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Abstract

Autoimmune retinopathies (AR) are uncommon retinal degenerations with vision loss associated
with unique clinical symptoms and findings and with serum anti-retinal autoantibodies. The
experimental and clinical studies corroborate that autoantibodies in high titers can penetrate into the
retina affecting function of the target antigens, which leads to retinal dysfunction and degeneration.
Anti-recoverin and anti-enolase a-enolase autoantibodies were more frequently recognized in AR
but autoantibodies with other specificities have also been documented, indicating immunological
heterogeneity. Our goal was to examine the associations of anti-retinal autoantibodies with
retinopathy in order to identify molecular biomarkers for better diagnosis and prognosis of
retinopathies. In these studies we examined 39 patients (10 with cancers) of average age of ~57 years
old with sudden onset of unexplained progressive vision loss and the presence of circulating serum
autoantibodies against 40-kDa retinal protein. The patients presented the retinal phenotype
characterized by defects in visual fields and reduced scotopic ERG responses. Anti-40-kDa
autoantibodies had specificity to the amino terminus of transducin-a. None of the normal subjects'
sera had anti-40-kDa autoantibodies. In conclusion, clinical phenotype of patients with anti-
transducin-a autoantibodies differed from other phenotypes of AR. These patients, often women at
aratio ~2:1, had defects in rod (scotopic) photoreceptor function and typically did not have cancers,
whereas anti-recoverin phenotype is associated with cancer and severe loss of rod and cones function,
and anti-enolase retinopathy typically presents with cone dysfunction and is equal in cancer and non-
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cancer patients. Our studies suggest that anti-transducin autoantibodies can serve as molecular
biomarkers for retinal phenotypes and could be used for progression of retinal dysfunction and
degeneration.
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Introduction

The study of autoimmune retinopathies (AR), including cancer-associated retinopathy (CAR)
and melanoma-associated retinopathy (MAR), is a relatively new field of retinal degeneration
research and our understanding of the pathogenicity of autoimmune retinopathy is not fully
elucidated. The disorder for these patients is characterized by cone or rod dysfunction
associated with photosensitivity, progressive loss of vision and color perception, central or ring
scotomas, night blindness, and attenuation of photopic and scotopic responses in the ERG
(Jacobson, 1996). These disorders are mediated by autoimmune mechanisms, are associated
with serum anti-retinal autoantibodies (AAbs), and may be associated with several different
systemic neoplasms, including lung, breast, prostate, and colon cancer (Adamus, 2009). AR
resembles CAR but patients with AR do not present with cancer at the initial ophthalmological
examination or the cancer may be in such an early stage that is difficult to find by the
conventional methods (Adamus et al., 2004). However, tumors may be detected in subsequent
years and the retinopathy may precede recognition of cancer by months to years (up to 5 years,
in our experience) (Adamus, 2009). Although the role of autoimmunity in retinal degeneration
has not been fully explained, experimental and clinical studies corroborate that AAbs in high
titers can penetrate into the retina, affecting function of the target antigens and, in turn, leading
to retinal dysfunction and degeneration through activation of cell apoptosis after prolonged
exposure of the retina to autoantibodies (Adamus, 2003; Adamus, 2006; Adamus and Karren,
2009; Adamus et al., 1997; Maeda et al., 2001; Ohguro and Nakazawa, 2002). Anti-recoverin
(23-kDa) and anti-enolase (46-kDa) AAbs were frequently associated with CAR, but AAbs
with other retinal specificities were also documented (Adamus, 2006; Adamus et al., 2004;
Khan et al., 2006). Moreover, CAR, MAR, and AR are heterogeneous, may produce a number
of ocular symptoms, and may be associated with different anti-retinal AAbs (Weleber et al.,
2005). These autoantibodies could persist over long periods of time in the circulation, and may
be associated with a stable or progressive visual course (Adamus et al., 1998; Adamus et al.,
2004; Kobayashi et al., 2007; Mantel et al., 2008; Oohira, 2007).

In recent years, it has become clear that different phenotypes of AR may be related to the
heterogeneity in antigenic recognition and the targeting of different cells in the retina, which
may also explain the variation and complexity of clinical symptoms in patients with AR. A
unique correlation between the presence of some specific antibodies, such as recoverin or
enolase, is associated with a distinctive ocular presentation (Keltner and Thirkill, 1999; Ohguro
et al., 2004; Weleber et al., 2005). Anti-recoverin (23-kDa) AAbs have been historically
associated with CAR and very aggressive, severe retinopathy (Adamus et al., 1993; Polans et
al., 1991; Thirkill etal., 1992). Anti-a-enolase (46-kDa) AAbs can be found equally in patients
with or without cancer (Adamus et al., 1996). This observation implies that retinal autoantigens
could be used as biomarkers for different subtypes of AR to help with better diagnosis and
prognosis of visual loss. Thus, in our laboratory we seek to correlate the presence of specific
retinal autoantigens with clinical symptoms, findings on examination, and ERG results to
determine not only their role in retinal degeneration but also their usefulness as molecular
biomarkers in pathology. In this paper, we describe a group of 39 patients with autoantibodies
against a unique retinal antigen of the molecular weight of 40-kDa that we identified as
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transducin-a. We report that the presence of these specific AAbs against transducin is
associated with a distinctive retinal dysfunction.

Methods and Materials

Patient Selection

Patients were ascertained through the Ocular Immunology Laboratory Oregon Health &
Science University (OHSU). The studies were approved by the OHSU Institutional Review
Board, and Informed Consent for research was obtained from subjects. We identified 39
retinopathy patients with autoantibodies against a 40-kDa retinal antigen, who presented with
acquired retinal dysfunction, no active inflammation, abnormal ERG. Ten patients had
diagnosed cancer at the time of antibody testing. An average age at diagnosis was 5616 ranging
from 27 to 87 years old. We also obtained 18 sera of normal consented age-matched subjects
of an average age 54.5.

Antibody Evaluation - Western blotting

Human retinal proteins were extracted from a donor retina with 2% octyl glucoside in phosphate
buffer, pH 7.2 and 10 pg protein was used for electrophoresis using Bio-Rad Criterion gels
followed by transfer to PVDF membrane (Adamus et al., 2004). As positive controls, we used
a reference human serum containing anti-enolase autoantibodies at 1:100, anti-enolase MAb
at 1:2000, and anti-recoverin antiserum at 1:50000 dilutions. A negative control contained
secondary antibodies only. The reactivity with a suspected known protein was confirmed by
an additional Western blotting using an appropriated purified protein. For the identification of
40-kDa proteins we used pre-purified transducin a.and B (a gift from Dr. Rehwa Lee) and rabbit
antiserum to transducin a synthetic peptide 17-30 (Ab3504; Abcam) and anti-transducin 636
(from Dr. Rehwa Lee).

Antibody evaluation — Immunohistochemistry (IHC)

Fresh human retina was obtained from a donor and fixed in 4% paraformaldehyde and 30%
sucrose and was frozen in OCT as previously described (Polans et al., 1995). Twelve microns
cryosections were prepared for incubation with human serum (Adamus et al., 2004). As positive
control we used a reference human serum containing anti-recoverin autoantibodies diluted
1:50. A negative control contained secondary antibodies only.

Titration of specific autoantibodies by ELISA

Results

Microtiter plates were coated with 0.1 pg of the human rod transducin-o peptide in 0.1 M Tris-
HCI buffer, pH 9.0 overnight at room temperature. The peptide of amino acid residues 17-30
KLKEDAEKDARTVK was synthesized by Celtek BioSciences (Nashville, TN). After
coating, the plates were washed and then blocked with 1% bovine serum albumin and 1%
normal goat serum in PBS for 1 hr. Then, after washing, the wells were incubated with serial
dilutions of human sera for 1 hr followed by the goat anti-human IgG conjugated to HRP
(Invitrogen). The color reaction was developed with the HRP substrate: ABTS in 0.1M citrate-
phosphate buffer, pH 4.5 and 0.3% H,0O, for 30 min, and the absorbance was immediately
measure at 0D415 using an ELISA Reader.

Clinical Characterization

We identified 39 patients who showed presence of serum anti-40-kDa AAbs associated with
a unique clinical presentation. The average age of these patients was 56+6 years old and they
were represented by a majority of women at a ratio close to 2:1 (25 women to 14 males). Those
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patients had the following clinical symptoms and findings: sudden, progressive bilateral visual
loss that was painless except for 1 patient (Case #9), photopsias, blurred vision, central
scotomas, progressive worsening of visual fields, and abnormalities on ERG testing. The
analysis of their ocular symptoms and findings (Table 1) shows that vision loss was sudden
and progressive and was bilateral within weeks or months in all patients. Some patients reported
blurred or dimmed vision; others reported flashing lights before the eyes or persistent images,
night blindness, photopsias and photophobia. Overall, acuities ranged between 20/20 and 20/40
in the majority, although 4 patients had significantly reduced acuity to from 20/200 to count
fingers. As an example, Fig. 1 illustrates the fundus examination and visual fields of 2 typical
patients in this group: Patient #5: 73-year old female: 20/40 OU; Patient #14: 82-year old
female: 20/40 OD and 20/25 OS. The visual field defects were reported for 23 patients and
showed central scotoma, generalized or peripheral constriction, general depression, arcurate
and altitudinal defects with patchy severe loss of retinal sensitivity (Fig. 1). Optic disc and
retina were normal in the majority of patients. Specifically, pigmentary changes, e.g., bone
spicules were mostly absent. Eight patients presented with loss of color vision.

The patients with anti-40-kDa antibodies showed retinal functional changes as determined by
full field ERG (ffERG) and showed a reduction in ERG a-wave and b-wave amplitudes,
suggesting defects in rod photoreceptor function and retinal degeneration. Fig. 2 shows the
mildly to moderately subnormal responses of rods, dark adapted cones, scotopic bright flash
responses, and 30 Hz flicker responses with prolonged rod and cone implicit times for 2 patients
(Patients # 5 and 14, Table 1). The multifocal ERG (mfERG) for patient #5 showed loss of
amplitudes with patchy, peripheral and central prolongations of implicit times. In general, the
abnormal scotopic responses were reduced by 30% to unrecordable (18 patients). In summary,
abnormalities included reduced scotopic responses and abnormal photopic cone- and 30-Hz
flicker responses, with prolonged rod and cone implicit times or extinguished ERG indicating
global retinal damage.

The clinical history revealed that 10 (25 %) patients (Table 2) had been previously diagnosed
with cancer, including skin melanomas (5 patients) and carcinomas of lung (2 patients), breast
(1 patient) uterine (1 patient), and prostate (1 patient) - all with the diagnosis of cancer months
to up seven years before visual presentation (Table 2). One patient (Patient #14) developed
colon cancer more that a year after initial visual presentation and presence of autoantibodies.
History of systemic illnesses was unrevealing of any trend. Seven patients (6 women and 1
man) had history of systemic autoimmune diseases, including lupus, multiple sclerosis,
rheumatoid arthritis, polymyalgia rheumatic, rheumatic fever, and vitiligo. Five of 14 men
(36%) and one woman (1/27, <0.1%) had smoked for more than 25 year. Five patients had
history of migraine headaches.

Antibody Analysis

The presence of serum autoantibodies was determined by Western blotting and IHC. We
identified 39 sera that strongly reacted with a protein band of human 40-kDa protein out of
over 1000 proteins present on the blot containing human retinal protein extracts. Figure 3 shows
representative results from Western blotting and IHC. The reactive sera with anti-40-kDa AAbs
were incubated a candidate protein of the same molecular weight - purified retinal transducin-
a. All 39 sera reacted with transducin-a on the blot confirming their specificity (Fig. 3). None
of the 19 control sera from normal subjects showed antibody binding to 40-kDa protein on the
blot containing retinal proteins although 4 subjects had antibodies against other retinal proteins
(not shown). Twenty four sera showed a single reactivity with transducin-a. and 15 sera reacted
with one of the additional protein bands such as a-enolase (46-kDa), carbonic anhydrase 11
(30-kDa), transducin-p (35-kDa), or other unidentified proteins (44-kDa and 33-kDa). The IHC
results showed that autoantibodies from patients labeled mostly outer and inner segments of
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photoreceptors and the cytoplasm of ganglion cells in a fashion similar to antibodies generated
against the amino-terminal transducin-o peptide containing the amino acid sequence 17-30
specific for rod photoreceptor transducin, which we used as control in our experiments (Fig.
3C). Thus, next we determined whether patients' sera reacted with this immunogenic transducin
peptide using ELISA. Fig. 4A shows that all patients sera recognized the peptide and that anti-
transducin autoantibodies persist in significantly higher levels than the normal controls
(p=0.001). As additional controls we included 2 groups of patients with visual problems —
patients with intraocular inflammation (uveitis) and patients with age related macula
degeneration. As is seen in Fig. 4A, sera of those patients did not have a significant level of
anti-peptide AAbs. To further determine the specificity of anti-transducin antibodies the
inhibition ELISA was performed for 5 patients sera that were available in quantities needed
for the assay. Figure 4B shows that the peptide 17-30 inhibited antibody binding to the peptide
on the plate in a dose depended manner, confirming the specificity of autoantibody binding to
the amino terminus of rod transducin-a.

Discussion

Autoimmune retinopathies, including CAR and MAR, are immunologically heterogeneous.
An important conclusion from our studies is that the targeting of multiple autoantigens in the
retina by autoantibodies may lead to different ocular manifestations in AR. Photosensitivity,
ring scotoma, attenuated retinal arteriole, decreased ERG response, in addition to the presence
of serum autoantibody to retinal antigens are considered to be crucial for diagnosis of CAR
(Heckenlively and Ferreyra, 2008; Jacobson et al., 1990; Mantel et al., 2008). The current
studies revealed a group of patients with anti-transducin-a autoantibodies who have bilateral
defects in rod (scotopic) photoreceptor function and typically do not have cancers. In contrast,
anti-recoverin autoantibodies are associated with cancer and show severe almost equal ERG
abnormalities of the rod and cone system, indicating severe widespread dysfunction (Ohguro
et al., 2004; Weleber et al., 2005). Anti-enolase retinopathy typically presents with cone
dysfunction and is equal in cancer and non-cancer patients (Weleber et al., 2005). Therefore,
the diversity in serum autoantibodies implies that ocular presentation reflects targeted retina-
specific autoantigens. Thus, we propose that some retinal autoantigens can be used as molecular
biomarkers to distinguish different subtypes of AR and progression of the retinal dysfunction
and degeneration. Table 3 summarizes clinical phenotype for anti-transducin retinopathy in
four major criteria: visual manifestations, clinical findings, ERGs, and presence of cancer and
compare it to the previously published anti-recoverin and anti-enolase phenotypes (Ohguro et
al., 2004; Weleber et al., 2005).

To understand how autoantibodies can affect vision, one has to appreciate the function of the
target autoantigen (Adamus, 2003). Mammalian rods and cones are known to contain different
transducins (Ma et al., 2001). Transducin-a is a member of guanine nucleotide-binding (GTP)
proteins, also known as G-proteins or transducins, that mediate signal transduction triggered
by light, hormones, neurotransmitters, and sensory stimuli and are found in all eukaryotes
(Navon and Fung, 1988). Transducins are composed of three protein subunits — a, B, and y.
The transducin a-subunit of retinal rod cells (G;1a) and cone cells (G{2a), which were present
on our blots show strong conservation of the amino acid sequences in each group of the Ga
subfamily with greater than 98% homologies in the overall structure (Itoh et al., 1988). The
autoantibodies found in our group of patients were specific against the amino-terminus of rod
transducin-a. Although we have not determined all reactive transducin epitopes it is clear that
the sequence 17-30 belongs to one of the major epitopes for rod transducin-o recognized by
patients in this cohort of patients. The sequences of the amino terminal region of Ga
corresponding to amino acid 1-33, including our immunoreactive peptide 17-30, has
considerable differences among the G proteins (Meurs et al., 1987). The BLAST analysis of
the peptide 17-30 showed specificity to rod transducin-a. Hence, it is unlikely that
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autoantibodies against 40-kDa were originally generated to the Ga. of a different tissue than
the retina, and now these autoantibodies cross-react with ocular transducin-o. Moreover,
phototransduction proteins, including transducins can be aberrantly expressed in cancer cells,
including melanoma or lung, similarly to the expression of recoverin in tumors (Bazhin et al.,
2004; Bazhin et al., 2007; Polans et al., 1991; Tan et al., 2004). When released and taken up
by dendritic cells, these antigens could induce anti-transducin autoimmunization in humans
that in turn, ultimately lead to development of retinal degeneration. Furthermore, our
examination of MAR patients tested for anti-retinal antibodies showed 5 out 13 seropositive
patients had anti-transducin-a antibodies (Adamus, unpublished data). Earlier published
studies demonstrated transducin-f as a novel autoantigen in a MAR patient (Potter et al.,
2002), an antigen that is also aberrantly expressed in melanocytes (Bazhin et al., 2007).

Transducin-a has not been reported as a target autoantigen associated with autoimmune visual
loss. Although two published reports showed anti-40-kDa autoantibodies, those antigens seem
to be different from the retinal antigens in the current studies. Peek et al reported on anti-40-
kDa autoantibodies in 2 patients with cone and rod dystrophy with colon adenocarcinoma and
prostate carcinoma surgically removed preceding the ocular symptoms (Peek et al., 2002). In
contrast to our soluble 40-kDa antigen, their 40-kDa antigen was insoluble and localized in the
membranes of photoreceptor outer segments. In a different study, anti-40-kDa antibodies were
found in a patient with cone dystrophy and laryngeal carcinoma, which was also surgically
removed 18 months prior to presenting with photophobia and decreased vision in both eyes
(Parc et al., 2006). This patient had bilateral central scotomas as demonstrated by Goldmann
perimetry but peripheral vision was normal. The cone dysfunction was confirmed by mfERG.
Because the reactive autoantigen was a photoreceptors soluble protein, it resembles transducin-
a in our studies. We hypothesize that, in the cases, where a tumor was removed prior to the
occurrence of visual problems and the presence of autoantibodies, transducin might have been
released from cancer cells during surgery, thus, allowing exposure to the immune system and
generation of an anti-tumor response in the pre-retinopathy stage.

In photoreceptor cells, transducin-a is activated by the exchange of GDP for GTP, accompanied
by dissociation of the GTP-bound a-subunit from the By-transducin complex, and the resulting
phototransduction cascade produces a hyperpolarization of the photoreceptor (Ridge and
Palczewski, 2007). Inactivation of transducin-a by autoantibodies might reduce signaling in
photoreceptors and lead to changes in intracellular calcium and apoptosis. Recent findings from
animal studies on anti-protein G autoantibodies from sera of diabetic BB/W rats with
neuropathy support this hypothesis (Ristic et al., 1998). The exposure of neurons from the
nondiabetic rat to autoimmune serum from the diabetic rat caused an impaired regulation of
the inhibitory G protein-calcium channel complex in those neurons. Such impaired regulation
resulted in enhanced calcium influx, suggesting that these autoantibodies influenced G-protein
function.

To date, transducin subunits o (Gsa and Gio)) have been associated with ocular diseases (Lania
et al., 2006). Loss-of-function mutations of the G;a gene (GNAT1) cause autosomal-dominant
stationary night blindness called Nougaret syndrome (Dryja et al., 1996). These patients are
unable to see in the dark and have no a-wave in the ERG, consistent with a defect in rod-
photoreceptor transducin. A subset of genetic mutations in photoreceptor-specific genes results
in abnormally prolonged activation of transducin-mediated photosignaling in rod cells. In
human disease and animal models, these mutations cause visual dysfunctions ranging from a
mild stationary night blindness to severe, early-onset retinal degeneration (Lem and Fain,
2004).

In summary, testing for autoantibodies provides information important for the molecular
diagnosis of autoimmune retinopathies because specific anti-retinal autoantibodies can be
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associated with unique clinical presentations, symptoms, phenotypic findings, and ERG
patterns. Anti-transducin phenotype differs from anti-recoverin and anti-enolase phenotypes
and characterizes by bilateral visual loss of sudden onset, defects in visual fields, and reduced
ERG scotopic responses and typically do not have cancers (Table 3). Anti-recoverin phenotype
is associated with cancer and almost equal severe loss of rod and cones system, indicating
widespread dysfunction. Anti-enolase retinopathy typically presents with cone dysfunction and
is equal in cancer and non-cancer patients. Although five out 11 patients with cancer had been
diagnosed with skin melanoma, anti-transducin antibodies may not be a good predictor of
association with other forms of neoplasm. Our study suggests that anti-transducin
autoantibodies can serve as molecular biomarkers for retinal phenotypes and may be used for
progression of retinal dysfunction and degeneration.
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Fundus Visual Fields

A

Figure 1.

Fundus photographs and visual field tests of 2 female patients with anti-transducin
autoantibodies—Patient #5, age 73-years (A and C) and Patient #14, age 82-years (B and D):
A: Mild temporal pallor of the disc. B: Normal fundus appearance. Bottom: Octopus 101
(Interzeag, Berne-Koniz, Switzerland) kinetic perimetry with overlying static fields showing
mild (C) and moderate (D) constriction for all isopters tested with patchy, more severe loss of
central retinal sensitivity on static testing.
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Figure 2.

Representative Electroretinograms: A: Full field ERG for the 2 patients in Figure 1 showing
mildly to moderately subnormal responses of rods, dark-adapted cones, and scotopic bright
flash responses. Rod and cone implicit times were mildly prolonged. B: Multifocal ERG for
the right eye of patient #5 showing loss of amplitude with patchy prolonged implicit times,

both peripherally and centrally.
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Figure 3.

Immunostaining of human retinal proteins by Western blotting and immunocytochemistry:
A: The sera from 6 representative patients (on the right) reacted with a 40-kDa retinal protein
on the blot. MS — protein molecular standards, HRE- human retinal proteins stained with
Coomassie brilliant blue; Controls for anti-transducin antibodies are shown on the left —Ta -
anti-transducin-a and Tb - anti-transducin-p antibodies. B: Immunostaining of transducin-a by
sera from selected patients. C: Representative staining of human retina with patient's anti-
transducin-o serum, note labeling of the outer (OS) and inner segments (IS) of photoreceptors
in a similar pattern as specific anti-transducin antiserum. The cytoplasm of ganglion cells was
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also labeled (arrows). Anti-recoverin antibodies were used as a positive control. ONL —outer
nuclear layer, INL —inner nuclear layer, GCL — ganglion cell layer.
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Figure 4.

A. Levels of anti-transducin-a peptide autoantibodies in AR patients (n=39) and control
subjects without visual problems (n=18), patients with uveitis (n=12) and age related macular
degeneration (ARMD, n=10) measured by ELISA were significantly different among the
groups (Man Whitney test, p<0.001) with the control group having the smallest median
deviation (A). One ELISA unit is defined as A4ps = 0.1. B: Inhibition of binding to transducin-
a peptide by anti-transducin-o antibodies from 5 representative patients, as measured by the
inhibition ELISA test. Numbers on the left site of the graph indicate the patient's number as in
Table 1. For both tests 0.1 nug of peptide, containing amino acid rod transducin-a. sequence
17-30, was coated on the ELISA plate.
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Table 3
Characteristics of Anti-transducin Retinal Phenotype in Comparison to Anti-Recoverin and Anti-Enolase
Phenotypes
Features Anti-recoverin Anti-enolase Anti-transducin-a
Average Age * 69 64 57
Onset Acute, sudden Subacute, chronic Sudden progressive
Ocular symmetry Usually symmetric Often symmetric Symmetric
Presentation \SI:eS\i/gLelgigtral and peripheral Mostly central vision loss Mild, patchy to global acuity and field loss
Course Rapid rod and cone loss Mild to severe progression Mild progression
Full Field ERG Severe equal rod and cone loss  Normal to severe cone loss Reduced rod more than cone dysfunction
Multifocal ERG Severely abnormal Mildly to severely abnormal Decreased amplitudes, Delayed timing
Association with cancer Almost 100% About 40% About 25 %

Relationship of cancer diagnosis of  Retinopathy precedes diagnosis of

retinopathy onset cancer by months

Retinopathy develops after

diagnosis of cancer by months to

years

Retinopathy develops after diagnosis of
cancer by months to years

*
Average age of patients tested in our laboratory

Fk

In one patient, the presence of autoantibodies preceded diagnose with cancer
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