentric visual field loss in the right eye. Humphrey visual
field analyses during his visit in 2003 (age 23) showed a similar diffuse sensitivity
loss (MD, —5.1 dB in his right eye; —5.8 dB in his left eye). His ERG measurements
in 1990 were described as being normal to low-intensity stimuli and showing a
prolonged response suppression (about 24 seconds) with higher intensity stimuli
in the scotopic condition. Cone responses to stimuli under photopic conditions
were absent. Initially, the subject was suspected of having Stargardt’s disease. A
fluorescein angiogram, however, showed no sign of the disorder. Later, the patient
was suspected of having cone dystrophy, even though the improvement in his VA
when pinholes were used could not be explained. In 2003 (at age 23), the subject
was diagnosed with bradyopsia. At that time, a delayed recovery response ranging
between 16 and 32 seconds was seen on the ERG. The a- and b-wave amplitudes
and the a:b-wave ratio did not differ significantly from the measurements in 1990
(Fig 4, Table 2).
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Patient #103 0D

Patient #104 OD A Patient #104 OS

Figure5. Figure illustrating normal fundus appearance in subject 103 and slight pigment alterations in the maculae
of subject 104. 0D =right eye; 0S = left eye.

Subject 104, a female, was initially referred to our clinic for ERG measurements
in 1993 at the age of 29. Her main complaint was photophobia. During her 2003
visit (age 39), she said that she always wore sunglasses while driving and that she
was unable to see the ball while playing tennis, but could play badminton if she
wore sunglasses. The subject also said that she could ski on sunny days if she wore
appropriate sunglasses but that she was unable to ski on cloudy days because she
could see no contrast. The subject seemed to have a positive family history for the
symptoms: 2 brothers had the same complaints of photophobia. Visual acuities
at her first visit (at age 29) were 0.5 (right eye) and 0.4 (left eye). In 2003 (at age
39), corrected VA (Snellen chart) were again measured as being 0.5 in her right
eye (sphere, +1.25 D; cylinder, —1.5 D; axis, 150°) and 0.4 to 0.5 left eye (sphere,
+1.0 D; cylinder, —1.75 D; axis, 21°), increasing to 0.7 in both eyes when pinholes
were used. Her binocular acuity was also higher (0.7). Her VA measurements
varied with changing background luminance: 0.35 (right eye) and 0.25 (left eye)
at a high background luminance (1027 cd/m?) and a maximum of 0.6 at lower
background luminances (right eye, 3-32 cd/m? left eye, 10-32 cd/m? Fig 1).
Slit-lamp examination revealed no abnormalities. Fundoscopy showed minimal
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pigment-epithelium alterations in the fovea of the left eye (Fig 5). Dark-adaptation
tests were normal with a final threshold of 1.5 log = 1.0*10~° cd/m?2. Color tests
were normal. Visual field testing using a Humphrey field analyzer showed diffuse
sensitivity loss (MD, —2.0 dB, right eye; —2.3 dB, left eye) with normal foveal sen-
sitivities. A delayed-response recovery was noted in her 1993 ERG measurements
(224 seconds). The ERG response 10 years later (2003) showed similar a- and b-
wave amplitudes and a:b-wave ratios (0.7 for both eyes; Fig 4, Table 2).

Subject 105, a female, visited our clinic in 1986 at the age of 6 years. At that time,
she complained of photophobia that had existed for >1 year. Her mother remarked
that the girl was not able to see the ball at ball games and that she could not avoid
some obstacles while riding a bicycle in bright light. Her best-corrected VA at
age 6 years was assessed to be 0.2 in both eyes. Six months later, her VAs had
declined to 0.5/60 (right eye) and 0.1 (left eye). Reading at home, however, was
not a problem. This was underlined by her ability to read the smallest reading text
at the clinic. On follow-up visits, the girl's VAs varied greatly, up to a maximum
of 0.9 Snellen acuity, and sometimes improved considerably when a pinhole was
used. Ophthalmologic examination revealed no abnormalities. Her diagnosis
remained unclear at the time. An ERG revealed lower response amplitudes at
high-flash intensities under scotopic and photopic conditions, plus a prolonged
recovery response time with subsequent flashes. It was concluded at this point that
the patient had a retinal dysfunction, although the exact diagnosis was unclear.
Subsequent electroencephalographic recordings and visual evoked potentials
were normal. In 1990 (age 10), the patient developed a toxoplasmic chorioretinitis
in the left eye. It was treated with co-trimoxazole and prednisolone, according
protocol, but left a quiet scar superior to the fovea. In the years thereafter, the
girl's complaints regarding adaptation to light remained. In 1992 and 1993, tests
were repeated and additional tests were performed in another clinic. Her dark-
adaptation tests were normal. Foveal densitometry revealed a decreased density of
the visual (cone) pigment. Her electro-oculogram was normal. Her photopic ERG
showed decreased a- and b-wave amplitudes with normal implicit times, and her
scotopic ERG was on the lower edge of normal standards. Color-vision tests using
an anomaloscope, the desaturated Farnsworth 15 Hue test, and Ishihara tests were
all normal. The conclusion was a diagnosis of “oligocone trichromasia” In 2003,
the patient agreed to donate blood for genetic evaluation. She did not want to
undergo another ophthalmic evaluation.

Subject 109, a female, was seen for the first time in 2003 at the age of 47 years.
Her history was consistent with those of the other 5 subjects: As long as she could
remember, she had always had low VA and complaints of photophobia. She said
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that she saw best when the light was dim. She wore sunglasses when she played
indoor volleyball, but could not see the ball for a while when it was in front of a
light source. She preferred to play badminton at twilight. She was taking driving
lessons, but had to wear sunglasses. Her family history was positive; a sister had the
same complaints of photophobia. Earlier that year, our subject underwent cataract
surgery foranuclear cataractin both eyes. Her preoperative best-corrected VAs were
measured as 0.25 in her right eye (sphere, -3 D; cylinder, —1.5 D; axis, 175°) and
0.25 in her left eye (sphere, —3.25 D), increasing to 0.8 in both eyes when pinholes
were used. Postoperative VAs only increased to 0.45 in her right eye and 0.4 in her
left eye; binocular VA was 0.6. Snellen VAs tested at varying background luminances
during the last visit showed values ranging from 0.12 (right eye) and 0.08 (left eye)
at a luminance of 1040 cd/m?* to 0.6 (in both eyes) at a luminance of 3 to 35 cd/
m? Fundoscopic tests were normal. Initial visual field tests (HFA 10-2 threshold)
showed paracentral scotomas in both eyes and decreased foveal sensitivities (~10
dB). Repeated HFA 30-2 testing the same year showed diffuse sensitivity loss (MD,
—5.2 dB right eye; —8.3 dB left eye) with a great difficulty to fixate (tests had to be
repeated because of too many fixation losses) and decreased foveal sensitivities
(-8 dB right eye; (-11 dB left eye). Her scotopic a-wave was reduced in the initial
ERG. No response was seen with photopic repeated stimulation. The patient was
suspected of having cone dystrophy or rod monochromatism and referred to our
clinic for further evaluation. Because “bradyopsia” had already been discovered,
the subject was immediately suspected of suffering from it. Further tests revealed
normal dark-adaptation tests and color tests (Farnsworth D-15). Scotopic ERG
measurements conform to the ISCEV standards showed a typical bradyopsia
pattern with normal implicit times at all flash intensities used, slightly decreasing
a-wave amplitudes with increasing flash intensities, and a profound decrease in the
b-wave amplitude of the averaged response to the standard flash stimuli delivered
at 5-second intervals. No responses were present under standard ISCEV photopic
conditions. The scotopic response to double-standard flash stimuli delivered at
16-second intervals showed decreased amplitudes. Only at 32-second intervals was
the same amplitude measured as at 120-second intervals. DNA analysis confirmed
the RGS9 mutation.

Discussion

This compilation and long-term evaluation shows a clear consistency in the
complaints and clinical findings of 6 patients diagnosed with bradyopsia and
confirmed by a mutation in the RGS9 gene. All subjects had photophobic
complaints and noted having problems seeing moving objects, especially against
a bright background (e.g., sky). The subjects also showed a considerable variation
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in their VAs during subsequent follow-up visits. As shown by these case studies,
this variation can easily lead to confusion or even misplaced conclusions of a
patient’s credibility. Most striking, but again confusing, was the increase in VA
when pinholes were used; all efforts of refraction correction seemed to fail.

Based on the etiology of the disorder, all of the signs and symptoms now fall
into place: After the photoreceptor is activated by an initial flash of light, the
phototransduction cascade takes place and results in a hyperpolarized state of the
photoreceptor cell. Only after deactivation of the members of the phototransduction
cascade can the cell process subsequent light stimuli. Because the cell is insensitive
during this time of recovery, the individual experiences a period of blindness. This
period of insensitivity is so brief in normal individuals that they are not aware
of the process. In patients lacking RGS9/R9AP (the molecules that accelerate the
deactivation process of transducin a member of the phototransduction cascade),
however, the photoreceptors are insensitive for a considerable period of time (tens
of seconds). An increase in (background) light results in an increased level of
activation of the photoreceptor cells and a decrease in the remaining dynamics
of these cells, making them less sensitive to any subsequent light stimulus. As a
result, a blinding effect and thus photophobia occurs with bright light. Moreover,
the visibility of small structures, namely, the VA of these patients, decrease as the
(background) light increases. Figure 1 shows the detrimental effect on the VAs of
bradyopsia patients when background luminance increases >100 cd/m>

The blinding effect occurring with increasing background light also explains the
variations in VAs seen at successive visits in the clinic. Changes in the 100- to 500-
cd/m? luminance range have hardly any influence on the assessed VA in normal-
sighted people. The luminance of the white background of acuity charts is usually
in the 80- to 160-cd/m? range and that of the optotype projector image in the
100- to 700-cd/m? range. Study protocols specify a small tolerance with regard to
the luminance of VA charts. This is, however, rarely addressed in regular clinical
practice and can vary by a factor of 10. In bradyopsia patients, such variations in
conditions canresult in VAs ranging from near normal vision to severely decreased
vision.

These individuals also complain of difficulties seeing moving objects, such as
sports objects (e.g., a ball), against a background of extremely bright sky. This
is understandable since the luminance of the sky can be as high as 10 000 cd/
m>" resulting in a retinal illumination of 3 to 7 x 10* troland with a normal pupil
diameter of 2 to 3 mm.'¢ In normal human cones, a steady retinal illumination of 3
to 7 x 10* troland results in 50% to 75% of the cone pigment being bleached.'
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The use of a pinhole diminishes the amount of light entering the eye and thus
reduces the amount of light-induced stimulation of the photoreceptor cells. The use
of sunglasses has the same effect on the light entering the eye. It is not surprising,
therefore, that all of our subjects adapted their lifestyles to wearing sunglasses
whenever they went outdoors during the day.

The ERG findings of a prolonged recovery time after an initial bright flash can also
be explained by the prolonged activated state of the photoreceptor cell. Because
the photoreceptor cells (the a-wave in an ERG recording) are the starting point of
aretinal electrical evoked response, the secondary b-wave (inner retinal response)
is affected as well; that is, no full signal is transferred from the photoreceptor
to downstream retinal neuronal cells. In the resting state, the photoreceptor
of a bradyopsia patient is normally sensitive to light stimuli and thus gives a
normal initial response to a white flash. Because the time of the photoreceptor
deactivation is prolonged, a longer time is needed between 2 flashes to generate a
second normal sensitive response.

Our cases demonstrate that the anterior segment of the eye is not altered in
patients with bradyopsia. Fundus examinations and optical coherence tomography
retinal mapping did not indicate signs of retinal degeneration, although some
inconsistent descriptions of minimal pigment alterations at the posterior pole
have been reported. RGS9 knockout mice showed morphologically normal
retinas up to 8 months of age. Rod and cone function was also not otherwise
altered, as shown by normal dark adaptation (rod function), normal color tests
(cone function), and the potential of near-normal VAs (cone function) under
optimal (no bright light) conditions. Similar to the ERG, the dark-adaptation
test is a measurement of responses to flashes of light. It is understandable that
dark adaptation measured with the Goldmann-Weekers dark adaptometer was
not affected by the slowed recovery response. The lowest luminance used in that
test was 0.5 x 10”7 cd/m? and the luminance was increased in logarithmic steps
until the patient saw the stimulus. The highest luminance of the stimulus was 0.5
cd/m?. Such very dim light flashes activate only a small portion of the inactive
transducin molecules in the photoreceptors, leaving enough inactive transducin
molecules available for subsequent stimuli. Thus, the assessed dark-adaptation
process was not influenced by the impaired deactivation of turned-on transducin
molecules in the receptor.

Ten to 17 years of ERG follow-up measurements (Fig 4), 10 to 30 years of VA
follow-up, and no degeneration of the patients’ fundi all point to the stationary

nature of the disease. The time of ERG recovery after a bright stimulus flash
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remained unchanged and the a- and b-wave amplitudes and the a:b-wave ratio
of the scotopic single-flash responses did not differ significantly between the
old and new measurements. Visual acuity measurements, in contrast, differed
significantly during follow-up measurements, but did not show a general decline
over the years. This can be attributed to the nonstandardized lighting conditions
during subsequent acuity assessments. It must, however, be stated that this study
comprised a rather small sample size. A larger sample size with a structured
follow-up should provide more significant proof of the stationary state of the
disease.

The differential diagnosis of the main complaint of photophobia is quite extensive,
rangingfrom temporary corneal problemstoretinal diseasessuchasachromatopsia.
Electroretinogram recordings conform to a dedicated protocol, along with other
distinctive signs, however, provide the distinction between bradyopsia and other
causes of the symptom. Although the ERGs assessed conform to the standard
ISCEV protocoland showed similarities with recordings from cone-rod dystrophy
or typical achromatopsia patients with a loss of scotopic b-wave amplitude at
higher flash intensities, reduced or absent photopic amplitudes, and loss of cone-
flicker responses, the prolonged recovery response, demonstrated by double-
flash electroretinography, is not seen in these disorders. Congenital achromatic
patients are classified as having typical (rod) monochromatism or atypical (cone)
monochromatism.'” The complete type of typical (rod) monochromatism has
symptoms of decreased VA, poor color vision, photophobia, and nystagmus. The
incomplete type of typical (rod) monochromatism is a less pronounced variant
of the complete type. Atypical (cone) monochromatism will not be confused
with bradyopsia because of atypical monochromatism shows a normal photopic
response and severely disturbed scotopic responses. Cone-rod dystrophies
may also cause decreased VA, nystagmus, photophobia, and decreased color
vision."” These patients, however, also eventually show visual field defects and
fundus abnormalities, such as retinal vessel attenuation, pigment clumping, and
macular lesions. A simple essential initial differential tool to test for bradyopsia
is the pinhole test. It shows an improvement in VA (after adequate refraction and
the exclusion of cataract) that is not seen in other retinal dystrophies. Another
differential test is the color-vision test: It was normal or only slightly aspecifically
altered in our bradyopsia patients, but is abnormal in patients with the other
disorders. We also want to emphasize the importance of evaluating the entire
set of recordings with every regular ERG interpretation instead of only reading
the automatically averaged wave amplitudes. The typical bradyopsia pattern of a
normal first-flash amplitude and smaller subsequent flash recordings may easily
be missed in the latter case.
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In summary, bradyopsia patients usually present in childhood with a specific
history of photophobic complaints, difficulties seeing moving objects on a
bright background, and problems adjusting to light changes. They usually have
subnormal VAs that improve with the use of pinholes, but not or only partially with
refraction correction. No other obvious eye abnormalities are observed. Color and
dark-adaptation tests are normal; visual field tests show no field defect, but often
indicate a general reduced central sensitivity. Averaged single-flash scotopic ERG
measurements typically show reduced amplitudes with higher flash intensities,
whereas averaged single flash responses to dim light (rod response) are normal in
amplitude. The time to generate a fully recovered response to the second strong
flash after a normal response to the first strong flash is severely prolonged when
paired flash tests are used. The diagnosis of bradyopsia can be made on the basis
of ERG measurements and confirmed by the detection of a mutation in either the
RGS9 or R9GS gene. There were no signs of a progression of the disorder in our
sample group. When needed, advice for adjustments in daily life or simple visual
aids that reduce brightness should be given. '
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Abstract

Purpose
Toinvestigate whether the use of night-vision goggles(N'VGs) by night-blind people
improves their mobility and sense of independence under dark circumstances.

Methods

Twenty night-blind subjects with retinitis pigmentosa were requested to walk
predetermined routes at night with and without NVGs. The number of unintended
contacts with obstacles (hits) and the percentage of preferred walking speed (PPWS)
en route were assessed in three different situations: a darkened indoor corridor;
a moderately lit outdoor residential area; and a well-lit outdoor shopping area.
Assessments were performed before and after a 5-week training period, during
which the subjects practiced using NVGs in their own surroundings, registered
their experiences in a journal, and filled out questionnaires.

Results

The mean number of hits in the darkened corridor declined from eight to two
when NVGs were used. Mean PPWS (34%) did notimprove. In the residential
area, mean hits declined from eight to practically zero and mean PPWS increased
from 60% to 72% (after training to 78%). In the shopping area, subjects walked at
93% PPWS without any hits and showed no improvement with NVGs. Subjective
scores revealed a good sense of orientation, feelings of safety and tranquility and
an increase in independent mobility when NVGs were used.

Conclusions

Using NVGs seems to improve nighttime mobility in dark outdoor conditions
by decreasing unintended contacts with obstacles and increasing walking speed.
Use of NVGs increased independent activities in these subjects and was generally
positively evaluated for everyday outdoor use.
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Introduction

Night-blindness is caused by an impaired rod function of the outer sensory retina
and is a symptom of a number of inheritedretinal disorders. The congenital form,
congenital stationary night blindness (CSNB) is not progressive and has no other
accompanying disturbed visual functions. Retinitis pigmentosa (RP), the best-
known type of retinal degeneration, is progressive and involves both rods and
cones. Because damage to the rod system usually predominates in the early stages
of the disease, the first symptom of RP is often night blindness. It is followed by
an increasing loss of peripheral visual field and deterioration of visual acuity in
later stages. Night-blind subjects perceive the outdoor environment after sunset
as almost completely dark. They bump into objects, their orientation is usually
seriously hindered, and theirwalkingspeed is substantially reduced.! 2* In addition,
independent travel and other outdoor activities often become impossible. Night
blindness therefore severely interferes with normal dailyactivities.

A luminance-enhancing vision aid may be of great help to night-blind individuals.
In the past, light-enhancement devices were large, heavy monocular instruments,*
that later evolved into smaller,® more compact, hand-held devices.® These were
then followed by head-mounted binocular instruments, known as night-vision
goggles (NVGs). Today, a newer version of these spectacles, called the Multi-
Vision (Trivisio, Taegerwilen, Switzerland), is available (Fig. 1) . It has the added
advantage of a higher resolution and an improved automatic light-adapting system.
Two studies investigating the potential benefit of NVGs were performed recently.”
¢ The one by Friedburg et al” found that night-blind subjects could improve
their visual functionsin a laboratory design using NVGs. The second study® was
conducted in a real-life situation, in which participants subjectively evaluated
the device after walking a designated route. It reported that a small majority of
participants was positive about the instrument. Although both studies provided
new information, they did not show data about the influence of such a device on
orientation and mobility in a realistic outdoor situation and they were both based
on single experiences. To evaluate the usefulness of such a device adequately, we
believe that more data should be assessed from real-life outdoor situations: not
only from a single use, but also after a period with ample opportunity to practice
using the instrument.

103



VISION AIDS

Figure 1. NVGs with attached power unit: (1) liquid crystal video (LCD) screens, (2) connecting cable, (3) push-
button for power, (4) brightness control, (5) contrast control, and (6) rechargeable battery.

The purpose of the present study was to assess how much night-blind individuals
benefit from using NVGs in everyday life. Data were collected on mobility
performance (walking speed and the number of times obstacles were hit, referred
to as hits) and personal judgments after prolonged use of a night-vision device.

Methods

Subjects

Night-blind subjects who wished to improve their nighttime mobilitywere recruited
by means of announcements and advertisements at visual rehabilitation centers
and the Dutch Retina Association. Walking cane users were initially excluded,
because we wanted to test the function of NVGs alone. Because the visual field of
the goggles used in this study was only 30°, we mainly addressed subjects with RP.
Most of these individuals already had constricted visual fields and therefore were
not expected to experience any severe additional field loss. No control group was
included. We considered the test group as its own control group, since the subjects
all performed tests both with and without NVGs. Pretests on visual acuity, visual
field, and dark adaptation were conducted at the regional vision rehabilitation
centers. Our study group (n = 20) consisted of 4 (20%) women and 16 (80%) men.
All subjectshad RP. Age distribution, visualacuity, visual field, and light sensitivities
are presented in Table 1 . One subject was an active cane user, but did not use his
cane during the time of the research. Written informed consent was obtained from
all subjects before the study andthe Institutional Review Board of the University
Hospital of Groningen approved the study protocol. The study was consistent with
the principles outlined in the Declaration of Helsinki.
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Table 1. Characteristics of 20 Night-Blind Subjects with Retinitis Pigmentosa

Variable Minimum Maximum Mean + SD
Age 23 61 476 +11.52
Visual acuity OU* 0.09 1.0 053 +0.26
LogMAR -1.05 0.00 -0.35+0.29
Visual Field OU* (Goldmann I11/4¢ -diameter) 6° 45° 21.65+ 10.46
Visual Field Score' 10 62 39.95 + 1453

Elevation of dark adaptation threshold (l.u.)
compared to mean normal values 1.6 >5.0 31+097
(Goldmann Weekers adaptometer)

* 0U, oculus unitas (both eyes).
TVisual field score according to Colenbrander et al." is designed to indicate the severity of consequences of
field defects. Itinvolves a count score of 100 points distributed on a visual field grid; 50 points are confined to

the central 10° of the visual field and another 50 points are confined to the periphery up to 60°. The points are
located along 10 meridians, two in each of the upper quadrants, three in each of the lower quadrants.

Night-Vision Goggles

Twenty Multi-Vision night-vision devices (Trivisio; Fig. 1), were available for the
duration of the study. (Fifteen of the devices were borrowed from Trivisio and
five were owned by the research laboratory.) The Multi-Vision system consists of
goggles (122 g, 155 x 50 x 50 mm) connected to a power unit (380 g, including
battery, 155 X 105 X 25 mm), a microcamera (sensitivity 0.015 lux) located at the
center of the goggles that recordsimages of the visual world (horizontal diameter
30°), and a connecting cable that transfers the signals to the power unit for signal
processing. The black-and-white image is presented at an enhanced luminance
level within the goggles to both eyes on two super video graphics array (SVGA)
displays with 480,000-pixel color resolution (equals 1,440,000 pixels). Contrast
and brightness can be manually adjusted on the power unit. If ambient light is
insufficient, additional illumination can be achieved by switching on two built-
in infrared-light sources. Pupil distance and nose position can be altered to align
the images with both eyes. The accompanying rechargeable battery enables an
operating time of up to 2 hours (~1.5 hours when the infrared light is switched
on).

Routes

The two indoor laboratory walking routes consisted of a darkened corridor with
floor-level illumination (at +20 cm) between 103 and 102 lux, and a route length
of 36 meters. Ten artificial rectangular obstacles were placed along the route at
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different heights (foot, knee, shoulder, and head). The four outdoor walking routes
(>0.5 hour after sunset) in the residential area each covered 330 meters and had
floor-level illumination between 102 and 10! lux. The four routes at the outdoor
shopping areas were 187 meters long and had illumination levelsbetween 10! and
10 lux. The outdoor routes had comparable amounts of obstacles: curbs, public
gardens, lampposts, and poles, for example.

Test Protocol

All subjects were consecutively invited to our laboratory in Groningen, twice
during the dark winter season of 2002 to 2003. The first visit started with
instructions on the use of the Multi-Vision. Then, the individual preferred walking
speeds (PWSs) were assessed by measuring the walking speed of each participant
three times along an unobstructed, straight path (17 m).° This was followed by
orientation and mobility tests first without and second with use of NVGs along the
three dark walking routes (indoor corridor, outdoor residential area, and shopping
area). Every test route differed and thus was unknown to the participant. An initial
walking route with NVGs without scoring was performed before starting the first
test. Furthermore, the order of routes randomly changed between subjects. During
the test routes, subjects had to follow a predetermined route, of which we had
measured the exact distance. To follow the route, subjects were instructed by the
investigator to turn eitherto the right or left at the next crossing. This information
was given long before a particular junction was reached, so the subjects had to find
their own way.

Allthe subjectswerelent a Multi- Vision to use during the4 to 6 weeksbetween visits.
They were requested to practice using the device in their own surroundings every
evening and to register their experiences in a journal. The subjects also received
weekly mobility instructions and feedback from a professional mobility trainer.
After this training period, the subjects returned to Groningen for their second visit.
There, the orientation and mobility tests were repeated and personal experiences
discussed. All subjects were requested to fill out a questionnaire regarding their
nighttime walking experiences at start and after the training period.

Scores: Objective

Orientation and mobility performance along the routes was scored as hits and
percentage of preferred walking speed (PPWS). Hits were scored as the number
of unintended contacts with obstacles along the walking route (i.e., curbs, poles,
garden fences,and public gardens). This score reflects the level of “risk” on a route.”
PWS assumes that subjects walk at their optimal walking speed when they do not
have to worry about obstacles or dangerous conditions en route. Walking speed
(meters persecond) on a test route is calculated as the percentage of the preferred
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walking speed (PPWS) and is a measure of “walking efficiency”!! The number of
unintended contacts with obstacles and the time to cover a route were recorded
by the investigator. All data were collected and converted on computer (SPSS for
Windows; SPSS Science, Chicago, IL).

Scores: Subjective

Questionnaires consist of 22 questions considering “specific problems with
mobility; “bumping into obstacles,” and “independent travel” The experienced
trouble on these items was scored with help of a 5-point Likert scale: 1, never;
2, sometimes; 3, regular; 4, often; and 5, always. Research by Turano et al.!> has
shownthat a similar questionnaire is a valid way to measure perceived ability for
independent mobility in persons with RP. However, this questionnaire has not
been validated for the particular nighttime condition. Therefore, we will confine
our resultsto a descriptive evaluation of median scores.

The journal consists of judgments about difficulty, recognition, orientation, and
feelings of safety and tension after every daily walking-route with use of NVGs.
Values on these itemswere scored by use of an appreciation scale form 1 (very low
appreciation) to 10 (very high appreciation).

Statistics

The significance of the differences in PPWS and hits with and without NVGs
was tested using the nonparametric Wilcoxon test at the 0.01 level. The relation
between the ophthalmic features and the results was tested at the 0.01 level with
the Spearman’s correlation test. Visual acuity was expressed as logarithm of the
minimum angle of resolution (logMAR)" for the analyses. Visual fields were
calculated as the visual field score according to Colenbrander.” (The visual field
score replaces the Esterman grids and is proposed by Colenbrander,'* accepted
by the International Council of Ophthalmology (http://www.icoph.org/pdf/
visualstandardsreport.pdf), and included in the fifth edition of the AMA Guides to
the Evaluation of Permanent Impairments.” See also Table 1.)

Results

Data on mean hit scores are presented in Figure 2. When NVGs were used, the
mean number of hits decreased from eight to two (P < 0.001) in the indoor corridor
and from eight to practically zero (P < 0.001) on the residential routes. Results of
these hit scores did not differ between the first and second visits. No hits occurred
in the shopping area, whether or not NVGs were used.
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Figure 2. Number of obstacles hit. Indoor corridor: the mean of approximately eight hits decreased to two hits
when NVGs were used. Outdoor residential area: mean of approximately eight hits decreased to almostzero when
the goggles were used. Results at pre- and posttraining visits did not differ. Outdoor shopping area: practically no
hits occurred without or with the use of the goggles.

Data on PPWS are illustrated in Figure 3. The mean PPWS was1.48 m/s. Mean
PPWS along the indoor corridor was 34% (0.51 m/s). This did not improve with use
of NVGs at either the pre- or the posttraining visit. The PPWS along the residential
routes was 60% (0.87 m/s), increasing to 72% (1.06 m/s; P = 0.001) when NVGs
were used during the first visit, and 78% (1.16 m/s; P < 0.001) after training. PPWS
without NVGs did not differ between the first and second visit. The mean rise in
PPWS with use of NVGs after training was significant (P = 0.005). The PPWS at
the shopping area was 93% (1.37 m/s), and slightly less (88%, 1.30 m/s) when the
goggles were used.
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Figure 3. Percentage of PPWS. Indoor corridor: mean PPWS of 34% did not improve when NVGs were used.
Outdoor residential area: mean PPWS of 60% increased to 72% when NVGs were used the first time and to 78%
after training. Outdoor shopping area: mean PPWS of 93% decreased to 88% when the goggles were used.

Thewalking speed withoutNVGsinthe shoppingareaatfirstvisit wasapproximately
normal and there were no hits on obstacles, which indicates that there was no
impaired mobility due to vision problems. Because the goal of the study was to test
the NVGsin situations in which vision is impaired, we decided not to perform tests
in the shopping area during the second visit.

The increase in walking speed (r = 0.572) and for a great part the hit-score (r =

0.54) was related to the dark-adaptation thresholds but not to age, sex, visual acuity
(logMAR), or visualfield score (Table 2) .
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Table 2. Relationship between the Results and Sex, Age, Visual Acuity, Visual Field, and Dark-Adaptation
Threshold

Number of hits Decrease in hits PPWS Increase in
without NVG with NVG without NVG  PPWS with NVG
Sex -0.130 -0.120 - 0.260 -0.260
Age -0.077 - 0.095 0.090 -0.432
LogMAR - 0.384 -0421 0.099 - 0.483*
Visual Field Score -0.331 -0.289 0.440 0.073
Dark-adaptation threshold 0.549% 0.535% -0.207 0572**

Comparisons are by Spearsman’s nonparametric correlation test.
*p<0.05

**p<0.01

The subjective scores of data in the journals revealed a good sense of orientation,
recognition, and feelings of safety and tranquillity during mobility when the
goggles were used. The scores increased until the third week of use (mean scores
>9on a scale of 1 to 10; Fig. 4) and then remained at that level.

4 recognition

3 orientation

2 relaxedness
.

Mean appreciation values

1 - safety

WEEK

Figure 4. Mean scores per week as indicated in the subjects’ journals for recognition, orientation, and feelings
of tranquility and safety, while walking in the dark and using NVGs. Subjective appreciation of all four aspects
ranged between 8 and 85 from the start of the training period and increased further until week 3 to more than 9.
The scale is from 1 (low appreciation) to 10 (highest appreciation).
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Responses to the questionnaires also showed fewer problems with nighttime
walking, changes in light conditions, and bumpinginto obstacles when the NVGs
were used (Fig. 5). In addition, the subjects noted that they traveled independently
more often at night from the time when they started wearing the goggles (change
in response was from “traveling always with guidance”to “traveling sometimes
with guidance”). Difficulties that wereexperienced using the Multi-Vision system
were noted as “glitteringlight sources’, “problems with distance estimation’, and “a
constricted field of view”. The subjects indicated that adaptation was established
within a period of 2 to 3 weeks. At the second visit, 17 (85%) of the subjects were

positive and 3 (15%) negativeabout using the Multi-Vision.

*
o .
o [e) E’ 09 Qw
Problems with Walking in familiar areas ] l = /+
Moving about in crowded areas é ] 'K : |
Detecting ascending stairwells v | : >“
Detecting descending stairwells Q 'f( i:
Walking up steps \* : >
Walking down steps __/k .
Stepping onto curbs — | | >
Stepping off curbs \J K .
Walking through doorways © l o . - : =
Walking in high glare areas 3 | { < ..’ I o
Lighting changes: indoor to streetlights _E I h * = E_
Streetlights to indoor _§ ‘I\ | ’:_ >} §
Being aware of another person’s presence | 1 f’
Seeing cars at intersections é
Occurence of bumping into People | \S +\ _
Walls | ) - >f
Head-height objects | = r - r
Shoulder-height objects | ~_ |
Waist-height objects | _A h \}
Knee-height objects */ . /:i
Low-lying objects g f’ - |
Going out with guidance + I

Figure 5. Median of answers to questionnaires regarding nighttime mobility without (solid line) and with (dashed

line) NVGs.
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Discussion

In accordance with earlier studies,” > * we found that manynight-blind individuals
bumped into obstacles while they walked unaided in the dark. Not using vision
aids is likely to increase the risk of incidents with resultant morbidity.'¢ 17 1 ¥ 20
As expected, in our study night-blind subjects indicated avery low frequency of
independent activities or travel under nighttime conditions. NVGs, developed
for use by night-blind people, have been available for some time. However, very
little research has been performed to assess their practical value. To provide
more extensive information on NVGs with regard to mobility and a sense of
independence, we collected both objective and subjective data from night-blind
people after a prolonged use of the instrument under realistic outdoor conditions.

Using NVGs on the outdoor residential test route clearly improved orientation and
mobility and was expressed as a decrease in hits and an increase in walking speed.

Results were already highly significant at the first visit and therefore were
independent of mobility training. Most striking was the immediate change in
obstacle avoidance by every subject, resulting in practically no contacts with
curbs, poles, fences,or other obstacles. Use of the goggles therefore is considered to
improve safety while walking, since the risk of injuries or accidental falls caused by
hits is likely to be reduced. At the second visit, walking speed and hit score without
useof NVGs had not changed. However, with the use of NVGs, the general walking
speed improved further after just a few weeks of practice, indicating an additional
positive effect of training on mobility with NVGs.

At the start of the study, we did not know at which level of artificial streetlight
vision would be sufficient for night-blind people. Our test showed the street-
lighting levels at the shoppingstreet (between 10! and 10 lux) were strong enough
for “normal” mobility (no hits on obstacles and a normal walkingspeed). Also, our
results showed no benefit from NVGs in this particular condition, which is in line
with a recent evaluation study on NVGs by Bowers et al. (Bowers AR, et al. IOVS
2003,44:E- Abstract2772).

The indoor corridor was the darkest of the three test conditions, and the walking
speed there was extremely low. Because there was no improvement in walking
speed when the goggles were used, the low walking speed was probably mostly due
to the numerous artificial obstacles placed over the short distance. Binocular depth
perception is not possible with the Multi-Vision, since both eyes receive an image
from the same camera. This seemed to cause people to walk slowly in anticipation
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of reaching an object. This problem with distance estimation together with the
intensive scanning needed to detect the obstacles, randomly placed at head and
feet height, also is probably the reason that the hit score did not reach zero in
the indoor corridor as it did in the outdoor environment. Furthermore, its field of
view is rather small, which at the short distances existingunder indoor conditions,
limits the opportunities to anticipate obstacles along the route. We presume that
an overview is achieved easier on outdoor streets with larger distances. In other
words, the instrument is considered to be less effective under indoor conditions.

For the measurements in all conditions it should be noted the without NVGs route
always proceeded the with NVGs route, which may have biased our test results
in favor of the goggles. It would have been more correct if we had changed these
conditions. Yet, we believe a great consequence from a learning effect isimplausible,
becauseall performed test routes were differentand thus new to the participant. Also,
an initial walking route without scoring with NVGs was performed before starting
the first test, which is considered as the primary practice route. Furthermore, at the
second visit, walking speed and hit score without use of NVGs had not changed,
indicating no effect fromlearning.

The mainly positive subjective evaluations given by night-blind people after
several weeks of intensive use imply that the instrument is not only effective,
but is also appreciated in practical use. The questionnaires and journals also
revealed more independent travel during the dark evening hours. This does not,
however, mean that there is no room for improvement. The most pronounced
problem with the Multi-Vision involved experiences with light sources (e.g., car
headlights, lit shop windows), which wereperceived as unpleasant sparkling light
spots within an otherwise intact view. Another frequently reported difficulty was
the fact that no depth perception could be experienced using the instrument.
Participants reported that they became accustomed to the two-dimensional view
in many situations after severalweeks of practice, but that this definitely did not
apply to situations in which they had to estimate the distance to approaching
cars. Some subjects also mentioned difficulties with the restricted visual field.
Although these individuals already had constricted fields due to their disease,
with use of NVGs, the perceived view can be increased only by head movement.
Without the goggles, eye movements could accomplish this increase easier and
faster. During mobility training, the participants were trained to enlarge their
visual field by scanning the environment with systematic movements of the head.
Experiences and the successful application of this scanning method, however,
differed between the subjects. To increase comfort and facilitate utilization, future
improvementsto NVGs should include development of a better automatic light-
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adapting system, the implementation of binocular vision, and the enlargement of
the visual field.

Our study was designed primarily to indicate the potential effectiveness of NVGs.
As we were restricted by the number of devices available and the limited period
with dark evenings in the winter season, we could include only 20 participants.
We selected participants with constricted central visual fields, because the study
by Rohrschneider et al® showed a better outcome within this group. We cannot,
therefore, make any statements regarding the potential benefits for night-blind
people with normal visual fields (e.g., those with congenital stationary night
blindness) or for people with impaired central visual fields.

This study found no relationship between the results (objectiveand subjective) and
visual acuity, visual field, sex, or age. The only relationship found was that subjects
with more impaired light-sensitivities had more hits while walking unaided
and, therefore, showed a larger reduction in the number of hits plus a higher
increase in walking speed when using the goggles. The subjective improvement in
independent mobility, however, did not differ between people with different levels
of impairment.

Other available night-vision aids are the white cane and the wide-beam flashlight.®
A comparison between NVGs and these instruments can be interesting and might
be a subject for future research. From our study results, we consider NVGs as an
alternativevision aid that has also been proven effective.

In our opinion, a potential NVGs candidate is a night-blind subject who declares
him- or herself unable to move safely and independently under dark conditions.
These individuals should be given the opportunity to practice using the instrument
for2 to 3 weeks to assess individual benefit.

In conclusion, at dark, outdoor conditions in which night-blind subjects have
been shown to have considerable mobility problems, the NVGs seemed to improve
mobility by decreasing hitting of obstacles and increasing walking speed. Use of
the goggles increased independent nighttime activities in our subjects and was
generally positively evaluated for everyday outdoor use. In very well-lit outdoor
environments as exists in shopping streets, luminance is sufficient for normal
mobility, and NVGs were of no additional value. The instrument may be less
effective in indoor environmentsin terms of gain in walking speed, though it
decreased the number of hits on obstacles considerably.
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Abstract

Purpose
To evaluate the usefulness of night-vision goggles (NVG) for night-blind subjects
after 1 and 2 years of use.

Methods

Eleven night-blind subjects with retinitis pigmentosa used NVG for a 2-year
period. At the end of each year, they were requested to fill-in two questionnaires
regarding their use of the instrument.

Results

At both the 1- and 2-year evaluations, the subjects reported fewer problems with
mobility in the dark when they used the goggles. At the 2-year evaluation, two
individuals stated that they had stopped using the instrument, while seven used
it at least twice a week. The nine subjects still using the instrument after 2 years
reported an increase in their sense of independence and an increase in their
potential for activities. The instrument was used most often during the dark winter
season and for purposes such as visiting friends and family, travelling to work or
sports, attending meetings and strolling.

Conclusion

At the 2-year follow-up, NVG were still being used by most of the night-blind
subjects. Moreover, the device had a positive effect on the subjects’ experienced
opportunities and sense of independence. The instrument was considered useful
in the daily lives of our subjects.
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Introduction

Night blindness is one of the major symptoms of a number of inherited retinal
disorders. Night blindness may be present as part of a progressive degenerative
retinal process like retinitis pigmentosa (RP) or can also present as a stationary
congenital disorder (e.g. congenital stationary night blindness). Night-blind
subjects experience seriously impaired orientation and mobility under reduced
lighting conditions (Black et al., 1997; Geruschat et al., 1998; Kuyk et al., 1998).
The results of our previous study (Hartong et al., 2004) also support these findings
as we found that 20 RP subjects regularly bumped into obstacles and also had very
slow walking speeds along dark outdoor residential test routes. These individuals
indicated in a questionnaire that they almost never went out alone when it was
dark.

As night blindness often starts at a very young age, the disorder can be a limiting
factor in the lives of these individuals. Except in the case of RP where Vitamin A
therapy and omega-3-rich fish diets have been reported to slow the progression of
RP (Berson et al,, 1993, 2004), no treatments are available to cure these diseases.
Physicians and rehabilitation specialists should, however, be able to suggest useful
visual aid options. Unfortunately, thereis verylittleliteratureavailableto date on aids
for night blindness which may be useful in everyday life. Morrissette et al. (1983)
compared mobility performance of night-blind subjects on outdoor test routes
using either no vision aid, a wide-field lantern or a monocular light-enhancement
device. Improvement in mobility (less bumps with obstacles and a higher walking
speed) was shown with the use of the wide-field lantern but not with the use of
the monocular light-enhancement device. Friedburg et al. (1999) found a benefit
from night-vision spectacles in both contrast and motion perception for night-
blind subjects in an indoor test setting. Rohrschneider et al. (2000) and Spandau
etal. (2002) tested an early version of binocular night-vision goggles (NVG) for
night-blind patients on an outdoor test route. The mobility trainer observed an
improved mobility and orientation in 61% of the patients. Most of these subjects
also subjectively experienced a beneficial effect from this device while walking the
route. The findings of these studies, however, were based on just a single use of the
instruments, and it is unclear whether or not similar results would be found with
long-term use.

Night-vision goggles are used as a head-mounted instrument. This electronic device
has a built-in camera that records an image of the surrounding environment. The
image is light-enhanced and presented in real-time to the user on two black-and-
white displays located in front of the eyes. In our previous study (Hartong et al.,
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2004), we tested the use of a new NVG by night-blind RP patients on dark indoor
and outdoor (residential area and well-lit shopping area) walking routes. Mobility
performance was compared on routes with and without the use of NVG. Results
indicated an improvement in the mobility performance for all subjects on the dark
outdoor residential test routes. This finding was confirmed by a more recent study
by Bowers et al. (2004), in which NVG were compared with a prototype Minified
Augmented-View device.

To adequately evaluate the usefulness of a vision aid, it is also necessary to assess
performance with the aid over an extended period of time. At the conclusion of our
previous study (Hartong et al,, 2004), 11 of the RP participants bought NVG. We
contacted them after 1 and 2 years of use and compiled data on their experiences
by means of questionnaires. This paper is the first evaluation of the long-term use
of NVG by night-blind subjects.

Methods

Eleven (10 males and 1 female) of the 20 (16 males and 4 females) night-blind
subjects with RP from the Hartong et al. (2004) study bought NVG (‘Multi-Vision}
Trivisio, Taegerwilen, Switzerland) at the end of the study period. The subjects
agreed to be contacted again for additional questionnaires regarding their use of
the instrument. After 1 and 2 years (during the winter on both occasions), the
subjects received two questionnaires which they were requested to fill-in and
return with the use of an enclosed return envelope. If a response was delayed,
the subject was called and encouraged to complete and return the questionnaires.
Although all 11 subjects completed the questionnaires after the first year, 2 of them
had stopped using the instrument during the second year and therefore did not
fill-in the second set of questionnaires. Age, gender, visual acuity, visual field and
dark-adapted thresholds of the individual subjects are given in Table 1. Visual fields
were concentrically constricted in all patients because of their disease. Patients had
been selected on this item in the initial study, so that they would not experience
an (severe) additional field loss because of the constricted visual field (30°) of the
NVG. Written informed consent was obtained from each individual before the
study, and the Institutional Review Board of the University Hospital of Groningen
approved the study protocol. The study was consistent with the principles outlined
in the Declaration of Helsinki.
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Table 1. Characteristics of the 11 night-blind subjects with retinitis pigmentosa.

. . ) . .  FElevationof Visual Field VU@
Visual Acuity Visual Acuity Visual Acuity Dark Adapted  Diameter Field
Subject Sex Age Diagnosis [Metric(Feet)] [Metric (Feet)]  [Metric (Feet)] Threshol dp[lo [degree] Diameter
0D 0s ou S g [degree)
units] oD
0s
1 M 34 RP 0.67 (20/30) 0.67 (20/30) 0.8(20/25) 3.1 40 30
2 M 47 RP 0.5(20/40) 0.13 (20/150) 0.5 (20/40) 42 22 30
3 M 5 RP 0.4 (20/50) 0.16 (20/125) 0.4 (20/50) 1.8 20 20
4 M 31 RP 0.25 (20/80) 0.29 (20/70) 0.29 (20/70) 33 38 30
5 M 339 RP 0.59 (20/34) 35 8 10
6 F 56 RP 0.08 (20/250) 0.12(20/170) 0.14 (20/140) 25 23 24
7 M 51 RP 0.56 (20/36) 0.059 (20/34) 0.8 (20/25) 19 19 15
8 M 61 RP 0.08 (20/250) 0.15(20/130) 0.15(20/130) 5.0 16 16
B M 50 RP 0.09(20/220) 0.06 (20/330) 0.09 (20/220) 5.0 n
10 M 31 RP 0.4 (20/50) 0.05 (20/400) 0.5 (20/40) 34 3 37
1" M 25 RP 0.5 (20/40) 05 (20/40) 05 (20/40) 23 19 15

The first questionnaire (questionnaire I-3, at 1 year and I-4, at 2 years) measured
the perceived visual ability for independent mobility in persons with RP (Turano
etal, 1999). It was the same questionnaire that the participants filled-in during
the Hartong et al. (2004) study before they started using NVG (I-1) and again after
using them for 6 weeks (I-2). It consisted of 22 questions about ‘specific problems
with mobility} ‘bumping into obstacles’ and ‘independent activities. The frequency
with which specific problems were experienced by the participants was scored on
a 5-point Likert scale: 1 — never; 2 — sometimes; 3 - regularly; 4 - often; and 5 -
always. Median answers on the questionnaires I-1, I-2, I-3 and I-4 were compared
by means of a descriptive evaluation, and significance was tested using a Wilcoxon
signed rank test.

The first part of the second questionnaire (questionnaire II) consisted of eight
multiple-choice questions on satisfaction and independence with the use of NVG.
The specific questions with answer possibilities, and the individual responses are
listed in Table 2. The remaining questions consisted of a 5-point Likert scale: 1 -
never; 2 - sometimes; 3 - regularly; 4 - often; and 5 - always, and considered the
use (period, frequency and purpose), and limitations of the goggles which had
been identified in our previous study: lack of depth perception, restricted visual
field, image disturbances, incorrect fitting of the frame and glaring of light sources.
Evaluation consisted of a description of the median responses from 11 completed
questionnaires at year 1 and 9 completed questionnaires at year 2.
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Table 2. Multiple-choice questions of the second questionnaire (Il) with answers of 11 subjects at the first year
(black squares W) and 9 subjects atthesecondyear (open circles O) (subjects 3 and 5 had discontinued the
use of night-vision goggles (NVG) by the second year)

Subject 1 2 3 4 5 6 7 8 9 0 N
Are you satisfied with Very a a olIN INNellN NE | off B |
your purchase of NVG? Reasonably ] ololoo O
No opinion
No
Areyou satisfied with the | Very H n DWW, 010 @]
use of NVG? Reasonably O|lO|m ol N o] 0]
No opinion
No
My opportunitues to Much increased a a a [ ] a O
perform activities since Partly increased @] [ ] [ ] ojoj o [ ]
the use of NVG are
No change
Decreased
My sense of Much increased ona a o [ HieRime!
independence since the Partly increased [ ] [ ] [ ] ojoj|o
use of NVG is
No change ]
Decreased
I go outin the darkmore | Completely agree Og Q0 a o O
often since the use of Mainly agree ] [ 'BE BEBRE BEEN |
LS No change [ | O O
Mainly disagree [ |
Completely disagree
| go outin the dark alone | Completely agree ollla @) E O = @)
more often since the use Mainly agree ] " B O o'gl!mw, O
LS No change | ] |
Mainly disagree
Completely disagree
Do you use the NVG in Only familiar [ |
a familiar or unfamiliar Mostly familiar
environment? v - a a gjo|ej|jao|OojaO
sometimes unfamiliar
Equally familiar/ o)
unfamiliar
Mostly infamiliar,
sometimes familiar
Always unfamiliar
How often do you use Daily a a | m O
the NVG? 2-4times a week O RO [ ]} e g o
About once a week | ] H B
Less than once a week [ | CzrO [ ]
Never
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Results

Mobility

In our previous study (Hartong et al., 2004), questionnaires I-1 and I-2 showed that
our subjects experienced fewer problems with mobility in the dark, with changes
in light circumstances, and with bumping into obstacles after a 6-week use of NVG
compared with the period without the goggles. These individuals also indicated
that they participated in independent activities more often since they started using
the goggles. This study, after 1 and 2 years of use of the goggles (questionnaires I-3
and I-4), again showed a statistically significant decrease of their reported mobility
problems compared with the period without the use of NVG, with p values <0.01
for all individuals. Figure 1 indicates the median of reported mobility problems by
the nine subjects who still used the device after 2 years. The use of NVG resulted
in a three-level improvement in ‘going out with guidance. A two-level mobility
improvement is reported for ‘walking in familiar areas, ‘moving about in crowded
areas;, ‘detecting descending stairwells; ‘stepping onto/off curbs, ‘light changes
from indoor to streetlights’ and ‘bumping into waist-height and knee-height
objects’ Furthermore, a one-level improvement is seen with ‘detecting stairwells
and steps; ‘walking through doorways, ‘seeing cars at intersections’ and ‘bumping
into people, walls or head-height objects’ The goggles did not change having
problems with ‘walking down steps;, ‘the awareness of another persons presence’
and the ‘bumping into shoulder-height objects’ These items were, however, only
‘sometimes’ experienced as a problem. Subjects did ‘regularly’ report having
problems with ‘moving about in crowded areas’ and with high-glare sources (e.g.
headlights from cars, streetlights) when using NVG.
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always often reqularly sonl\etimes never
Problems with  Walking in familiar areas !

T RS TN,

1
L
s

Moving about in crowded areas

Detecting ascending stairwells B —

Detecting descending stairwells FEre———e

Walking up steps

Walking down steps e T

Stepping onto curbs

Stepping off curbs

Walking through doorways

Walking in high glare areas

Lighting changes indoor to streetlights ]

Lighting changes Streetlights to indoor

Being aware of another person's presence

Seeing cars at intersections - e ———

Occurenced bumping into  People : ==

Walls

Head-height objects

Shoulder-height objects

Waist-height objects

T

Kneeheight objects

Low-lying objects

Going out with guidance

Figure 1. Median of answers to questionnaires regarding night-time mobility before using night-vision goggles
(black bars), after 1 year (light grey bars) and 2 years (bars with diagonal stripes) of use for nine subjects who
still used the device.

Use of night-vision goggles (period, frequency and purpose)

Night-vision goggles were used ‘sometimes’ in the spring and summer, ‘regularly’
in the autumn and ‘often’ in the winter (Figure 2). In the spring of the first year, the
responses of only nine subjects are shown as two had not purchased the device at
that time. In the winter period at 1-year follow-up, 4 (36%) of the 11 participants
used the instrument daily, 2 participants used the instrument (18%) 2-4 times a
week, 3 (27%) about once a week and 2 (18%) less than once a week. In the winter
period at 2-year follow-up, 2 of the initial 11 subjects had stopped using the device
altogether. Of the remaining nine subjects who responded on the questionnaires,
two (22%) used the instrument daily, five (56%) 2-4 times a week and two (22%)
less than once a week. Night-vision goggles were ‘mostly’ employed in ‘familiar’
environments and ‘sometimes’ in ‘unfamiliar surroundings’ by 71% (9 of 11) at year
1 and 78% (7 of 9) at year 2. Moreover, they were used for the following purposes:
walks ‘regularly’ to ‘always’ by 9 of 11 (82%) at year 1, 6 of 9 (67%) at year 2, visit to
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friends/family ‘regularly’ to ‘always’ by 5 of 11 (45%) at year 1, 4 of 9 (44%) at year
2, travel to work ‘regularly’ to ‘always’ by 5 of 11 (45%) at year 1, 5 of 9 (56%) at year
2, attending meetings ‘regularly’ to ‘always’ by 4 of 11 (36%) at year 1, 4 of 9 (44%)
at year 2 and to a lesser extent for sports activities ‘regularly’ to ‘often’ by 3 of 11
(27%) at year 1, 2 of 9 (22%) at year 2. The reported reason that one of the subjects
had stopped using the goggles was his move to a better-lit environment where he
felt no need for the device. The other subject reported undergoing cataract surgery
after which he saw more clearly, and he could then manage with just his torch.

Always

Often —*—**

Regularly

Sometimes -

Never

Spring Summer Autumn Winter

Median frequency of NVG use at first year (& Median frequency of NVG use at second year

Figure 2. Individual responses (filled circles) and the median of the reported frequency of night-vision goggles
use during each season at the 1- and 2-year follow-up.

Independence and experienced opportunities using night-vision goggles

Most of the individuals reported an increase in their independence at both the 1-
and 2-year follow-up: 10 (91%) subjects at 1 year and the 9 (100%) who still used
the instrument at 2 years. This variable was scored as ‘much more independent’ by
6 of 11 (55%) individuals at 1 year and by 6 of 9 (67%) at 2 years. It was scored as
‘somewhat more independent’ by four (36%) individuals at 1 year and three (33%)
at 2 years (two had stopped). At both the 1- and 2-year evaluations, nine (82%
at year 1, and 100% of responders at year 2) subjects reported that they went out
alone in the dark more often since they started using NVG. At both 1 and 2 years,
nine (82% at year 1, and 100% of responders at year 2) individuals also noted an
increase in their opportunities for participation in activities: seven (64%) at year 1
and four (45%) at year 2 scored this as ‘many more opportunities’ and four (36%)
at year 1 and five (56%) at year 2 as ‘somewhat more opportunities. For individual
responses see Table 2.
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Satisfaction with purchase/use of night-vision goggles

At both the 1- and 2-year evaluations, all (100%) subjects reported being satisfied
with their ‘purchase’ of the instrument. Nine (82%) of the individuals at 1 year and
five of nine responders (56%) at 2 years scored this item as ‘extremely satisfied.
The remaining subjects two (18%) at 1 year and four (45%) at 2 years scored it
as ‘reasonably satisfied. All subjects (100%) at 1 year and all who still used the
instrument (100%) at 2 years indicated being satisfied with the ‘use’ of the goggles.
Seven of 11 (64%) individuals at 1 year and 5 of 9 (56%) at 2 years scored this item
as ‘extremely satisfied’, while 4 of 11 (36%) at 1 year and 4 of 9 (44%) at 2 years
scored it as ‘reasonably satisfied’ For individual responses see Table 2.

Limitations of night-vision goggles

At both the 1- and 2-year evaluations, median answers of the subjects with only
small variation indicated that they ‘sometimes’ experienced limitations from
the lack of depth perception at distance and nearby, a restricted field of view,
screen disturbances and discomfort caused by an inappropriate fit of the NVG.
Problems with light sources such as car headlights, varied widely between subjects
from ‘never’ having problems to ‘sometimes, ‘regularly’ ‘often’ or ‘always’ having
problems.

Discussion

Night-blind subjects lack visual orientation in the dark and, if they go out, they
regularly bump into objects on the streets. In practice, they do not go out alone
when it is dark and are thuslimited in their (independent) daily activities. Travelling
to and from work or school in winter, attending an evening meeting or even taking
a short walk for relaxation is challenging without the guidance of another person
or an appropriate vision aid. In addition, an evening visit to a friend or family
member in the neighbourhood cannot easily be performed spontaneously. In our
previous paper (Hartong et al., 2004), we reported that a new version of the NVG
clearly improved the mobility of night-blind subjects on dark outdoor residential
test routes. In order to determine the effect of such a device on the daily life of
night-blind subjects, we performed a 1- and 2-year evaluation of the practical use
of the instrument using questionnaires.

Our results show that, after 2 years, two individuals had stopped using the
instrument and two others used the goggles less than once a week. In contrast, the
remaining seven subjects (64% of the initial group) used the instrument at least
twice a week. This suggests that NVG can be integrated into the daily lives of night-
blind subjects. The goggles were mainly used in the autumn and winter seasons,
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which can be attributed to the presence of more hours of darkness per day (in the
Netherlands, the sun does not set until 10:00 or 11:00 pm in the summer period,
but in the winter period it begins to get dark at 4:00 to 4:30 pm).

The devices were ‘regularly’ to ‘always’ used to travel to and from work by five
subjects at both 1 (45%) and 2 years (56%). Although the frequency differed
between subjects and depended on the availability of a job, its location, and working
hours (not all of the subjects had a regular job at the time of the study), the results,
nonetheless, indicate that the use of NVG can decrease the limitations linked with
a home-work commute. The same applies to attending evening meetings.

The nine subjects who still used the NVG at the 2-year follow-up indicated that
they now often go out at night without guidance. In contrast, they ‘always’ went out
in the dark with guidance before they had the device (see also Figure 1). The most
important is that they feel more independent and that they have experienced an
increase in their opportunities since using the goggles.

Although generally comparable, some small shifts in the individual evaluations
can be seen between 1- and 2-year use of the NVG. Some showed a change from
being ‘extremely satisfied” with the purchase and use of the goggles to ‘reasonably
satisfied’ Yet, these same subjects did often report an increased shift in both
independent activities and their sense of independence. At the 1-year evaluation, it
was the first winter season in which the subjectsused the instrument independently
without study purpose. Perhaps the initial excitement has partly contributed
to their extremely satisfied reports. A small decrease in frequency of use of the
goggles is observed at year 2. An exact reason for this is not clear, but it might be
that the subjects became more selective in the purposes for which they used the
instrument. In half of the cases where the instrument was only used ‘sometimes’
for several purposes at the first year, it was not used for that purpose at the second
year.

There are some limitations with regard to the use of NVG. Figure 1, for example,
shows that, at both the 1- and 2-year evaluations, our subjects still regularly
experienced problems with blinding light (e.g. car headlights, streetlights). This
blinding might happen as a consequence of the strong amplification of the video
camera signal causing local overexposure and blooming of the image presented
on the two monitor displays. It will be an improvement if overexposure around
a high luminance source can be avoided by future developments of the NVG.
Our previous study (Hartong et al., 2004) showed that the mobility of night-blind
subjects was normal in a shopping area with a high-illumination level and that
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there wasno need for a vision aid there. The instrument, therefore, should probably
(temporarily) not be used in areas with many high-glare light sources. Our subjects
also ‘regularly’ experienced problems while walking in crowded areas. However,
this is a clear improvement to the situation without the use of NVG, when subjects
‘always” had trouble in crowded areas. Other limitations, such as the lack of depth
perception, image disturbances and inconvenience caused by a non-perfect fit of
the goggles, were only ‘sometimes’ experienced as a problem.

This study did not compare NVG with previously known night-vision aids such as
the wide-beam lantern or the cane. The three instruments are completely different
kinds of vision aids, differing in costs, user options and, possibly in effect. A
comparison between the three with the use of a long-term subjective evaluation
would be interesting.

It should be noted that as our research group (11 subjects) was rather small, a
selection bias might be present. Moreover, all of our subjects were committed
to participating in the research and in buying NVG. They were, therefore, very
well motivated to obtain a vision aid for their problems. This motivation may
have led to a positive bias in results. It also indicates the great need of night-blind
subjects for a vision aid. Although the majority of our subjects were extremely
positive about the device, a few were only moderately positive; in addition two
had now stopped using it. Their reasons were indicated as a movement to a better-
lit environment and a cataract surgery. Both these subjects had reported a partly
increased independence at the first year (see Table 2). However, they also indicated
that they did not go out more often since using the goggles. It might, therefore,
be that these subjects had no strong reasons to stick with their use of the device
anyway. They did, however, declare being satisfied with their purchase of the
device as they think they will need the goggles when their situation changes. Our
previous study also noted three subjects who disliked using the device. This was
not related to parameters such as visual acuity, visual field or age, but was probably
more dependent on personal preferences. It should, however, be recalled that the
visual fields of all of our subjects were all already severely constricted because of
their disease. We therefore cannot make any statements on subjective evaluation
by those who have larger visual fields.

This report on NVG should be brought to the attention of night-blind individuals. It
shows that the goggles were evaluated positively and that they enhanced the quality
of daily life of most of our night-blind participants. Night-blind subjects who feel a
need for a vision aid should, therefore, be given the opportunity to test NVG.
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In summary, the results indicate that NVG were still being used regularly by most
of our night-blind subjects after 2 years. Moreover, the goggles had a positive
effect on the subjects’ experienced opportunities and sense of independence. The
instrument was considered a useful tool in the daily lives of most of our subjects.
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Introduction

Alterations in our coded Deoxyribonucleic acid (DNA) may cause clinical
problems from birth or may induce functional deficiencies in later years. So far, 141
genes and another 47 mapped loci have been associated with clinically detectable
retinal disease (www.retnet.com). The majority of patients with inherited retinal
diseases belong to the group of retinitis pigmentosa (RP): 55 of the identified
genes have been associated with this disorder (including Usher and Bardet-
Biedl syndromes). The identification of causative gene defects has contributed
to a rapidly increasing knowledge of retinal function, but simultaneously
raises many questions as to the complex pathophysiologic mechanisms.

Retinitis pigmentosa is extensively described in chapter 1. Briefly, the classical
presentation consists of night-blindness usually starting around age 20, and
progressive constriction of the visual fields. Although some patients retain
some central visual acuity throughout life, the small remaining tunnel of
vision is severely disabling and subjects are considered legally blind. For such
a disabling disease, the main goal for the clinician is to provide an appropriate
treatment. It is however disappointing to acknowledge that no curative
treatment, at least for this whole group of disorders, has been achieved up to
today. Yet, progress is being made for the treatment of selected mutations and
for slowing down the disease process in a broader set of cases. The problems
arising with respect to the search for accurate treatment and results obtained
from animal and clinical studies will be addressed to in this discussion.

One of the main problems towards finding a treatment in RP considers the
enormous diversity of causative gene defects, which is outlined in figure 4 and
table 1 of chapter 1. Recently some progress is being made with respect to
the identification of new genes that contribute to the development of RP, and
include: Nuclear Receptor subfamily 2, groep E, member 3 (NR2E3)"?, Retinol
dehydrogenase 12 (RDHI12)? Topoisomerase 1-binding argininge/sering-rich
protein (TOPORS)* for autosomal dominant RP, Homolog of drosphila Eyes Shut)
(EYS)*>7, Isocitrate dehydrogenase 3, beta subunit (IDH3B) (chapter 2, this thesis),
and Progressive rod-cone degeneration (PRCD)? for autosomal recessive RP.
Prominin 1 (PROM1) has also been associated with recessive RP, but seems to be
accompanied by macular degeneration®. An updated figure of contributing genes
is shown in box 1 in the diagram of this chapter. The total of 55 causative genes
identified so far are expected to represent only about 60-70% of the total genes
responsible for the total group of RP. With exception of the Usher 2A (USH2A),
rhodopsin (RHO), and Retinitis Pigmentosa GTPase regulator (RPGR) genes,

134



DISCUSSION

which each account for about 10% of total RP cases, the majority of genes each
cause only a few percent of cases (see also box 1, diagram). Another exception
may be a recently discovered novel RP gene, the EYS-gene, which corresponds
to the RP25 locus®®. It involves the largest eye-specific gene known so far, and
may potentially account for a relatively high percentage of RP-patients. When
looking at the gene functions outlined in table 1, chapter 1, it is seen that the
known genes are involved in different structural, functional and signalling retinal
pathways, or may even consider defects in genes with non-retinal-specific general
body functions. The latter of which our study in chapter 2 is an example: loss-of-
function mutations in the citric acid cycle enzyme ‘isocitrate dehydrogenase’ are
associated with nonsyndromic recessive RP.

Interventional therapies may be focussed on different levels in the development
of RP, ranging from the initial gene defect, the subsequent intermediate pathways
that trigger photoreceptor rod cell death, factors that stimulate cell survival, or
factors that cause the secondary loss of cone photoreceptors. The diagram added
to this chapter may be used as a guide to read this chapter.

Gene therapy (box 2, diagram)

Theultimate cure would be areplacement of the defective gene before the secondary
destructive effects take place. As is also explained in the future section of chapter
1, the best experience with respect to gene therapy is achieved with the autosomal
recessive gene, Retinal Pigment Epithelium specifice protein, 65KD (RPE65), that
causes a retinal degeneration that is related to retinitis pigmentosa but causes a
more severe vision loss from early life, and is termed Lebers congenital amaurosis
10, Recently, phase I clinical trials using subretinal adeno-associated virus (AAV)
injections, have been performed and reported no surgical complications and
no immunological problems'" 2. The studies were too preliminary to draw any
definite conclusions about the changes in visual function, but one person in both
studies showed improved navigation. Further studies with more patients are
needed to determine the actual effect on visual function and patient safety. The
possible by-effect of non-gene related factors such as neurotrophic factors needs
to be established, as do the optimal dose, and appropriate interventional time
frame.

Although the therapy seems promising, even when it appears to become a well-
tolerated effective intervention in the case of RPE65, the method cannot simply be
transferred to all other gene defects. First of all, thereneeds to be aloss-of-function
mutation as is often the case in recessive mutations, for which the introduction of
ahealthy gene could solve the original problem. In any other case, such as for most
dominant mutations where an altered encoded protein influences downstream
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pathways, or produces toxic by-products, the insertion of a healthy gene will not
or only partially stop the mechanism that ultimately leads to the photoreceptor cell
death. This problem may be solved by the simultaneous introduction of a gene-
silencing product as ribozymes '* " or ribonucleic acid interference (RNAj)' 6
that prevents the production of the misformed protein and thus prevents the
altered molecule from practising its detrimental secondary effects. Mutation
specific gene silencing will only block the production of the mutated gene product
and will allow normal translation of the wild type allele. The 50% production of
normal protein may be sufficient for (sub) normal function and may therefore
prevent the need of simultaneous gene replacement'’. A novel strategy for splice
site mutations involves the introduction of adapted U1 small nuclear RNA (U1
snRNA) which should correct misspliced mutations'®. However, as in the case of
the autosomal dominant Rhodopsin gene (RHO), where over a hundred different
RP-causing mutations have been described (RetNet Database), a mutation
dependent strategy is not very efficient and a mutation independent strategy may
be preferred. With this strategy both the mutated and the wild type gene will be
blocked. In this case, a replacement gene should be introduced and designed in a
way so that it is resistant to the silencing product. A potentially broader applicable
method is antisense oligonucleotide exon skipping of one or more exons that may
contain numerous mutations. The method aims to result in an abberant protein in
stead of a truncated protein that is otherwise formed through the formation of a
premature stop codon. In the case of Duchenne’s muscular dystrophy, the targeted
skipping of exon 51 led to dystrophin synthesis in four patients'®. The rescuing
effect will however be dependent on the protein and the specific function of the
skipped nucleotides, and may not be applicable to many of the (smaller) genes
implicated in retinitis pigmentosa.

In general, the eye seems a suitable organ for targeted gene therapy since viruses
can be injected locally under direct visualisation and they efficiently transfer
to the target tissue. Furthermore, the blood-retina barrier prevents widespread
dissemination of the virus injected. The effectiveness can be determined with
visual function tests*. However, extensive animal studies will be needed to address
all issues that are faced by the specific gene therapy. In the end, if a method seems
potentially successful and safe in animal studies, the method should be tested in
humans. Clinical trials with sufficient volunteers will be needed to determine the
safety and effectiveness of the gene transfer, which in the case of rare mutations
may not be easy. Another difficulty will be the determination of the appropriate
interventional time window. In the case of Leber congenital amaurosis, the
photoreceptor layer is relatively well preserved for a considerable period after
the visual function has almost been lost. In contrary, in the case of typical RP,
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many or most patients will remain some visual function throughout their whole
life. The timeframe where sufficient healthy photoreceptors are available for an
appropriate intervention may be in a period with still relatively well preserved
visual function, and may make the decision to participate in a human clinical
trial difficult.

It should be clear that all the time, effort and costs may not be worthwhile for the
majority of RPgenesthat only causeafew cases. The exception withrespectto patient
numbers may be the recessive USH2A and RPGR genes, as well as the dominant
RHOgene,and possibly the newly discovered EYS gene, whicheachaffectabout 10%
of the total RP population. With rhodopsin-linked mice models some functional
results have been obtained using the suppression-replacement technique'® 'and
may thus form a potential option. If gene therapy appears to become a safe and
efficient method, the application may be transferred to a more general mutation-
independent approach, where genes could be introduced that for example promote
cell survival and could thus be used for an extended number of RP patients.

Another interesting direction with respect to intervention on the genetic level
involves the pharmacological intervention in premature termination codon
mutations. Aminoglycosides seem to induce ribozymes to read-through a
premature stop codon, so that a full-length protein will be formed. Experiments
have indicated that aminoglycosides may provide in an (temporary) increased
level of full-length proteins with photoreceptor rescue effect on some, but not on
other animal or human cell line models * 2. Caution is warranted with respect
to the toxic systemic side effects of these antibiotics. A non-aminoglycoside drug
called PTC-124 (Ataluren), was developed to induce ribosomes to read through
premature stop codons, but not normal stop codons?*. The drug has been tested in
cystic fibrosis patients and seemed to improve the chloride transport function®.
Whether this drug could be used in the treatment of retinitis pigmentosa resulting
from premature termination codon mutations should be explored.

Retinal transplants and electrical stimulation (box 2, diagram)

Retinal transplants are also not dependent on the specific gene mutation and
are potentially able to restore visual function. Photoreceptor precursors seem
to be capable of developing into mature photoreceptor cells with integration in
the mouse host retina and possible improvement of visual function?® %, Further
experiments are focussed on the generation of photoreceptors from stem cells.
Another approach is to transplant retinal progenitor cells together with the retinal
pigment epithelium (RPE). A phase II clinical trial where retinal/RPE tissue
from aborted fetuses were transplanted in eyes of patients with RP or dry age-
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related macular degeneration (AMD) was completed: three out of ten RP patients,
and four out of four AMD patients showed modest improved visual acuity in
patients with 20/200 or less initial visual acuity?®. However, a lens extraction
with intraocular lens implant and surgical capsulotomy was also performed in
all transplant eyes, impeding the interpretation of results. Also, a potential bias
may have occurred since the subjects were not blinded to their treatment. Results
should thus be interpreted with caution. Subsequent studies with larger cohorts
will be needed to determine its effect and exclude the possibility of activation of
neurotrophic factors. It may be preferred to locate the transplants more under
the foveal area in order to aim for an improvement of visual acuity of more than
20/200. The technique may not be the first choice in patients with a relative
well preserved visual acuity. Yet, when these techniques would ever achieve its
functional application in humans, it could become an important tool, since it may
not only help RP-patients with all their different mutations, but also other retinal
degenerative diseases like age-related macular degeneration or Stargardt’s disease.

Electrical stimulation studies are currently being pursued. A lot of obstacles still
have to be overcome, see the review by Bertschinger”. These interventions will
however, when applicable, probably only be an option for end-stage disease.

Cell death pathways in retinitis pigmentosa (box 3 and 4, diagram)

In order to look for interventions that may help a more general group of RP
patients, it may be better to define common elements that influence the course of
pathways occurring in the total group of RP mutations.

The diagram in this chapter outlines (part of) the mechanisms known to contribute
to photoreceptor cell death with possible interventional strategies as presented in
the literature. Animal models with distinct RP-causing mechanisms were used to
obtain much of these data. Hereditary animal models that often have been used
include 1) the retinal degeneration (rd1) mouse ** which has a null mutation in
the cyclic guanosine monophosphate - phosphodiesterase (cGMP-PDE) gene *"*.
These mice lack the beta subunit of PDE which normally inactivates cGMP. The
resulting increased conductance through cGMP gated channels causes a massive
influx of sodium (Na+) and calcium (Ca2+) ions which causes a metabolic overload
and possibly direct toxicity from increased Ca2+ levels. 2) Retinal degeneration
slow (rds) mice * lack the RDS/peripherin gene, which encodes a structural
membrane bound glycoprotein expressed in both rods and cones. Heterozygous
mice partly fail to form photoreceptor outer segments and their nuclei undergo
apoptosis but in a later stage than the rd mice. 3) Royal college of surgeons (RCS)
rat >3 have a defect in the human homolog Mer tyrosine kinase protooncogene
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(MERTK) and causes impaired phagocytosis of the shed photoreceptor outer
segments. A non-hereditary inducible model that is often used is the light-induced
retinal degeneration model **. Two types oflight induced retinal degeneration exist:
one occurring in bright light where apoptosis occurs independent of transducin,
and is accompanied by activator protein 1 (AP-1), a transcription factor. Low light
induced retinal degeneration is transducin dependent and is likely the result of
excessive phototransduction signalling. More recently, many transgenic mouse
(and other animal) models that mimic the human mutations have been created®.
A longer accepted consensus between study groups that work on different animal
models is the fact that apoptosis (programmed cell death) is a shared final common
pathway 3. Yet, more recent studies point to the existence of other parallel final
pathways including autophagy and necrosis*® *'. Apoptotic mechanisms can be
defined as caspase-dependent (mostly caspase-3) and caspase-independent,
including those mediated by Apoptosis Induction Factor (AIF), Endonuclease
G (endo G), Poly- (ADP-ribose) polymerase 1 (PARP-1), Ubiquitin-proteasome
system, and lysosomal proteases®. It is also suggested that it may be the autophagy
pathway that initiates apoptosis and that therapeutic options should be aimed at
blocking autophagy*'.

Interference in cell death pathways: neuroprotection (box 4, diagram)

Neuroprotective factors, such as Basic Fibroblast Growth Factor (bFGF) and
Ciliary neurotrophic factor (CNTF) interfere with apoptotic pathways and
addition of these factors seem to promote cell survival. About a dozen of these
factors have been injected intravitreally, inserted trough encapsulated technology,
or were delivered through a viral transgene approach in the eyes of different
animal models with retinal degeneration and have been nicely reviewed by Wenzel
et al*2. Results have often pointed to significant photoreceptor layer preservation,
but many neurotrophic factors appear not to be effective in all models of retinal
degeneration®’. A phase I human clinical trial with encapsulated cell transfer of
CNTF has successfully been completed with no serious adverse effects®®. Also
with this factor, the therapy might not apply to all gene defects, as was indicated
with the Retinitis Pigmentosa GTPase Regulator (RPGR) dog where central and
mid-peripheral photoreceptor rescue could not be achieved and instead extensive
peripheral remodelling occurred*. Particularly interesting and in contradiction to
what was expected, one study found that the heterozygous knockout of the Brain-
derived neurotrophic factor (BDNF) gene in mice protected photoreceptors from
light-induced degeneration. This effect is likely induced by an adaptive response
including the observed upregulation of Glial cell derived neurotrophic factor
(GDNEF)*®. So, it seems that an autoregulation, probably within certain limits, will
provide a protective element, at least in the case of an otherwise healthy retina

139



DISCUSSION

that is only photochemically damaged. It will be difficult to predict the effect of
neurotrophic factors in diseased retina, since the initial gene defect may already
have induced an alternate sequel of events, or remodelling effect that may react
differently in the multiple gene defects. Early intervention may possibly circumvent
this problem. A phase II human clinical trial is currently being performed in
subjects with early and late stage disease using intraocular encapsulated cell
technology (ECT) implants (www.clinicaltrials.gov). Results of this clinical trial
are awaited. Recently, another potential neuroprotective agent ‘topical alpha2-
agonist’ (brimonidine) was evaluated in RP patients. The rationale of this study
was that the drug seems to protect ganglion cells and preserves electroretinogram
(ERG) b-wave amplitudes in experimental ischemia, and ameliorates light-induced
ischemia, possibly by up regulating neuronal survival factors such as BDNF and
bFGE. In this pilot study a trend for reduced visual field loss was observed for
the treated eye, compared to the fellow untreated eye, but without statistical
significance. The study population (n=26) was rather small and the follow-up
period (2-3 years) was rather short. Also, a possible effect on the contra-lateral eye
complicates the interpretation of the study®. Further studies with larger cohorts
and longer follow-up time are needed.

Another suggested interference in the cell death pathway considers the application
of minocycline which seems to inhibit caspase-3 activation and reduced photopic
injury in light-induced retinal degeneration in rats®.

Triggers of cell death pathways

Late triggers (box 5, diagram)

Studies have pointed to evidence of upregulation of oxidative stress genes* *,
an increase in glycosylation®, an increase in complement factors*, microglial
activation®, and calpains® all which seem to precede the final cell death pathway
signs. In bright light induced retinal degeneration, the transcription factor
AP-1 is upregulated®. Suppression of this factor and subsequent suppression of
photoreceptor degeneration in mice exposed to diffuse bright light is achieved
by subcutaneous dexamethasone injections®. Microglia are the primary cells in
the active immune defence of the central nervous system, and they upregulate
proinflammatory and neurotoxic factors, such as interleukin (IL)-1p and tumor
necrosis factor (TNF)-a. Nalaxone inhibits microglial activation and reduces
photoreceptor degeneration in light-exposed rats*.

A potential therapeutic endogenous antioxidant with effects on oxidative
stress genes, considers the precursor of neuroprotectin D1 (NPD1) % ¥

140



DISCUSSION

which is derived from docosahexaenoic acid (DHA) in the retinal pigment
epithelium. NPD1 seems to protect against oxidative stress induced apoptosis,
through counteracting with TNFa, upregulation of anti-apoptotic genes (Bcl-
2 (B-Cell/CLL lymphoma-2), Bcl-xL (Basal cell lymphoma extra-large)),
downregulation of proapoptotic (Bax (Bcl-2 associated X protein), Bad
(Bcl2 associated death promotor)) gene expression, inhibition of caspase-3
activation, and inhibition of stimulated cyclooxygenase-2 (COX2) expression.

A distinct apoptotic triggering mechanism occurs with autosomal dominant
rhodopsin mutations encoding misfolded rhodopsin that aggregates in the
endoplasmic reticulum. There is evidence of the initiation of the unfolded protein
response (UPR) with impairment of the ubiquitin proteasome system (UPS)®.
The response may be halted by addition of pharmacological chaperones that assist
correct folding of the protein®.

Early triggers (box 6, diagram)

Among the suggested early triggers of photoreceptor cell death, and thus potential
efficient targets to interfere with, are calcium overload, metabolic stress, the
formation of reactive oxygen species, and the formation of nitric oxide. At least
in several models (light-induced degeneration, some RHO mutations, cGMP-
PDE mutations), a massive calcium influx results from prolonged opening of
cGMP gated channels®. The application of the calcium channel blocker diltiazem
however did not rescue photoreceptor cell death in different retinal degeneration
animal models®%. Other studies suggest that nilvadipine rather than diltiazem
may slow retinal degeneration in rd mice, rds mice and RCS rats ¢, It is however
not clear whether this effect is obtained by molecular modulation of calcium levels
or whether this is caused by the observed changes in expression levels of genes that
influence survival of neuronal cells® .

Our discovery of mutations in the Kreb’s cycle enzyme isocitrate dehydrogenase
in RP patients, described in chapter 2, indicates that in some way perturbations in
this ‘oxygen consuming energy generating cycle’ will either directly (by producing
an insufficient amount of Adenosine triphosphate (ATP) for the highly active
photoreceptors) or indirectly (by producing toxic by-products like oxygen radicals
induced by the defective machinery of photoreceptor cell metabolism) affect the
viability of photoreceptors. Further studies should address this issue. For example,
the generation of a knockout mouse may give additional information. An important
question to explore may be why rod photoreceptors are affected primarily. It seems
that cones have a higher mitochondrial concentration and higher ATP-production
in comparison to rods®. So, what will then explain the increased vulnerability in
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rods? Whatarethedifferences in energy metabolism between rodsand cones? Since
metabolic stress also seems to be implicated in other models of RP, exploring these
questions may give us a better insight for different RP mutations. One possibility is
suggested by the work of Johnson et al., where it is described that mitochondria and
calcium channels interact to regulate ATP production and calcium homeostasis
at their synaptic terminals. It seems that the cellular components are distributed
differently between rod and cone inner segments. For example rods have one
large ovoid mitochondrion near its active synaptic terminal, while cones have on
average 5 smaller mitochondria clustered away from the synaptic terminal It is
suggested that such structural differences may make the rod more susceptible to
calcium overload®. Another subject of interest is the likely reduced production
of alpha-ketoglutarate, since this is a product of isocitrate dehydrogenase activity.
Alpha-ketoglutarate is involved in glutamate metabolism, the neurotransmitter
in photoreceptors, and may therefore also be involved in the development of RP.
Furthermore, may other Krebs cycle enzymes be involved in RP as well and these
should be explored further.

The involvement of reactive oxygen species among the early triggers of apoptosis in
neuro-degeneration was suggested by Carmody et al® °. Reactive oxygen species
(ROS) are the product of normal oxygen metabolism, but in the presence of
environmental stress, the ROS may accumulate in a condition known as oxidative
stress, and the increased ROS may damage the cell and its DNA and proteins.
Oxidative DNA damage in rods also seemed to be present in the rd1 mouse model
of retinitis pigmentosa®, and the same group demonstrated a slowing of the
degeneration using a combination of antioxidants (lutein, zeaxanthin, alpha lipoic
acid (ALA), reduced L-glutathione (GSH)), while individual antioxidants showed
no significant effect®. A common element that seems to fit several animal models,
and which may (in part) explain the occurrence of oxidative stress, is the increase
in choroidal oxygen tension. Hyperoxia may in theory result from 1) shortening of
the photoreceptor outer segments, with resulting decreased oxygen consumption
and simultaneously closer proximity of the photoreceptor cell bodies to the oxygen-
rich choroid. 2) the reduced oxygen need after massive photoreceptor cell death
for which the retinal vascular autoregulation component (constriction of retinal
arteries) is insufficient.

Some groups speculate that photoreceptor cell death results from hyperoxia in
RP. The hyperoxic state of the outer nuclear layer was confirmed by Yu et al in
the RCS rat and in the P23H rat”. However, a group from Spain hypothesized
the opposite’. This group suggested that since photoreceptors use large amounts
of energy, perhaps a better retinal metabolic efficiency might be achieved when
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hyperbaric oxygen therapy is supplied to the patient. Results from their clinical
trial where patients with hyperbaric oxygen therapy were compared to controls
suggest a better preserved visual acuity, visual field en ERG-response. A major
drawback of this study is that the tests could not be blinded, and that the objective
ERG-response may be a functional response to the hyperbaric oxygen. Results
should thus be interpreted with caution.

A clinical trial of antioxidant therapy in 34 adult patients with RP was performed by
dietary supplementation of the macular carotenoid pigment lutein. The trial was a
double-masked randomized placebo-controlled trial with a cross-over design (2 x
24 weeks). The results suggest an improvement of visual field and possibly a reduced
decline in visual acuity and contrast sensitivity with lutein supplementation.
Further studies should confirm these results since the study group was rather small
and possible interference of results may have occurred by a delayed effect of lutein,
lack of a washout period, the concomitant use of multivitamin supplementation,
and a short study period”.

A clinical trial where the effects of anti-oxidants for photoreceptor protection are
evaluated is currently being performed among patients with geographic atrophy
resulting from macular photoreceptor degeneration™. Age-related macular
degeneration (AMD) is believed to result from a combination of genetic, and
environmental factors. The role of antioxidant damage in AMD is suggested by a
beneficial effect on disease progression with the use of supplemental”, or higher
dietary antioxidants’. Oxidative damage has also been detected in the retinas of
postmortem patients with widespread geographic atrophy’’. A common cell death
mechanism may thus be involved in both geographic AMD and RP. However,
differences in etiology will complicate the translation of results to RP. In stead of
nutritional intervention, the trial uses local antioxidant eyedrops, of which it may
be hard to determine whether it will reach sufficient levels at the posterior part of
the eye.

Less explored, but potential interesting drugs are 1) the hormone estrogen,
which may act through calcium homeostasis, enhanced citric acid cycle driven
glycolysis, protection of mitochondrial function and free radical damage’. One
study showed that in the rhodopsin Ser344Ter model of retinitis pigmentosa,
an estradiol analog protected against retinal degeneration’. However, a great
restraint is warranted as it seems that estrogen supplementation in diseased
neurons may be detrimental because of the presence of dysregulated calcium
homeostasis®’; 2) a novel drug tested on the rp10 mouse with resultant preservation
of photoreceptors considers Tauroursodeoxycholic acid (TUDCA), a drug
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which has longer been used in Chinese medicine and is possibly involved in
mitochondrial stabilization, anti-oxidation, and blockade of caspase-3 activation ®.
Whether or not autoimmunity plays a role in RP is not well understood.
Cyclosporin eye drops (0.5%) are currently being evaluated in a clinical trial in
order to look for the potential involvement of autoimmunity in RP%. Apart from
being an immuno-modulating drug, cyclosporin A blocks the formation of the
mitochondrial permeability transition pore, thereby preventing the release of the
apoptosis inducing factor cytochrome-c, and may thus be protective in a non-
immune mediated way.

Interference in visual cycle (box 7 and 8 diagram)

While most of the previous data were obtained through animal studies, Berson
and his group have used the clinical approach: an initial study on the natural
course of RP suggested a protective effect from supplemental vitamin A and
E®. A subsequent randomized clinical trial indicated a protective effect in adult
RP patients of high dose oral vitamin A palmitate, but a deleterious effect from
vitamin E®. The protective effect was revealed by a modest delay in retinal
degeneration recorded by cone-electroretinogram® and in a selected group
also on the visual field®. For more details, the reader is referred to chapter 1.
Vitamin A supplementation (15 000 IU of oral vitamin A palmitate) is the only
recommended supplemental therapy in the United States up to today. Care should
however be taken to avoid a total intake greater than 25 000 IU, since these doses
can be potentially toxic. Patients should thus be monitored for liver function, and
elderly patients must be monitored also for bone health. It should also be noted
that the protective effect was on average across the whole group of tested RP
subjects. From the study it could not be predicted which mutations may or may
not benefit from vitamin A therapy, since the sample sizes of different mutations
were too small. While many subjects are thus expected to benefit from vitamin
A therapy, some may not, or may even deteriorate from the therapy. Individual
predictions for a therapeutic effect over the long term can thus not be made,
except that the rate of decline may be followed and the drug may be stopped if
the decline appears to exceed the expected course. Yet, the tools to detect these
deviations will not be readily available in many clinics. It has been suggested that
dietary supplementation with vitamin A may be deleterious for RP caused by the
ATP-binding cassette, subfamily A, member 4 (ABCA4) mutation®*%. ABCA4 is
involved in the transport of vitamin A in the photoreceptor rod and cone outer
segments *%, Blockade of vitamin A in mice resulted in decreased accumulation
of toxic lipofuscin fluorophores in the retinal pigment epithelium, and likewise
the supplementation of vitamin A in the diet of ABCA4 knockout mice resulted
in the accumulation of toxic lipofuscin fluorophores in the retinal pigment
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epithelium, but photoreceptor degeneration was similar between supplemented
and non-supplemented mice over a period of 11 months®. Despite no observed
difference in photoreceptor degeneration, caution should be taken because of the
increased accumulation of toxic by products after vitamin A supplementation
in ABCA4 mutations. In the Netherlands, patients are advised to exclude the
ABCA4 mutation before starting supplementation with vitamin A therapy.

Furthermore, in the case of light-induced retinal degeneration, a blockade
or slowing down of the visual cycle seems to protect the retina: the retina is
protected against light-induced damage when the visual cycle is blocked in the
case of RPE65 knockout mice (due to a lack of visual pigment regeneration)®,
or when the visual cycle is slowed as occurs with variations in the RPE65 gene®.
Similarly, the pharmacological blockade of the visual pigment by halothane (which
competes with 11-cis retinal for binding to opsin molecule) protects against light
induced damage®!, as does the addition of the pharmacological drug isotretinoin
(13-cis retinoid acid)®. However, since light-induced degeneration is specifically
dependent on the amount of visual pigment, it is not clear what this will mean for
the natural course of inherited degenerations, but it may be wise to test the effect of
vitamin A therapy in different models with inherited gene defects in the visual cycle.

From the patients in the vitamin A study, it was also observed that those with
high red blood cell docosahexaenoic (RBC DHA) levels had a significantly
slower decline in ERG amplitudes. DHA is found to be highly concentrated in
photoreceptors and retinal synapses, and peripheral blood and photoreceptor
DHA levels are decreased in RP¥". The retinal pigment epithelium recycles DHA
back into the inner segments during outer segment renewal”, and retinal function
seems to depend on adequate levels of DHA in retinal lipids®*. A randomized trial
that tested the effect of DHA capsule supplementation, in addition to vitamin A
therapy, did however not record a significant effect on the course of the disease®
%, except for those that started on vitamin A therapy. The beneficial effect of
DHA capsules was lost two years after the start of vitamin A therapy. However,
a subgroup analysis did point to a beneficial effect in those using a diet rich in
omega-3 fatty acids (1-2 servings of omega-3 fat fish per week) and who had
increased levels of RBC DHA.

Cone photoreceptor protection (box 9, diagram)

There is substantial evidence that, at least in some forms of retinitis pigmentosa,
rod photoreceptors die initially and cones die secondarily after the loss of rods.
This implies that the cones are either dependent on healthy rods, or that the cones
eventually die from toxic factors produced by massive numbers of dying rods. The
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first is supported by the identification of a rod derived cone viability factor®”. The
toxic effect was proposed by Ripps who speculated that the death of cones was
a ‘bystander’ effect after receiving apoptotic triggers through intercellular gap-
junctions *. Guptaet al. suggested that microglia activated by dying rods migrate to
the outer nuclear layer to clear cellular debris and secrete toxic substances that kill
nearby cells including cones.* Shen et al. described a toxic effect of oxidative stress
mediated by dying rods contributed to cone cell death®. It may be that the cone
photoreceptors die secondarily from the toxic reactive oxygen species resulting
from hyperoxia®. Protection of this oxidative damage should thus prevent the
loss of cone photoreceptors. Slowed photoreceptor degeneration after treatment
with antioxidants was observed in different mice models, suggesting that the
strategy might be broadly applicable*-'%°. The same group has also found evidence
for peroxynitrite-induced nitrosative damage. Peroxinitrite is generated from
nitric oxide (NO) and with intraperitoneal injections of nitric oxidase inhibitors
(NOS) an increased cone survival was observed in the rdl mouse model of RP!%,

A hypothetical explanation for the benefit of vitamin A and DHA proposed
by Berson is that in daylight conditions the visually inactive rods may serve as
source of retinoids for the visually active cones'®; With retinal light exposure in
daylight, the rods will photo-excite as well. After excitation of the 11-cis-retinal
retinoid in the rhodopsin molecule, a conformational change occurs and all-
trans-retinol (a form of vitamin A) is formed. The known visual cycle involves
the regeneration of rod photoreceptor retinoid (configuration of all-trans-retinol
to 11-cis-retinol to 11-cis-retinal) via the retinal pigment epithelium, see also
figure A (diagram). Mata et al. demonstrated an alternate cycle in cone-dominant
ground squirrel and chicken retinas. In these cone dominant retinas, all-trans-
retinol (vitamin A) is converted to 11-cis-retinol within the nearby intra-
retinal Mueller cells. After transport of 11-cis-retinol to the cones, the cones
further convert 11-cis-retinol to 11-cis-retinal, the product needed for visual
excitation'®, see also figure B (diagram). Berson hypothesized that in daylight
conditions the rods may supply all-trans-retinol (vitamin A) to the Mueller
cells and thus indirectly serve as the retinoid source for the highly active cones
in daylight conditions. If this is true, the cones’ source of vitamin A would be
depleted in retinitis pigmentosa after the rods have degenerated. The cones may
die secondarily from this lack of vitamin A, and therefore the supplementation
of vitamin A may delay the secondary death of cones. And as for the function of
DHA, the retinoids are transported by the interphotoreceptor binding protein
(IRBP) and its release is dependent on DHA!%, So, a lack of DHA and vitamin
A may worsen the course of secondary cone photoreceptor degeneration. Future
experiments that focus on this interesting hypothesis should be encouraged.
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Severity factors

The genetic predisposition to obtaining disease is evident from the Mendelian
inheritance patterns in affected families. However, as the paper on telomere
length (chapter 3) also describes, other factors besides the primary pathogenic
mutation are expected to contribute to disease severity. If we are able to define
these factors, this may help better understand cell death pathways, and most
importantly may provide targets for therapeutic intervention. From age-related
diseases we learn that it likely is the genetic background against which a person
is more or less prone to develop disease with the final common pathway of cell
death. With our study on telomere length we hypothesized that telomere length
might be a contributing factor, since telomeres have previously been associated
with apoptosis and disease severity. From our measurements of telomere length
in leucocytes, we found no association between telomere length and severity of
disease. Whether perhaps variations in the telomere genes (Telomerase reverse
transcriptase (TERT)/ Telomerase RNA component (TERC)) or the telomere
stabilizing proteins (Telomeric repeat binding factor 1 (TRF1)/(Telomeric repeat
binding factor 2 (TRF2)), or changes in their expression profiles may contribute
to disease severity should be explored further. Other suggestions would be Single
Nucleotide Polymorphysms (SNPs) associated with a higher change of developing
other retinal diseases such as age-related macular degeneration, or SNPs in pro-
and anti-apoptotic genes.

Future directions

In the near future, it is possible that some patients with RP may be treated with
specific gene therapy, and perhaps even more patients may be treated with drugs
or other agents to preserve cone function. Both vitamin A and antioxidant therapy
might contribute to the cone cell survival (Box 9 in the diagram). Potentially
these regimens may together amplify their effect on cone survival It should
however first be further explored in animal models which antioxidants, and which
combinations will exert the best influence on cone survival. Other regimens that
may work additively are insertion of genes encoding neural survival factors (e.g.,
rod derived cone viability factor), and an omega-3-fat rich fish diet that should
exert its protective effect trough DHA (involved in the release of vitamin A, and
involved in the regulation of oxidative stress genes, and the blockade of caspase 3).
Since microglial activation is also suggested to play a role in the secondary death
of cones, the effect of Nalaxone should be explored further. Interference in calcium
homeostasis may in theorystill play an importantroleas calcium overload has been
implicated in several RP models, and intracellular calcium levels seem to regulate
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several photoreceptor pathways, asisalsoindicated infigure C. The calcium channel
inhibitor Nilvadipine has been associated with photoreceptor survival and should
therefore be explored further. The drugs TUDCA and estrogen (derivatives) may
be interesting partly because of their potential function as anti-oxidants and in
the case of estrogen because of its influence on calcium homeostasis. However
their effects on mitochondrial metabolism and it’s implications for RP are as yet
unclear and should first be explored further. Ongoing research to detect factors
that influence the severity of disease should be encouraged, as well as the search
for new genes and their functions, in order to better predict who may or may not
benefit from certain treatment strategies. If clinical trials are to be performed, they
should be well organized, preferably multi-centered, masked, placebo controlled,
and with a sufficiently long follow-up period to detect modest benefits. A definite
cure is however not likely to be available within a short time period. Even with
agents to preserve cone function, the majority of patients are likely to experience
visual function problems throughout their lives. In the mean time, we must not
forget the sources already available to support the visually disabled patient, see
section below.

Vision aids to improve mobility and independence in RP patients

Ophthalmologists should be aware of the possibilities and developments regarding
visual rehabilitation that are often provided at local, specialized, low vision
centers or visual rehabilitation institutes. Apart from providing psychological
support and educational and occupational related advice, a lot can be achieved in
terms of improving visually related performance. In the Netherlands three main
rehabilitation institutes exist; Royal Visio National Foundation for the Visually
Impaired and Blind in the Netherlands, Sensis and Bartimeus, which together
accommodate over 40 regional institutes. These institutes aim to serve each patient’s
individual demand for health service. In the experience of these institutes, the most
frequently encountered request from RP patients is to improve their independence
in dark or unknown environments (Vrijling et al, in process).

Chapter 5 has addressed the application of a light-amplification night vision
device in RP patients. The first tests showed a direct improvement of night-time
mobility, which even improved further after a few sessions of orientation-and-
mobility training. Subjective evaluation showed that the majority of study patients
experienced an improved sense of independence. Furthermore, as described in
Chapter 6, from the subjective evaluation after two years of those that had actually
bought the night-vision device, it appeared that seven (out of 11) still used the
goggles at least twice a week. Results show the device could thus be implemented
into the daily lives of these patients and that the use of the goggles improved their

148



DISCUSSION

sense of independence. Another study tested a different night-vision viewer and
compared theresults witha Wide Angle Mobility Lamp (WAML). Both instruments
improved independent nighttime mobility with an overall better performance with
the WAML, but some patients preferred the night-vision viewer'®. An earlier study
did also compare these mobility aids, however a handheld portable device with
limited resolution was used and therefore not comparable to the contemporary
devices'.

The studies induced the national rehabilitation institutes tostartan implementation
project for night-vision aids, with the aim to accurately advise their clients with
respect to their requests for independent night-time mobility (Vrijling et al, in
process). Not only the night vision goggles were included, but also a broad angle
flash light and head-LED lights. The studies described in chapter 5 and 6 indicated
that visual function measurements did not correlate to mobility-improvement or
subjective satisfaction. A prediction about which night time mobility aid is superior
can thus not be made from the visual function parameters. Therefore all subjects
with an impaired dark-adaptation of at least 2 log units, irrespective of their visual
function or diagnosis, were offered the three types of night time mobility aid. The
participants became familiar with the mobility aids at the first visit, where a low
vision specialist demonstrated the devices and gave the patients the opportunity
to use the instruments. All subjects picked a first and second choice device, and
with these two instruments the subjects could individually practice in their own
environment. In addition, weekly mobility training was provided by mobility-
trainers from the local rehabilitation center. At the last visit, all aspects including
finances are individually discussed.

With this setup, all participants (n = 30) felt that they could make an informed
decision as to their preferred night vision aid. Twelve participants chose the night
vision goggles as their preferred mobility aid, seven chose the mobility lamp,
four preferred the head-LEDs, and seven decided they were better off without
a night-vision aid. Importantly, all felt their help requests were considered and
answered. The night vision goggles have recently been included in the list of night
time mobility aids in all Dutch rehabilitation institutes. The protocol ‘guidance
for night time mobility aids’ as summarized above has now been implemented in
these centers.
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Figure C, diagram: insight in the phototransduction cascade

Asis outlined in chapter 1 and 4, the phototransduction cascade is an important
pathway involved in retinal function, and mutations in six genes involved in
the phototransduction cascade are known to cause retinitis pigmentosa (RHO,
cGMP specific phosphodiesterase 6A alpha subunit (PDE6A), cGMP specific
phosphodiesterase 6A alpha subunit (PDE6B), (cylic nucleotide gated channelalpha
1 (CNGALl), cyclic nucleotide gated channel beta 1 (CNGB1), S-antigen(SAG)/
arrestin. In a normal phototransduction cascade, the transmembrane-bound
rhodopsin (RHO) molecule is activated by a photon whose energy induces a
conformational change of the visual pigment (11-cis-retinal) that is covalently
linked to opsin. This activation allows rhodopsin to “turn on” transducin by
releasing transducin’s alpha subunit. Activated transducin in turn activates a
cGMP-phosphodiesterase (PDE6). Activated PDE6 converts cyclic guanosine
monophosphate (cGMP) to GMP, thereby decreasing the cGMP levels in the
cytoplasm of the outer segment of the photoreceptor cell. This decrease results
in a closure of cGMP-gated ion channels (CNG alpha- and beta subunits) and
a subsequent hyperpolarization of the photoreceptor outer segment membrane.
This hyperpolarization is carried throughout the cell and it decreases the rate of
release of neurotransmitter (glutamate) at the synapse of the photoreceptor with
the inner retinal neurons, mainly the bipolar cells.

In order to be ready to receive subsequent light stimuli, the activated members of
the phototransduction cascade must be rapidly turned off and the cGMP should be
replenished. cGMP is replenished by the activity of guanylate cyclase (GC) which
converts GTP to cGMP. The deactivation of the rhodopsin (RHO) molecule occurs
through phosphorylation by rhodopsin kinase (RK) and subsequent binding of
arrestin (SAG) to the phosphorylated rhodopsin. The deactivation of the active
transducin-phosphodiesterase complex is aided by the protein RGS9 (regulator of
G-protein signalling) which is a protein anchored to outer segment disk membranes
by ROAP (regulator of G protein signaling 9-binding protein). RGS9 accelerates the
rate of guanosine triphosphate hydrolysis of GTP-bound transducin. The activity
of RGS9 allows the rapid (in less than a second) return of transducin to its resting
state. Activated transducin can return to its resting state without RGS9/R9AP, but
the process takes tens of seconds. During this time frame, the photoreceptor is
relatively insensitive to further light activation.

Photoreceptors from individuals with a defect in RGS9/R9AP have a noticeable
prolongation of transducin activity after light exposure. The patient’s may have

temporary reduced vision for seconds to minutes after an initial light stimulusand,
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as a result, have difficulties viewing moving objects against a light background.
This causes decreased VA or, after an initial bright flash like that used to elicit
ERGs, a response to subsequent flashes that is decreased for a tens of seconds
longer period than in a normal eye. Patients describe symptoms of photophobia,
problems adjusting to sudden changes in luminance, and difficulties seeing moving
objects, as are described in chapter 4. A later study has shown that a patientlacking
functional RGS9 has an increased retinal sensitivity at low luminance levels'®’. This
effect is likely to result from prolonged activity of PDE6. Patientslacking RGS9 also
do not gain visual sensitivity with increasing light levels as is seen in normals'®’.
RGS9’s activity is regulated through intracellular changes in calcium which affects
phosphorylation at RGS9 through activation of protein kinase C'®. RGS9 itself
may additionally directly inhibit retinal guanylate cyclase!®. These interactive
loops may thus provide a delicate feedback mechanism allowing constant retinal
function at changing light levels.
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SUMMARY OF RESULTS

Chapter 1 Retinitis pigmentosa (RP) is a hereditary degenerative disorder which
primarily affects retinal rod photoreceptors and in later stages also the cone
photoreceptors. The disease usually presents with night-blindness and gradual
deterioration of the visual field starting from early adulthood, often ending in
blindness at older age. The disease has a prevalence of 1 in 4000 and considers a
major cause of visual impairment under the age of 60. Chapter 1 describes the whole
spectrum of the retinitis pigmentosa with its symptoms, clinical findings, disease
course, inheritance patterns, nutritional interventions and future perspectives.
Chapter 1 furthermore summarizes the multiple genes associated with the
development of retinitis pigmentosa, together with their respective prevalence and
affected biochemical pathways. So far, over 45 genes have been identified, together
accounting for about 60-70% of all patients.

The discovery of these multiple genes has led to an increasing knowledge of the
retinal function, but the genetic heterogeneity still makes it a complex disease with
respect to the understanding of common underlying processes and it explains
the lack of curative therapy. The identification of novel genes causing RP or other
hereditary retinal diseases, as well as factors that influence the varying severity of
disease remain important in order to extend our knowledge on retinal function, and
may give us clues with respect to the development of interventional strategies.

Chapter 2 describes the identification of a novel gene defect that causes recessive
retinitis pigmentosa using a novel technique. Recessive RP is often caused by
nonsense mutations that lead to low mRNA (messenger ribonucleic acid) levels as
a result of nonsense-mediated decay. Some RP genes are expressed at detectable
levels in leukocytes as well as the retina. Since retinal tissue is not readily available
from living patients, we created lymphoblast cell lines of 13 unrelated RP families
and 4 controls and isolated mRNA that was hybridized to the Affymetrix gene-
chip “U133Plus 2.0” containing probe sets for over 47,000 human mRNAs. The
comparison of hybridization intensities of individual transcripts revealed one
index patient who had a highly significant reduction in hybridization measured by
three probe sets that detected transcripts from the gene encoding the beta subunit
of Nicotinamide adenine dinucleotide (NAD)-specific isocitrate dehydrogenase
(IDH3B), an enzyme in the Krebs cycle. DNA (Deoxyribonucleic acid) sequencing
of the IDH3B gene in the index patient and her affected brother revealed that
both were homozygous for a 1-basepair deletion (Ile197fs; c.589delA) leading to
a frameshift and a premature stop codon that is likely to result in rapid mRNA
degradation through nonsense-mediated decay. A subsequent search for IDH3B
mutations in 546 additional, unrelated patients revealed a patient with simplex
RP who was homozygous for the missense mutation Leul32Pro; c.395T>C.
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Enzyme assays showed a substantial reduction of NAD-specific IDH activity
in lymphoblasts from both index patients. NAD-IDH is believed to catalyze
the oxidation of isocitrate to alpha-ketoglutarate in the citric acid cycle, and is
considered a fundamental enzyme. It is therefore surprising that our patients
were otherwise healthy except for their RP. Nicotinamide adenine dinucleotide
phosphate (NADP)-specific isocitrate dehydrogenase (NADP-IDH, or IDH?2)
considers an enzyme that catalyzes the same reaction, and normal activities of the
NADP-IDH reaction were measured in our affected individuals.

In conclusion, we hypothesized that mitochondrial NADP-IDH, rather than
NAD-IDH, serves as the main catalyst for this reaction in the citric acid cycle
outside the retina, and that the retina has a particular requirement for NAD-
IDH. Furthermore, the discovery of a new defect in mitochondrial metabolism
as a cause of RP enhances interest in the role of mitochondria in RP and other
neurodegenerations. Another point of interest is that the method used in this
study may be applicable to other recessive human genetic diseases.

Chapter 3 describes the hypothesis test that chromosomal telomere length
(repetitive elements at the end of chromosomes) is associated with disease severity
in RP. Great variation exists in the age of onset of symptoms and the severity of
disease at a given age in patients with RP. Unravelling factors that explain the
phenotypic variation in patients with the same genotype may provide us new
insights on the cellular level, and more importantly may give us clues with respect
to therapeutic interventions. The final process by which photoreceptors and
other cells are lost in retinal degenerations is through apoptosis. Telomere length
is associated with apoptosis. To test the potential association between telomere
length and severity of RP we evaluated 122 RP patients with the same mutation
(Pro23His rhodopsin) and stratified their retinal function according to their 30-
Hz cone electroretinogram (ERG). From 15 patients with highest ERG amplitudes
and 15 patients with the lowest ERG amplitudes we evaluated the telomere lengths
in leukocytes by the quantitative real time polymerase chain reaction (QRT-PCR)
method. Results revealed no difference in telomere lengths between the groups
with high or low ERG amplitudes. In conclusion, we found no association between
telomere length and severity of RP.

Chapter 4 is not actually about retinitis pigmentosa, but it describes a non-
progressive hereditary retinal disease, bradyopsia, of which the clinical findings are
very important to the general knowledge of retinal function. The typical prolonged
response suppression on the electroretinogram (ERG) was first described in
1991. Patients experienced symptoms of photophobia, problems adjusting to
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bright light, and difficulties seeing moving objects. The responsible gene defect
considered a mutation in the RGS9 (regulator of G-protein signalling 9) or ROAP
(RGS9-1 anchor protein) gene which was described in 2004. In our department
we had six patients with bradyopsia who were evaluated between 1973 and 2004.
This chapter describes the clinical patient findings that were retrospectively
obtained with follow-up up to 30 years. Patients showed a consistency of their
symptoms and ERG recordings, but an extreme variation of visual acuity between
visits. The low to subnormal visual acuity typically increased with use of pinholes.
Increasing background luminances had a detrimental effect on the visual acuity.
No progressive changes were seen over time.

RGS9 is a photoreceptor outer segment protein, anchored to and stimulated
by R9AP, and is involved in the deactivation of the ‘turned-on’ transducin-
phosphodiestrase complex in the phototransduction cascade: It accelerates the
rate of guanosine triphosphate hydrolysis by releasing phosphate. This accelerative
mechanism allows the rapid (in less than a second) return of the photoreceptor
cell to its resting state. The activated complex can return to its resting state without
RGS9/ROAP, but the process takes tens of seconds. During this time frame, the
photoreceptor is temporarily immune to light activation. An individual with a
defect in RGS9/R9AP, therefore, is blinded for a considerable amount of time after
an initial light stimulus and, as a result, has difficulties viewing objects against a
bright background. This causes decreased VA or, after an initial bright flash like
that used in ERG measurements, a response to subsequent flashes that is decreased
for a longer period than in a normal eye.

Chapter 5 As outlined in chapter 1, patients with RP usually experience night-
blindness from late puberty or early adolescence. Independent night time
activities may thus be impaired throughout most of the patients life. In this
chapter we describe a study that evaluates the use of night-vision goggles by RP
patients. Outcome measurements were 1) the change in mobility as expressed by
the number of unintended contacts with obstacles (hits) and the percentage of
preferred walking speed (PPWS) on a route in three different night time situations:
a darkened indoor corridor, a moderately lit outdoor residential area, and a well
lit outdoor shopping area; and 2) subjective evaluation and change in independent
activities as measured with a personal journal and questionnaires. Assessments
were performed before and after a 5 week training period.

Results showed a considerable mean decrease of hits in both the darkened corridor
and the moderately lit outdoor residential area with the use of night-vision goggles,

and a considerable increase of PPWS in the moderately-lit residential area. In the
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shopping area there was no impaired mobility, and the night-vision goggles had no
additional value. Subjective scores revealed a good sense of orientation, feelings of
safety and tranquillity and an increase in independent mobility when night-vision
goggles were used.

Chapter 6 In order to evaluate the usefulness of the night-vision goggles in daily
life, we followed eleven RP patients from the study described in chapter 5 who
had purchased the instrument at the end of the study period. After one and two
years of use, they were requested to fill-in two questionnaires regarding their use
of the instrument. The subjects still indicated improved mobility at night time
with the use of their goggles. Nine out of eleven subjects still used the instrument
after two years and reported an increase in their sense of independence and their
potential for activities. Seven of them even used the instrument at least twice a
week, indicating that the device could thus be implemented in the daily lives of
our patients.

Chapter 7 provides an overview of this thesis and in particular future perspectives
for RP. The multiple genes associated with RP are involved in different structural,
functional and signalling retinal pathways, or may even consider defects in genes
with non-retinal-specific general body functions. Interventional therapies may
be focussed on different levels in the development of RP, ranging from the initial
gene defect, the subsequent intermediate pathways that trigger photoreceptor rod
cell death, factors that stimulate cell survival, or factors that cause the secondary
loss of cone photoreceptors. Although developments with the highest chance of
success for an ultimate cure, namely gene therapy that handles the initial defect,
are rapidly evolving, many drawbacks should be encountered, and a rationale for
the situation in RP is given in this chapter. Experiences from previous animal
and human studies that concern different types of interventional strategies for
RP are outlined in this chapter. The main suggestions for further explorations are
aimed at the preservation of the secondarily affected cones and include, among
others, antioxidant therapy, which may amplify the effect of vitamin A therapy and
omega-3 rich fish diet.
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Hoofdstuk 1. Retinitis pigmentosa (RP) is een erfelijke in ernst toenemende
netvlies aandoening waarbij in eerste instantie de staafjes in de retina worden
aangedaan en in latere stadia ook de kegeltjes. De aandoening presenteert
zich over het algemeen met nachtblindheid en geleidelijke beperking van het
gezichtsveld. Dit treedt vaak op vanaf de late pubertijd of vroege volwassenheid,
en leidt in vele gevallen uiteindelijk tot totale blindheid. De ziekte komt voor bij
1 op de 4000 mensen en is een belangrijke oorzaak voor visuele handicap onder
de leeftijd van 60 jaar. Hoofdstuk 1 beschrijft het hele spectrum van RP met de
symptomen, klinische bevindingen, beloop, erfelijkheid, nutritionele interventies
en toekomstperspectieven. Hoofdstuk 1 beschrijft tevens de multipele genen die
geassocieerd zijn met de ontwikkeling van RP, samen met hun prevalenties en
betrokken biochemische processen. Tot dusver zijn meer dan 45 genen ontdekt,
welke in totaal ongeveer 60-70% van alle gevallen van RP verklaren.

De ontdekking van deze genen heeft geleid tot een toenemend inzicht in de functie
van de retina. Echter, de genetische heterogeniteit maakt het een complexe ziekte
met betrekking tot het begrip van alle onderliggende mechanismen en het verklaart
het gebrek aan genezende behandelingsmogelijkheden. De ontdekking van nieuwe
genen verantwoordelijk voor RP of andere erfelijke netvliesaandoeningen, alsook
deidentificatie van factoren die de wisselende ernst van de ziekte-expressie kunnen
verklaren, zijn van belang voor de uitbreiding van onze kennis over processen in
de retina, en kunnen ons aanknopingspunten bieden voor de ontwikkeling van
therapeutische strategieén.

Hoofdstuk 2 beschrijft de ontdekking van een nieuw gen voor RP met gebruik van
een nieuwe onderzoeksmethode. Recessief overgeérfde RP wordt vaak veroorzaakt
door nonsense mutaties (mutaties met een vervroegd optredend stop codon) welke
resulteren in lage mRNA (messenger ribonucleic acid) concentraties als gevolg
van een nonsense-gemedieerd afbraak proces. Sommige genen geassocieerd met
RP zijn ook detecteerbaar in lymfoblasten. Omdat retina weefsel nu eenmaal niet
beschikbaar is van levende patiénten, creéerden we lymfoblast cellijnen van 13
RP families en 4 controle personen. Uit deze cellijnen werd mRNA geisoleerd en
aangebracht op een genchip (Affymetrix “U133Plus 2.0”) welke meer dan 47,000
menselijke mRNA’s kan detecteren. Alle mRNA niveaus van de verschillende
families werden met elkaar vergeleken. Bij één familie werd een duidelijke afname
van mRNA gezien dat codeerde voor het beta subunit van het Nicotinamide
Adenine Dinucleotide (NAD)-afhankelijke isocitraat dehydrogenase (IDH3B),
een enzym in de Krebs cycle (citroenzuur cyclus). In deze familie en 546 overige
RP families werd vervolgens het DNA van dit gen geanalyseerd. Dit resulteerde in
de identificatie van twee families met verschillende homozygote mutaties in het
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IDH3B gen. Enzym testen werden verricht en toonden een duidelijke afname van
NAD-athankelijke IDH activiteit in lymfoblasten van deze beide families. NAD-
athankelijke IDH zou de derde stap in de citroenzuurcyclus katalyseren (oxidatie
van isocitraat naar alpha-ketoglutaraat) en wordt beschouwd als een fundamenteel
enzym. Het is daarom verrassend dat onze RP patiénten verder gezond waren. Er
bestaat echter ook een ander enzym dat dezelfde reactie kan katalyseren, namelijk
Nicotinamide Adenine Dinucleotide Phosphate (NADP)-athankelijke isocitraat
dehydrogenase (NADP-IDH, of IDH2). Van deze reactie werden normale waarden
gemeten in onze aangedane patiénten.

Onze hypothese is dat buiten de retina het mitochondriale NADP-IDH, eerder dan
NAD-IDH, dientals de hoofdkatalysator van de derdestap in de citroenzuur cyclus,
en dat de retina een specifieke behoefte heeft aan NAD-IDH. Het in deze studie
gevonden defect in het mitochondriale metabolisme als oorzaak voor RP vergroot
de interesse voor de rol van mitochondria in RP en andere neurodegeneratieve
aandoeningen. Een derde punt van belang van deze studie is dat de succesvolle
toepassing van een nieuwe methode ter opsporing van recessieve genen ook
gebruikt kan worden voor onderzoek naar andere recessief overgeérfde genetische
aandoeningen.

Hoofdstuk 3 beschrijft de hypothese toets dat de telomeerlengte van chromosomen
(herhaaldelijke elementen aan de uiteinden van chromosomen) geassocieerd is
met de ernst van RP. Er bestaan forse verschillen in de ernst van RP en in de leeftijd
waarop symptomen beginnen. De identificatie van factoren die de fenotypische
variatie bij een identiek genotype verklaren, zouden ons nieuwe inzichten kunnen
verschaffen in de pathologische processen op cellulair niveau, en belangrijker,
zouden ons aanwijzingen kunnen geven voor therapeutische interventies. In
retinale degeneraties gaan fotoreceptoren uiteindelijk vaak verloren door apoptose
( = geprogrammeerde celdood). Telomeerlengte is geassocieerd met apoptose.
Om de potentiele associatie tussen telomeerlengte en ernst van RP te testen,
hebben wij uit een groep van 122 RP patiénten met de zelfde mutatie (Pro23His
rhodopsine), 15 patiénten met de beste retina functie en 15 patienten met de
slechtste retina functie (gemeten met 30-Hz kegel electroretinogram) geselecteerd,
en hun leukocyt telomeerlengte gemeten met behulp van de ‘quantitatieve real
time polymerase chain reaction’ (QRT-PCR) methode. De resultaten lieten een
gelijke gemiddelde telomeerlengte zien tussen de groepen met hoge en lage ERG
amplitudes. Concluderend vonden wij geen associatie tussen telomeerlengte en
ernst van RP.
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Hoofdstuk 4 gaat over bradyopsie, een niet in ernst toenemende erfelijke retinale
aandoening waarvan de klinische bevindingen belangrijk zijn voor de algemene
kennis over de functie van de retina. De bij de aandoening behorende typische
verlengde suppressie van het elektroretinogram werd voor het eerst beschreven
in 1991. Patiénten ervaren klachten van fotofobie, problemen met aanpassing
aan veranderingen in lichtomstandigheden, en moeilijkheden met het herkennen
van bewegende voorwerpen. Verantwoordelijk hiervoor is een mutatie in het
RGS9 (regulator of G-protein signalling 9) of RO9AP (RGS9-1 anchor protein)
gen, welke voor het eerst werden beschreven in 2004. Op onze oogheelkunde
afdeling hadden we totaal zes patiénten met bradyopsie met een poliklinische
follow-up tussen 1973 en 2004. Hoof dstuk 4 beschrijft de bevindingen voor deze
patiénten. Alle patiénten hadden consistente symptomen en afwijkingen op het
electroretinogram, maar een grote variatie in de gemeten gezichtsscherpte bij
verschillende polikliniekbezoeken. Opvallend was verder de verbetering van
de gezichtsscherpte bij gebruik van de stenopeische opening. Verhoging van de
achtergrondverlichting had een nadelig effect op de gezichtsscherpte. In de loop van
de jaren werd geen daling van de gezichtsscherpte of verergering van de klachten
en afwijkingen op het electroretinogram waargenomen. RGS9 is een enzym in de
buitenste segmenten van fotoreceptoren, waar het verankerd is en gestimuleerd
wordt door ROAP. RGS9 zorgt voor een snel (in minder dan 1 seconde) herstel van
de fotoreceptor naar zijn rusttoestand, door een versnelde uitschakeling van het
geactiveerde transducin-phosphodiesterase complex in de fototransductiecascade.
Dit complex kan ook uitgeschakeld worden zonder de aanwezigheid van RGS9/
R9AP, maar dat duurt dan tientallen seconden. Gedurende deze periode is de
fotoreceptor tijdelijk ongevoelig voor licht. Een persoon met een defect in RSGS9/
RYAP is daarom tijdelijk verblind na een sterke stimulatie met licht, en heeft als
gevolg moeilijkheden met het zien van voorwerpen tegen een heldere achtergrond.
Dit verklaart ook de verminderde gezichtsscherpte wanneer die gemeten wordt
met een lichtprojector, en de toename in gezichtsscherpte met een stenopeische
opening doordat de lichtinval op de retina afneemt. De tijdelijke ongevoeligheid
voor licht verklaart ook de verlengde afwezige reactie op volgende lichtflitsen
na een eerste heldere lichtflits zoals die wordt gebruikt bij metingen met het
electroretinogram.

Hoofdstuk 5 Zoals is aangegeven in hoofdstuk 1, ervaren patiénten met RP veelal
klachten van nachtblindheid vanaf de late pubertijd of vroege volwassenheid.
Onafhankelijke avondactiviteiten kunnen gedurende het grootste deel van hetleven
van RP patiénten beperkt zijn. In dit hoofdstuk beschrijven we een studie waarin
het gebruik van de nachtzichtbril door twintig RP patiénten wordt geévalueerd.
We bepaalden: 1) de verandering in mobiliteit uitgedrukt in het aantal onbedoelde
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contacten met voorwerpen (botsingen) en de loopsnelheid als percentage van de
persoonlijke voorkeurs loopsnelheid (relatieve loopsnelheid), gemeten op een
route in drie verschillende avondsituaties: een donkere gang met voorwerpen, een
matig verlichte woonbuurt, en een goed verlichte winkelbuurt; en 2) de subjectieve
evaluatie en verandering in onafhankelijke activiteiten door middel van een
persoonlijk dagboek en vragenlijsten. De metingen werden verricht voor en na een
trainingsperiode van 5 weken. De resultaten lieten een duidelijke verbetering van
de avondmobiliteit zien met het gebruik van de nachtzichtbril door een gemeten
afname in botsingen in zowel de donkere gang met voorwerpen als de matig
verlichte woonbuurt en een duidelijke toename van de relatieve loopsnelheid in
de matig verlichte woonbuurt. In de goed verlichte winkelbuurt was er sprake
van een goede mobiliteit zonder nachtzichtbril. Het hulpmiddel had hier dan ook
geen toegevoegde waarde. Subjectieve evaluaties toonden een goed gevoel voor
oriéntatie, gevoelens van veiligheid en rust, en een toename in zelfstandigheid in
de avonduren met het gebruik van de nachtzichtbril.

Hoofdstuk 6 Voor een oordeel over het gebruik van de nachtzichtbril in het
dagelijks leven van RP patiénten hebben we elf patiénten uit hoofdstuk 5 gevolgd
die het hulpmiddel aan het einde van de studie periode hadden aan geschaft. Na
één en na twee jaar gebruik, werden de patiénten verzocht om twee vragenlijsten
met betrekking tot hun gebruik van de nachtzichtbril in te vullen. De deelnemers
gaven een onveranderde verbetering van hun avondmobiliteit aan met het gebruik
van de nachtzichtbril. Negen van de elf patiénten gebruikten het instrument nog
na twee jaar en allen gaven een toegenomen gevoel van onafhankelijkheid aan,
alsook toegenomen mogelijkheden om activiteiten te ondernemen. Zeven van de
negen deelnemers gebruikten het hulpmiddel minstens twee keer per week. Dit
geeft aan dat de nachtzichtbril dus toegepast kan worden in het dagelijks leven van
onze patiénten.

Hoofdstuk 7 betreft de algemene discussie van dit proefschrift en in het bijzonder
de toekomst perspectieven voor RP. De identificatie van oorzakelijke genen
heeft geleid tot een snel toenemende kennis over de functie van de retina, maar
geeft tegelijk vele vragen met betrekking tot de complexe pathofysiologische
mechanismen. De multipele genen die geassocieerd zijn met RP zijn betrokken
in verschillende structurele, functionele of aansturende processen in de retina,
of betreffen zelfs defecten in genen met niet-retina-specifieke algemene lichaam
functies. Interventietherapieén kunnen gericht zijn op verschillende niveau’s in
de ontwikkeling van RP, beginnend van het initiéle gen defect, de daaropvolgende
intermediaire processen die aanzetten tot de uiteindelijke celdood, factoren die
overleving van de cel stimuleren, tot factoren die de oorzaak zijn van het secundaire
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verlies van kegelfotoreceptoren. Hoewel de ontwikkelingen met de grootste kans
op genezing, namelijk gentherapie, zich snel uitbreiden, moeten veel obstakels in
acht worden genomen. De situatie omtrent RP en gentherapie wordt beschreven
in dit hoofdstuk. Tevens worden de ervaringen van eerdere mens, dier, of overige
laboratoriumstudies met betrekking tot verschillende soorten interventiestrategien
voor RP beschreven. De voornaamste suggesties voor toekomstig onderzoek zijn
gericht op het behoud van de secundair aangedane kegeltjes, en betreffen onder
andere behandeling met antioxidanten, welke het eerder gemeten bescheiden
effect van vitamine A therapie en omega-3-rijk vis dieet zou kunnen versterken.
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Dit proefschrift is tot stand gekomen met onderbroken periodes vanaf
einde 2002 tot medio 2009, in combinatie met de opleiding tot oogarts. De
projecten gedurende het promotietraject waren nogal verschillend, in de zin
dat ik enerzijds wandelroutes met mijn deelnemers in de donkere avonduren
in Groningen liep, en ik mij anderzijds met DNA onderzoek heb bezig
gehouden te Boston, VS. Voor deze uiteenlopende studies heb ik gedurende
de hele periode met veel verschillende mensen samengewerkt. Het was een
prettige samenwerking en zonder hen was dit alles nooit tot stand gekomen.
Bij deze wil ik een aantal mensen graag persoonlijk bedanken:

Als eerste mijn promotoren,

Professor Kooijman, beste Aart, jij vertrouwde mij het project van de nachtzichtbril
toe. Vanaf het begin vond ik het een zeer ontspannen en gezellige samenwerking.
Bedankt voor het delen van je uitgebreide kennis over de praktische uitvoering van
een onderzoek, en voor de ruime vrijheid die je mij hierin gaf. Tevens bedankt dat
jij mij vervolgens in contact hebt gebracht met Professor Dryja wat het mogelijk
heeft gemaakt om onderzoek in Boston te doen.

Professor Hooymans, beste Anneke, mijn opleider en tevens promotor. Ik weet dat
het niet gebruikelijk is om er gedurende de opleiding een jaar tussen uit te gaan.
Ik heb onder andere hierdoor het hele opleidingsschema door de war gehaald.
Mijn hartelijke dank dat je open stond voor het plan om een jaar onderzoek te
doen in Boston en voor je vetrouwen en continue enthousiasme om dit in een
promotietraject voort te zetten.

Professor Dryja, dear Ted, I am honored that you want to be my promoter and that
you are willing to travel all the way to Groningen to be present at the defend of this
thesis. You have been special in the fact that you hired me for one year to work
in your lab despite my lack of knowledge in genetics. I enjoyed working in your
lab including the weekly lab meetings, and on occasion a drink. You have been
inspiring and you have been generous in the opportunities you gave me. Thank
you for that and thank you for the freedom you gave me to choose some of my own
projects. Sometimes you were worried that I did not enjoy the social life enough
since I could stay in the lab quite late, but dont worry, there have been many hours
in the lab, but I've also had a great time living in the city of Boston.

Bart Melis-Dankers, Frank Jorritsma, en Han Neve, bedankt voor jullie ideeén en
hulp met betrekking tot het project van de nachtzichtbril en ook zeer belangrijk,
dank voor jullie werk omtrent het vervolgtraject tezamen met D.Brouwer en Anne
Vrijling, wat uiteindelijk heeft geleid tot de implementatie van de nachtzichtbril.
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Bart, ik kan altijd genieten van de conversaties met jou en van de manier waarop
je presentaties geeft, daar kan menigeen wat van leren. Verder wil ik de overige
mensen van diverse instellingen in Nederland van Visio, Bartimeus, en Sensis
bedanken voor hun hulp bij de uitvoering van het project: Herman Talsma, Frank
Hoeben, Frans Riemslag, Peter Kerkhofs, Nadine Nauman, Wim van Damme en
de mobiliteitstrainers: Roland van Grinsven, Thea Grotenhuis, Melissa Moll, José
Packbier, Arianne Tange, Maren Tinselboer, Monique Mul, Cathelijne Kamp, José
de Nijs, Greta Weber, Maaike Swennenhuis, Betsie Hollak, en Louise de Groot.

Klaas-Jan Bruin, het is inmiddels al weer een tijdje geleden, bedankt voor je hulp bij
de statistische analyses. Jan-Willem Pott, bedankt voor de prettige samenwerking
van oa het bradyopsie artikel, en de selectie van patienten met ERG afwijkingen.
Ella, Fenna en Stella, bedankt voor jullie algemene hulp.

Professor Berson, I admire your tremendous work and your unexhaustive
knowledge on retinitis pigmentosa. Thank you for your collaboration.

Dear Terri, what would I have done without you! You have not only teached me
everyting in the lab, but you also knew a lot about basic science. I have very much
enjoyed our endless conversations. Thank you for all your input and for being my
friend. Geetha, I have enjoyed working with you and learned a lot about the live of
an American college student. Meredith, you have been very kind. Thank you for
your help, especially at the end of my stay and shortly thereafter. Nasim, Kristen,
thank you for your grateful work on patient contacts. Marion, Linda, thank you
for your general help. Dr. M. A. Sandberg, Dr. I de Vivo, Dr. R. E. Colman, Mayura
Dange, and Pim van der Harst thank you for your collaboration.

Gedurende deze periode heb ik echter het grootste deel van mijn tijd doorgebracht
bij de opleiding oogheelkunde waarmee ik over een aantal maanden klaar zal zijn.
Mijn collega (oud) arts-assistenten: Carolien, Tanja, Angela, Kochoi, Lonneke,
Govert, Rogier, Nicole, Karen, Remco, Esther, Suzan, Dirk, Theo, Danna,
Annemiek, Eylem, Marieke, The Anh, Rosemarie, Stijn, Mathijs, bedankt voor
jullie gezelligheid en fijne samenwerking op en buiten de polikliniek. Hiernaast wil
ik ook alle stafleden, secretaresses, en overige medewerkers van de oogheelkundige
polikliniek te Groningen bedanken voor de de prettige tijd op de werkvloer.

Alle deelnemers aan het onderzoek, mijn hartelijke dank voor jullie
medewerking.

Mijn paranimfen Marjanneke en Danna; Marjanneke, wij kennen elkaar ongeveer
vanaf het begin van dit promotietraject. Het is nu al jaren bijna een vaste prik
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dat wij op woensdag op weg naar onze tennisles de gebeurtenissen van de week
doornemen. Ik hoop dit nog lang vol te kunnen houden. Bedankt voor je luisterend
oor, je interesse en je gezelligheid.

Danna, van alle collega’s ben jij het meeste op de hoogte van mijn bezigheden ten
behoeve van dit proefschrift. Ik dank je voor je oprechte interesse en je bereidheid
je te willen inleven in een onderwerp waar je zelf weliswaar niet in thuis bent, maar
waarmee je mij de kans wilt geven om er eens over te discussieren.

Lieve ouders, jullie zijn er altijd voor mij geweest, en jullie hebben mij gemaakt tot
de persoon die ik nu ben. Bedankt dat jullie het voor mij mogelijk hebben gemaakt
om zorgeloos te kunnen studeren en dat jullie mij onvoorwaardelijk steunden in
de beslissingen die ik nam. Ook nu nog staan jullie altijd voor me klaar, met alle
liefde laten jullie je kleindochter komen logeren zodat ik mijn dingen kan blijven
doen. Verder wil ik tevens mijn schoonouders, Bjorn, Alexandra, Matthy, Michiel
en Daniel bedanken voor hun oprechte interesse in mijn onderzoek.

Lieve Folkert, jij bent zo veel voor mij. Met jouw onvermoeibare wetenschappelijke
activiteiten ben jij een bron van inspiratie, tegelijkertijd geef je mij ook rust door
samen te genieten van de andere zaken in het leven. Met onze gedeelde interesse voor
de wetenschap, hebben we het ondanks de verschillende vakgebieden voor elkaar
gekregen om 1 studie gezamenlijk te publiceren (hoofdstuk 3, dit proefschrift). Ik
dank je voor al je onvoorwaardelijke steun en liefde waarmee je het voor voor mij
mogelijk hebt gemaakt om mijn proefschrift af te kunnen ronden, te meer omdat je
het zelf ook altijd heel druk hebt. In deze periode hebben we samen een geweldige
dochter, Babette, gekregen. In vele opzichten is zij echt een dochter van haar vader.
Als alles goed gaat krijgen we er in augustus nog een kindje bij. Ik geniet van jou,
van ons gezin en van ons immer volgeplande leventje. Ik hou van je.

Lieve Babette, je bent nog maar zon klein meisje, maar je bent al een hele
persoonlijkheid. Je bent amper 1 jaar oud maar je lijkt precies te weten wat je wilt.
Ik kijk er naar uit om jou op te zien groeien en iedere dag weer opnieuw van jou te
mogen genieten. Het is een feest dat jij net als je vader en moeder in de weekenden
kan uitslapen en daarvoor ben ik je zeer dankbaar.
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