Clinical Light Exposure, Photoreceptor Degeneration,
and AP-1 Activation: A Cell Death or Cell Survival Signal
in the Rhodopsin Mutant Retina?
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Purpost. The T4R RHO mutant dog retina shows retinal degen-
eration with exposures to light comparable to those used in
clinical eye examinations of patients. To define the molecular
mechanisms of the degeneration, AP-1 DNA-binding activity,
composition, posttranslational modification of the protein
complex, and modulation of ERK/MAPK signaling pathways
were examined in light-exposed mutant retinas.

MEeTHODS. Dark-adapted retinas were exposed to short-duration
light flashes from a retinal camera used clinically for retinal
photography and were collected at different time points after
exposure. Electrophoretic mobility shift assay (EMSA), super-
shift EMSA, Western blot analysis, and immunocytochemistry
were used to examine AP-1 signaling.

Resurts. Exposure to light of mutant retinas significantly in-
creased AP-1 DNA-binding activity by 1 hour after exposure,
and levels remained elevated for 6 hours. Shielded mutant
retinas had similar AP-1 levels to shielded or exposed wild-
type retinas. The parallel phosphorylation of c-Fos and acti-
vation of ERK1/2 was detected only in exposed mutant
retinas. Exposure to light changed the composition of the
AP-1 protein complex in the mutant retina from c-Jun/Fra-
1/c-Fos to JunB/c-Fos. Immunohistochemistry showed that
the components of activated AP-1 (JunB, and phosphory-
lated c-Fos, and phosphorylated ERK1/2 isoforms) were lo-
calized in Miiller cells.

Concrusions. The inner nuclear layer/Miiller cell localization of
the key proteins induced by light exposure raises the question
of the direct involvement of AP-1 in mediating photoreceptor
cell death in this model of autosomal dominant retinitis
pigmentosa. (Invest Ophthalmol Vis Sci. 2007;48:4907-4918)
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etinitis pigmentosa (RP) is a group of inherited retinal

dystrophies characterized by progressive photoreceptor
degeneration. It is one of the most common inherited retinal
degenerative disorders, affecting an estimated 1.5 million peo-
ple worldwide."* Of the genes and mutations causally associ-
ated with RP, more than 100 different mutations in rhodopsin
(RHO) have been reported, and, with few exceptions, cause
autosomal dominant RP (adRP) (RetNet: http://www.sph.uth.
tmc.edu/RetNet/ provided in the public domain by the Univer-
sity of Texas Houston Health Science Center, Houston, TX).
Within the RHO-adRP group of diseases, there is a variation in
disease severity that is not strictly mutation dependent.®> > This
finding suggests that genetic background or environmental
factors play a role in modifying the phenotype. One such
modifier could be environmental light, as rhodopsin-mediated
photoreceptor degeneration can be readily produced experi-
mentally, particularly in normal laboratory rodents (see Ref. 6
for a review). This possibility raises concern about RHO muta-
tions in general, and about Class Bl in particular, as both
humans and dogs with this mutation class are very sensitive to
bleaching light exposures and show prolonged recovery of
dark-adapted sensitivity.”®

We have reported that the T4R RHO mutant dog shows
exquisite sensitivity to light, and photoreceptor degeneration
ensues after exposures to light comparable to those used clin-
ically for eye examinations in humans.” The T4R mutant RHO
is thermally less stable, releases chromophore faster with
bleaching, and, in the absence of chromophore, appears more
toxic.'® This finding may explain the photoreceptor degener-
ation that occurs with exposures to light that bleach most or all
of the visual pigment.®

A critical intermediary identified in experimental retinal
light damage is activation of the activator protein (AP)-1 tran-
scription factor. It has been proposed that light induces pho-
toreceptor apoptosis in wild-type mice by activation of the
c-Fos/AP-1 molecular pathway.'' After exposure to light in
rodent eyes, AP-1 activation occurs, and photoreceptor degen-
eration ensues. Elevation of endogenous cortisol or parenteral
dexamethasone administration is associated with AP-1 inhibi-
tion and prevents photoreceptor degeneration.®*?

As a transcription factor, AP-1 is a key regulator of many
biological processes that include cell transformation, prolifer-
ation, differentiation, apoptosis, and survival.'>~'> These di-
verse biological functions are dependent on the tissue and
signaling pathways involved. AP-1 can be induced rapidly and
transiently in response to various external signals, and mitogen-
activated protein kinase (MAPK) cascades, including ERK, JNK,
and p38, are recognized as common signaling pathways mod-
ulating up- or downregulation of AP-1 activity at the transcrip-
tional and posttranscriptional levels All subgroups of MAPKs
are serine/threonine kinases, and Fos and Jun proteins can be
phosphorylated directly by activated JNK, ERK1/2, and p38
cascades, or indirectly by their downstream targets.''”

We have reported increased AP-1 DNA-binding activity in
the T4R RHO mutant retina after clinical exposure to light that
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damaged the mutant retina.” We now characterize the time
course, composition, and posttranslational modification of the
AP-1 complex after exposure to light, and determine the cel-
lular localization of the signaling pathways. Our findings indi-
cate a close association in the mutant retina between exposure
to light and activation of signaling pathways, but a dissociation
of this activation from the photoreceptors. This raises the
question of whether AP-1 activation in the T4R RHO mutant
retina is a retinal cell survival response rather than a photore-
ceptor death signal.

MATERIALS AND METHODS

Animals

Dogs were maintained at the Retinal Disease Studies (RDS) facility
(Kennett Square, PA), and all procedures were in compliance with the
ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research. The dogs represent an outbred population with a common
genetic background, and independently segregate several retinal de-
generation genes.'® The wild-type control subjects (n = 8; age, 7-41
weeks) were homozygous normal (+/+) at the three genetic loci:
RHO,® RPEG5," and prcd.?° Fifteen T4R/+ dogs (age, 10-41 weeks)
were homozygous normal (seven), heterozygous (six), or homozygous
mutant (two) at the RPEG5 locus. Three T4R/T4R homozygous mu-
tants were used (age, 23-40 weeks) and were homozygous normal at
the RPEG5 locus. As a negative disease control for light-induced dam-
age, four pred-affected dogs (age, 13-91 weeks) that were homozygous
normal at RHO and RPEG5 loci were included. These dogs also have a
postdevelopmental photoreceptor degeneration that is nonallelic to

TABLE 1. Summary of the Experimental Dogs Used in the Studies
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the RHO mutation.”® A summary of the dogs used and their genotypes
is included in Table 1.

At the ages studied, and under the ambient light conditions used in
the kennels and procedure rooms (described later), the RHO mutants
(T4R/+; T4R/T4R) have no photoreceptor degeneration before 1 year
of age, as long as ophthalmic examination procedures are not per-
formed.®*® The dogs heterozygous for the RPEG5 mutation have a
retina that is indistinguishable from homozygous normal subjects in
function and structure?'*? (Acland GM, Aguirre GD, unpublished data,
February 2004). Moreover, all dogs, regardless of retinal disease locus,
have the conserved codon 450 leucine in the RPE6G5 protein, and no
decrease in light damage susceptibility is expected as occurs in mice
with 450 methionine® (Aguirre GD, unpublished data, May 2003).
When present on an RHO mutant background (T4R/+), RPEG5 ho-
mozygous mutants show retinal degeneration, and the outer nuclear
layer is reduced by ~60% by 6.5 months of age.' For prcd, the retina
does not show evidence of early degeneration until after 6 months of
age, and the disease progresses slowly.'®

Light-Exposure and Tissue Collection

Dogs are kept in kennel runs under cyclic light environment (7 AM
on-7 PM off) with light intensities that vary between 175 and 350 lux
at the level of the “standard” dog eye. In the procedure room, which
is used infrequently, light intensities range from 350 to 700 lux. These
ambient light levels do not cause retinal abnormalities in normal or
mutant dogs that do not have a RHO-based retinal disease.

Three different conditions of exposure to light were used, and will
be referred to in the text as unexposed, exposed, and shielded. Un-
exposed: Retinas were obtained from normal or mutant (RHO and

Genotype Light Exposure

Animal Age PE Interval

ID RHO RPEG5 PRCD (wk) Exposed Shielded Unexposed (h)

Control
7157 +/+ +/+ +/+ 11.0 B —
BR276 +/+ +/+ +/+ 7.0 L R 1
E1014 +/+ +/+ +/+ 18.6 L R 1
N164 +/+ +/+ +/+ 41.1 L R 3
BR270 +/+ +/+ +/+ 7.1 L R 6
E1015 +/+ +/+ +/+ 18.6 L R 6
BR271 +/+ +/+ +/+ 7.3 L R 24
E1016 +/+ +/+ +/+ 18.7 L R 24
P882 +/+ +/+ —/= 91 R -
P1352 +/+ +/+ —/— 231 L R 1
P1358 +/+ +/+ —=/= 19.6 L R 1
P1371 +/+ +/+ —/— 13.0 L R 1
RHO Mutant

EM10 —/+ +/+ +/+ 10.1 B —
EMO61 —/+ +/+ +/+ 26.1 L R 1
EM66 —/+ +/+ +/+ 15.6 L R 1
EM84 —/+ +/+ +/+ 41.1 L R 3
EM141 —/+ +/+ +/+ 22.9 L 1
EM142 —/+ +/+ +/+ 22.9 R 1
EM158 —/+ +/+ +/+ 23.4 L R 3
EMB10 —/+ —/+ +/+ 34.3 L R 1
EMB29 —/+ —/+ +/+ 14.1 L R 5
EMB30 —/+ —/+ +/+ 14.1 L R 5
EMB34 —/+ —/+ +/+ 14.1 L R 5
EMB7 —=/+ —/+ +/+ 34.3 L R 6
EMB2 —/+ —/+ +/+ 37.3 L R 24
EMG60O —/— +/+ +/+ 39.7 L R 1
EM72 —/— +/+ +/+ 22.7 L R 1
EMI1 —/— +/+ +/+ 34.4 L R 3
EMB19 —/+ —/— +/+ 27.0 L R 3
EMB20 —/+ —/— +/+ 27.0 L R 3

L, left eye; R, right eye; B, both eyes; PE interval, postexposure interval.
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pred) dogs during the light phase of the cyclic light-dark cycle. In
general, the retinas were collected in the procedure room under
ambient illumination within 3 hours of light onset (i.e., between 7 and
10 AM). Exposed and shielded: for the clinical exposure to light, dogs
(normal, RHO, and prcd) were dark adapted overnight, the pupils
dilated (1% tropicamide, 1% atropine, 10% phenylephrine), and the
right eye completely shielded from light (shielded). Under dim red
illumination, the left eye was exposed to a series of overlapping retinal
photographs (exposed) with a hand-held, manual advance fundus cam-
era (RC-2; Kowa Ltd., Nagoya, Japan) within 5 hours of light onset (i.e.,
between 7:00 AM and 12 PM). Although this is a standard instrument
for clinical or research documentation of the retina, such photography
results in end-stage retinal degeneration 2 weeks after exposure to light
in the RHO mutant retina, but not in normal dogs or those affected
with other inherited retinal degenerations (Aguirre GD et al., unpub-
lished data).

Because the dog retina has regions where the pigment epithelium
is (inferior, or nontapetal region) and is not (superior, or tapetal
region) pigmented, different light intensities were used for viewing
and photographing these two regions. These adjustments were made
with neutral-density or gray polarizing film filters, and/or adjusting the
settings of the photographic flash. For viewing, the approximate reti-
nal illuminances produced by the tungsten bulb were 0.95 and 3.8
mW - cm ™2, respectively, for the tapetal and nontapetal regions. For
photography, microsecond duration flashes of a xenon lamp produced
approximate retinal doses/flash of 0.6 and 11 mJ + cm?, respectively,
for the tapetal and nontapetal regions.?*?* These are typical settings
used in fundus photography of dogs and result in a >95% bleaching.®
Fifteen to 17 photographs were taken of the eye during an ~5-minute
period, and these were equally distributed between the tapetal and
nontapetal zones. After exposure to light, the dogs were returned to
the dark until they were killed at 1, 3, 5, 6, or 24 hours after exposure.

For collections of retinas from exposed and shielded eyes, the dogs
were anesthetized with intravenous pentobarbital sodium in a dark

TABLE 2. List of Primary Antibodies
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room with dim red light illumination, the eyes were enucleated, and
the dogs were euthanatized with a barbiturate overdose. The globes
were opened with a razor blade cut anterior to the ora serrata, the
posterior segment was isolated, and the vitreous removed. The retina
was then manually separated from the pigment epithelium and frozen
at —80°C until use. For immunohistochemistry, the eyes were pro-
cessed using standard techniques that are described elsewhere®® and
are recounted below.

Preparation of Nuclear Protein Extracts

Nuclear protein extracts were prepared as described.?” Briefly, a single
retinal tissue sample (~50-100 mg) was homogenized in 1.5 mL of
homogenization medium, and, after low-speed centrifugation, the su-
pernatant was saved as the postnuclear supernatant fraction. The pellet
(crude nuclear fraction) was washed and resuspended in extraction
solution, and the supernatant was collected by centrifugation and
saved as the nuclear protein fraction. All postnuclear supernatant and
nuclear extracts were stored at —80°C until use; protein concentra-
tions were determined with a DC protein assay kit (Bio-Rad Laborato-
ries, Hercules, CA).

Probe Labeling

The electrophoresis mobility shift assay (EMSA) probe was a 21-bp
double-stranded AP-1 consensus oligonucleotide (5'-CGC TTG ATG
AGT CAG CCG GAA-3', 1.75 pmol/mL; Promega, Madison, WI) labeled
with y-[>*P]ATP (10 mCi/mL, 3000 Ci/mM; GE Healthcare, Pittsburgh,
PA) according to the phosphorylation reaction protocol in the manu-
facturer’s manual (Gel Shift Assay System; Promega). Unincorporated
v-[>*P]JATP was removed by a spin column (Sephadex G-25; Roche
Diagnostics, Indianapolis, IN), and radioactivity was determined with a
scintillation counter (Beckman LS6500; Beckman Coulter, Fullerton,
CA). As a control, a 22-bp double-stranded specificity protein (SP)-1
consensus oligonucleotide (5'-ATT CGA TCG GGG CGG GGC GAG

Working Concentration

Antigen Host Source* 1B IHC SSA
c-Fos (4) Rabbit pc S.C.B.: sc-52 (0.2 pg/unL) 1:500 (NL at 1:50)
c-Fos (4) Rabbit pc S.C.B.: s¢-52X (2 pg/unl) 1:3
Fra-1 (R-20) Rabbit pc S.C.B.: s¢-605 (0.2 ug/pnl) 1:500
Fra-1 (R-20) Rabbit pc S.C.B.: s¢-605X (2 pg/pnl) 1:3
Fra-2 (L-15) Rabbit pc S.C.B.: sc-171 (0.2 pg/mL) 1:500
Fra-2 (L-15) Rabbit pc S.C.B.: s¢c-171X (2 ug/uL) 1:3
FosB (102) Rabbit pc S.C.B.: s¢-48 (0.2 pug/ul) 1:500
FosB (102) Rabbit pc S.C.B.: sc-48X (2 pg/ul) 1:3
cJun (H-79) Rabbit pc S.CB.: s¢-1694 (0.2 pg/ul) 1:500 (NL at 1:50)
cJun (H-79) Rabbit pc S.C.B.: 5¢-1694X (2 ug/pul) 1:3
JunB (210) Rabbit pc S.C.B.: s¢-73 (0.2 pg/ul) 1:500 1:10
JunB (210) Rabbit pc S.C.B.: s¢-73X (2 pg/uml) 1:3
JunD (329) Rabbit pc S.C.B.: sc-74 (0.2 pug/ul) 1:500
JunD (329) Rabbit pc S.C.B.: sc-74X (2 pg/ul) 1:3
P-c-Fos (pS374) Mouse mc Biomol: SA-345 1:10
JNK 1 (FL) Rabbit pc S.C.B.: s¢-571 (0.2 pg/ul) 1:500
PJNK (G-7) Mouse mc S.C.B.: s¢-6254 (0.2 pg/ul) 1:500
P38 (C-20) Rabbit pc S.C.B.: s¢-535 (0.2 pg/mnl) 1:500
P-p38 (D-8) Mouse mc S.C.B.: s¢-7973 (0.2 pug/ul) 1:500
ERK 1 (K-23) Rabbit pc S.C.B.: 5¢-94 (0.2 pug/pul) 1:2,000 1:50
P-ERK (E-4) Mouse mc S.C.B.: sc-7383 (0.2 ug/unl) 1:1,000 (NL at 1:10)
P-ERK1/ERK2 Mouse mc C.S.T.: #9106 1:30
P-ERK1/ERK2 Rabbit pc C.S.T.. #4377 1:50
B-Actin Mouse mc Chemicon: #MAB1501 1:1,000
CRALBP Rabbit pc John Saari, University of Washington, Seattle, WA 1:5,000-40,000

P-, phosphorylated; pc, polyclonal antibody; IB, immunoblot; SSA, supershift assay; mc, monoclonal antibody; IHC, immunohistochemistry;
NL, no labeling; Biomol, Biomol International LP, Plymouth, PA; S.C.B., Santa Cruz Biotechnology, Santa Cruz, CA; C.S.T., Cell Signaling Technology,

Charlottesville, VA.

* Catalog numbers for commercially available antibodies are listed as a reference to their specificity.
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FIGURE 1. EMSA detection of AP-1
DNA-binding activity in retinal nu-
clear proteins from normal and mu-
tant dogs. (A) AP-1 DNA-binding ac-
tivity was detected with an AP-1
consensus probe in normal and RHO
mutants (T4R/+) at different time
points after exposure to light. RPEG5
status (+/+, homozygous normal;
—/+, heterozygous) is indicated for
each animal. Retinas of unexposed
normal (Z157) and RHO mutants
(EM10) collected under ambient illu-
mination showed comparable AP-1
levels to shielded (S) mutant retinas.
Exposed eyes (E) showed increased
AP-1-binding activity at 1 (EMB10)
and 6 (EMB7) hours after exposure.
By 24 hours, the levels were the
same in exposed and shielded eyes
(EMB2). (B) Graphic representation
of relative AP-1-binding activity in
mutant retinas. One hour after expo-
sure to light, the AP-1 levels in-
creased and remained elevated for 6
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hours. There was no AP-1 elevation
in the shielded eyes. By 24 hours, the
relative AP-1-binding activity levels
were the same in shielded and ex-
posed eyes. There were no apparent
differences in AP-1-binding activity
between RHO mutant dogs that are
heterozygous (—/+) or homozygous
normal (+/+) at the RPEG5 locus.
When more than one animal of the
same genotype was sampled at one
time point, the bar and lines repre-
sent the mean and range of values.
(C) Graphic representation of rela-
tive retinal AP-1-binding activity in
nuclear protein extracts of unex-
posed normal (Z157), RHO mutant
(T4R/+; EM10), and prcd mutant
(P882) dogs; there was no increase in
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same genotype was sampled at one time point, the data represent the mean and range of values. (B, C, bottom) The genotypes at the RHO
(T4R/T4R or T4R/+), RPEGS5 (+/+ or —/+), and prcd (+/+ or —/—) gene loci.

C-3', 1.75 pmol/mL; Promega) probe was labeled using the same
procedure.

Electrophoresis Mobility Shift Assay

EMSA was performed as described in the manufacturer’s manual
(Gel Shift Assay System; Promega). All binding reactions between
nuclear proteins (~1.5 ug of protein/reaction) and labeled probe
(0.07 picomoles; ~10,000 cpm/reaction), including the positive
control-HeLa cell nuclear extract (>2.4 mg/mL, Promega), were
analyzed by 2% to 20% gradient polyacrylamide gels. Dried gels
were exposed to a phosphorescence imager (BAS-IP 2040; Fujifilm
Life Science, Stamford, CT), a phosphorescence imager screen (GE
Healthcare), and/or x-ray film (Fujifilm Life Science). The images
were scanned and analyzed (BAS 1000 scanner with Image Gauge
software; Fujifilm Life Science, or a Storm 860 scanner and an
ImageQuant workstation; GE Healthcare). The relative AP-1 activity
was determined based on the intensity of the shifted bands mea-
sured (Image Gauge software or ImageQuant workstation; GE

Downloaded from iovs.arvoijournals.org on 06/28/2019

Healthcare) Binding specificity was confirmed using unlabeled spe-
cific (AP-1) and nonspecific (SP-1) probes. The intensity measure-
ments obtained with the phosphorescence imager or x-ray film
were comparable and also with the radiation dose displayed in units
of photostimulated luminescence (PSL).

Supershift Assay

Prehybridization between the nuclear extract and antibodies was per-
formed out in the supershift assay. Briefly, ~6 ug of nuclear protein
was mixed with 12 ug antibody (Table 2) in EMSA binding system
(Promega), incubated at room temperature for 30 minutes, followed by
the same EMSA procedure and analysis described earlier.

Immunoblot Analysis

One-dimensional protein electrophoresis and immunoblot analysis
were performed with nitrocellulose membranes (Trans-Blot Transfer
Medium; Bio-Rad Laboratories). The primary antibodies for this study
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FIGURE 2. A supershift assay identified composition of the AP-1 com-
plex in T4R/T4R RHO retina (dog EM91). Retinal nuclear protein
extracts from shielded (lanes 1-7) and exposed (lanes 8-14) T4R/T4R
RHO mutants 3 hours after unilateral clinical exposure to light. In the
shielded retina, the AP-1 complex was composed of c-Fos (lane I),
Fra-1 (lane 3), and c-Jun (lane 5). There was no binding to FosB (lane
2), Fra-2 (lane 4), JunD, or JunB (lanes 6 and 7). In the exposed retina,
the AP-1 complex changes, and only c-Fos (lane 8) and JunB (lane 14)
were bound. There is no binding with FosB, Fra-1, Fra-2, c-Jun, or JunD
(lanes 9-13).

are listed in Table 2; HRP rabbit anti-mouse IgG and HRP goat anti-
rabbit IgG (ZyMax, San Francisco, CA) were used as the secondary
antibodies. The immunoreacted bands were detected using the en-
hanced chemiluminescence (ECL) system (GE Healthcare), scanned,
and analyzed (ImageQuant workstation; GE Healthcare).

Phosphorylation Analysis

To identify phosphorylated isoforms, nuclear extracts were treated
with protein phosphatase (PP)-1 (New England Biolabs, Ipswich, MA)
according to the standard PP1 procedure provided by the manufac-
turer, and the results were analyzed by immunoblot analysis.

Immunohistochemistry

A slit was made through the enucleated globe at the level of the ora
serrata, and the entire globe was fixed for 3 hours in 4% paraformal-

A
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pattern in nuclear proteins of light
exposed T4R/+ retina. (A) The un-
exposed normal retina (Z157) or the B
shielded (S) T4R/+ retina had a sin-
gle c-Fos immunoreactive band of 50
kDa. At 1 and 6 hours after clinical
exposure to light, the exposed (E)
retina showed a second band of ~56
kDa. By 24 hours, only the 50-kDa
band was present in both the
shielded (S) and exposed retinas. (B)
The same c-Fos pattern was present
in exposed (E) T4R/+ or T4R/T4R
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retinas that were homozygous nor- EM61
mal at the RPEG5 locus. The shielded

(S) retinas only have the 50-kDa im- RHO T4R/+
munoreactive ¢c-Fos band. RPE65 ++
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dehyde in 0.1 M phosphate-buffered saline at 4°C. The posterior
segment then was isolated, the vitreous gently removed, and the
eyecup fixed for an additional 24 hours at 4°C in 2% paraformaldehyde
in 0.1 M phosphate-buffered saline. The tissue then was trimmed,
cryoprotected sequentially for 24 hours in a solution of 15% and 30%
sucrose in 0.1 M sodium phosphate and 0.15 M sodium chloride (pH
7.2; BupH, phosphate-buffered saline; Pierce, Rockford, IL) at 4°C, and
embedded in optimal cutting temperature (OCT) medium. Retinal
cryosections along the superior and inferior retinal meridians of both
the light exposed and shielded eyes from T4R/+ dogs were collected
1 and 3 hours after unilateral clinical exposure to light, and used to
examine the cellular localization of AP-1 complex components (c-Jun,
JunB, phosphorylated c-Fos), and phosphorylated ERK1/2 (Table 2)
using standard immunofluorescence protocols.?® Double-immunofluo-
rescence with CRALBP was performed to determine colocalization
with Miiller cells.

REsULTS

AP-1 DNA-Binding Activity in RHO Mutant Retina

To determine whether AP-1 activity was induced by clinical
exposure to light, nuclear protein extracts from wild-type and
T4R RHO mutant retinas were analyzed by EMSA at different
time points after exposures that previously were found to
cause retinal damage.® In normal controls, or unexposed
T4R/+ mutant retinas, there was no AP-1 activation (Fig. 1A).
In contrast, exposed T4R/+ retinas showed very distinct in-
creased binding of the AP-1 consensus oligonucleotide visual-
ized as a distinct band of labeling, either with the phosphor
imager or x-ray film (Fig. 1A). Using groups of T4R/+ and
T4R/T4R RHO mutants that were homozygous normal (+/+)
or heterozygous (—/+) for RPEG5, we examined the time
course of AP-1 activation after exposure. There was an ~3- to
3.5-fold increase in binding activity noted by 1 hour in the
exposed mutant retinas which was sustained through 6 hours

S E S E S E
lh 6h 24h
EMI0 EMB7 EMB2
T4R/+ T4R/+ T4R/+
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= S
B S E
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FIGURE 4. Protein phosphatase 1 (PP1) eliminated the higher-molec-
ular-weight c-Fos band. Gels from shielded (S) and exposed (E) RHO
mutant retina (dog EM84) show different patterns of c-Fos immunore-
activity. The exposed retina had 2 bands of ~50 and ~56 kDa. Pre-
treatment with protein phosphatase 1 eliminated the higher-molecular-
weight band.

after exposure (Figs. 1A, 1B). The magnitude and pattern of the
activation was the same in T4R/+ RHO mutants that were
homozygous or heterozygous for RPEG5 or in the T4R/T4R
mutants. By 24 hours, the AP-1 levels had decreased, and were
comparable to those of the mutant retinas that were shielded,
or of the unexposed normal or mutant dogs (Figs. 1B, 1C).

To determine the specificity of increased AP-1 binding in
the RHO mutant retinas, we performed the same study in
homozygous normal dogs at both the RHO and RPEG5 loci.
Seven dogs were analyzed at 1, 3, 6, and 24 hours after expo-
sure to light, and there was no increase in binding activity (Fig.
1C). Similarly, dogs affected with prcd, a nonallelic retinal
degeneration,*® were also studied under the same conditions,
and showed no AP-1 induction with exposure to light (Fig. 1C).
Clinical exposure to light similar to the ones used experimen-
tally in this study does not cause or accelerate the retinal
degenerative process in prcd (data not shown). The control
EMSA with an SP-1 probe was performed, and no activation of
SP-1 transcription factor could be detected in exposed RHO
mutant retinas (data not shown). Similarly, pretreatment with
an excess of unlabeled AP-1 oligonucleotide eliminated the
binding.

Composition of AP-1 Complex in RHO
Mutant Retina

To characterize the composition of AP-1 protein complex in
the mutant retina, we used a homozygous T4R/T4R mutant
that was +/+ at the RPEG5 locus and performed the analysis
on nuclear protein extracts from retinas collected 3 hours after
exposure. The composition was determined by supershift-
EMSA analysis with antibodies directed against Fos and Jun

A _

B
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N

E S E
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proteins (Table 2). In the shielded mutant retina, the supershift
assay showed that c-Fos, Fra-1, and cJun are the major AP-1
components. In contrast, the exposed retina showed that AP-1
consisted of c-Fos and JunB (Fig. 2).

Phosphorylated c-Fos in Light-Exposed RHO
Mutant Retina

Immunoblot analysis performed to identify the individual AP-1
components in nuclear protein extracts showed an additional
c-Fos immunoreactive band of higher molecular weight (~56
kDa) in the exposed T4R/+ retinas. This band was present
between 1 and 6 hours after exposure, but was not detected at
24 hours. The shielded mutant retinas, or wild-type control,
did not show this additional c-Fos band (Fig. 3A). Animals
with different genotypes at the RHO (T4R/+, T4R/T4R) or
RPEG5 (+/+, —/+) loci gave the same results (Figs. 3A, 3B).
Dephosphorylation with PP1 before electrophoresis and im-
munoblotting eliminated the higher molecular size band,
and confirmed that it represented a phosphorylated isoform
of c-Fos (Fig. 4).

Exposure to Light and Extracellular Regulated
Kinase Activation in RHO Mutant Retina

We examined three of the upstream activators of AP-1 (cJun
N-terminal kinase [JNK], p38 and Extracellular Regulated Ki-
nase [ERK] in postnuclear supernatant fractions, to determine
the signaling pathway(s) that result in increased AP-1-binding
activity after clinical exposure to light. Total JNK and phos-
phorylated JNK were detectable in immunoblots, and no
changes were found in shielded or exposed mutant retinas.
Intense labeling of total p38 was present, but phosphorylated
P38 levels were low. As with phosphorylated JNK, there were
no changes observed between shielded and exposed mutant
retinas (Figs. 5A, 5B).

In the normal control retinas, either shielded or exposed,
the total and phosphorylated levels of ERK1/2 isoforms were
the same (Fig. 6A). As well, both the unexposed and shielded
T4R/+ retinas showed levels comparable to those in the nor-
mal controls (Figs. 6B-D). In contrast, the exposed RHO mu-
tant retinas showed a marked increase in phosphorylated ERK1
and -2 isoforms without an increase in total ERK1/2 levels (Fig.
6). This occurred within 1 hour of exposure to light, and levels
remained elevated at the 3 and 6 hour postexposure time
periods. By 24 hours, phosphorylated ERK1/2 levels were
comparable to normal control, or the shielded mutant retinas.
The time course and magnitude of increased ERK1/2 phos-
phorylation was similar for the ERK1 and -2 isoforms, and no

FIGURE 5. Phosphorylated JNK and
phosphorylated p38 in retinal post-
nuclear supernatant fractions. (A) P-
JNK antibody identified two differ-
ent phosphorylated JNK isoforms (P-
JNK1, PJJNK2) of different molecular
size. There was no difference be-
tween T4R/+ RHO mutant (EM10)
that was unexposed or RHO mutants
(T4R/T4R, T4R/+) that were
shielded (S) or exposed (E) and had
different genotypes at the RPEG5 lo-
cus (+/+, —/+, =/=). B) P-p38

-— P54, P-JNK1

-— P46, P-JNK2

EMB19

EMI10 EM72 EMB30 antibody detected a single band, and

there was no difference between an-

th 3h Sh imals that are shielded (S) or ex-

RHO T4R/+ T4R/T4R T4R/+ T4R/T4R posed (E). Bottom: genotypes at the
RPE6S ++ +/+ -/~ -+ RHO and RPEG5 loci.
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FIGURE 6. Total and phosphory- e
lated ERK1/2 in retinal postnuclear - e
supernatant fractions from normal s E
and mutant dogs. (A) Immunoblot 6h
analyses with antibodies against BR276
ERK1, ERK2, P-ERK1, and P-ERK2 in S
samples from normal and mutant s
(T4R/+; RPEG5 —/+) dogs that
were shielded (S) or exposed (E).
Levels of total ERK1/2 isoforms were
similar to normal (BR276) and did
not change with exposure to light
(top row). Similarly, P-ERK1/2 iso- B
forms (middle row) did not change
with exposure to light in normal an-
imals, and the pattern was similar to
that of shielded (S) mutant retina. In
exposed (E) RHO mutant retinas,
there was a marked increase in
P-ERK1/2 at 1 and 6 hours after ex-
posure, but levels returned to nor-
mal by 24 hours. Bottom row: p-ac-
tin control. (B) Immunoblots from
RHO mutant (T4R/T4R or T4R/+) ih
homozygous normal at the RPEG5 EM72
locus that were shielded (S) or ex-
posed (E). Levels of total ERK1/2 iso- TAR/T4R
forms do not change with exposure ++
to light (top row), but levels of
P-ERK1/2 isoforms (middle row) in-
crease at 1 and 3 hours after expo-
sure. Bottom row: [-actin control.
(C, D) Graphic representation of the C
relative levels of P-ERK1 (C) and P-
ERK2 (D) (normalized against (3-ac-
tin) in dogs of different genotypes at
the RHO and RPEG5 loci. In unex-
posed mutant (EM10) retina,
P-ERK1/2 levels were low. With ex-
posure to light, P-ERK1/2 levels in-
creased by 1 hour in the exposed
mutant retinas and remain elevated
for 6 hours. There was no difference
in the levels of P-ERK1/2 in animals
that were homozygous mutant or
heterozygous at the RHO locus, or
+/+ or —/+ at RPEG5. By 24 hours,
the levels in the exposed RHO mu-
tant retinas decreased to normal.
Dogs that are T4R/+ and homozy-
gous mutant at RPEGS (—/—) (right,
EMB19/20) showed increased levels
of P-ERK1/2 that were the same in
exposed or shielded retinas. When
more than one animal of the same
genotype was sampled at one time
point, the data represent the mean
and range of values.
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differences were found in dogs that were T4R/+ or T4R/T4R at
the RHO or +/+ or —/+ at the RPEG5 loci (Fig. 6).

Different Signaling Pathway in RHO Mutants with
RPEG5 Functional Knockout

We used T4R/+ RHO mutants who were homozygous null at
the RPEG5 locus to determine the effect of clinical exposure to
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light on AP-1 activation. The exposed double mutant (T4R/+;
RPE —/—) retinas showed an ~2.5- to 3-fold elevation in
AP-1-binding activity at 3 hours (Figs. 7A, 7B), but this activa-
tion was not associated with c-Fos phosphorylation (Fig. 7C;
compare with Figs. 3A, 3B). As well, although there were no
differences between the paired shielded and exposed retinas in
the phosphorylation of the ERK1 and -2 isoforms, in both, the
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FIGURE 7. AP-1 activation, but lack
of c-Fos phosphorylation, with clini-
cal exposure to light in T4R/+,
RPEG5—/— mutant retinas. (A, B)
Three hours after exposure to light
there was an increase in AP-1-bind-
ing activity in the exposed (E) in
comparison to the shielded (S) ret-
ina. (C) Nuclear protein extracted
labeled with a c-Fos antibody. In nor-

Z157 EMB19 EMB 20 mal (Z157) and double-mutant reti-
RHO +/+ T4R/+ T4R/+ nas, shielded (S) or exposed (E), a
single immunoreactive band is rec-

RPE65 ++ /-

levels were elevated and comparable to those found in the
exposed RHO mutant retinas that were normal at the RPEGS
locus (Figs. 6C, 6D). Last, the results obtained in the analysis of
JNK and p38, both in total levels and phosphorylated isoforms
in shielded and exposed retinas, were the same as in the other
animals discussed in the preceding sections (data not shown).

Effect of Exposure to Light on Phosphorylation
of ERK1/2 and AP-1 Activation in Miiller Cells of
the T4R/+ RHO Mutant Retina

Fluorescence immunohistochemistry was used to localize the
site of ERK1/2 phosphorylation and AP-1 activation in the
T4R/+ RHO retina. Sections from the superior and inferior
meridians were examined in shielded and exposed retinas, and
the results were the same, both for the meridians and for
different regions within the meridians. Three hours after ex-
posure to light (Figs. 8A-C) antibodies against the phosphory-
lated ERK1/2 labeled the somatas of cell bodies that were
located at the vitreous side of the inner nuclear layer (INL; Fig.
8A2, arrows). Double labeling showed that the phospho-
ERK1/2 antibody labeled CRALBP-positive Miiller cells (Fig.
8A2 + A3). Antibodies directed against components of the
activated AP-1 protein complex (phosphorylated c-Fos and
JunB) also labeled cells in the INL (Figs. 8B2, 8C2, arrows).
Colocalization of phosphorylated c-Fos and CRALBP antibodies
confirmed that these were Miiller cells (Fig. 8B2 + B3). A
similar pattern of immunoreactivity was seen with JunB, but
double immunofluorescence could not be done with this anti-
body (Figs. 8C1, 8C2). In addition, JunB labeling was observed
also at the level of the outer segments (OS), as well as the outer
and inner plexiform layers (OPL, IPL) in both exposed and
shielded retinas. However, a distinct punctate pattern of stain-
ing in the OPL, consistent with that of cone pedicles, was seen
predominantly in the exposed retina. Neither phospho-ERK1/2
nor phospho-cFos immunoreactivity was found in photorecep-
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ognized by the c-Fos antibody.

tor cells. With the exception of a very faint JunB immunoreac-
tivity in some cells of the INL (data not shown), a similar
pattern of labeling was observed with phospho-ERK1/2 and
phospho-cFos antibodies in the T4R/+ RHO retina 1 hour after
exposure to light (Figs. 8D, S8E).

DIscuUSSION

Because of the potential clinical relevance of damaging expo-
sures to light in patients with adRP who have RHO mutations,
we have taken advantage of the experimental light-damage
paradigm developed in rodents to examine the association
between exposure to light and photoreceptor degeneration in
the RHO mutant dog model.® The purpose was to identify the
signaling pathways that link the two events. As a first step, we
focused on AP-1, the proposed key intermediary of light-in-
duced damage that induces photoreceptor apoptosis in wild-
type mouse retinas by activation of the c-Fos/AP-1 molecular
pathway.'' We characterized the time course of AP-1 activa-
tion and the protein complex components and identified
ERK1/2 as potential upstream activators of AP-1. In parallel, we
localized the site of expression of these putative key players to
the retinal Miiller cells in the canine T4R RHO model of
light-induced damage.

For these studies, we used multiple microsecond-duration
light flashes produced by a hand-held fundus camera that is
used in routine clinical ophthalmic practice for recording of
retinal images in human patients or experimental animals. In
normal dogs, or in dogs with non-RHO-associated retinal dis-
eases, these exposures do not cause any retinal abnormalities,
thus ruling out thermal damage or other causes of photorecep-
tor degeneration secondary to exposure to light. EMSAs deter-
mined that AP-1 DNA-binding activity was elevated in light-
exposed RHO mutant retinas. Similar results were obtained in
animals that were T4R/+ or T4R/T4R, confirming the results of
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Light Exposed -

FIGURE 8. Localization of phosphorylated ERK1/2, phosphorylated c-Fos and JunB in T4R/+ RHO mutant retinas after clinical exposure to light.
Images shown are from the superior central and equatorial regions which gave the same results. The same findings were observed in comparable
regions of the inferior meridian. (A) Cellular location of phosphorylated ERK1/2 in T4R/+ RHO retina 3 hours after exposure to light. (A1)
Phospho-ERK1/2 (green) in a shielded eye; (A2, A3) Phospho-ERK1/2 (green) and CRALBP (red), in an exposed eye. (A2+A3) Merged image.
Phospho-ERK1/2 and CRALBP colocalized in Miiller cells. (B) Cellular location of phosphorylated c-Fos in T4R/+ RHO retina 3 hours after exposure
to light. (B1) Phospho-c-Fos (green) in a shielded eye; (B2, B3) Phospho-c-Fos (green) and CRALBP (red), in an exposed eye. (B2+B3) Merged
image. phospho-c-Fos and CRALBP colocalized in Miiller cells. (C) Cellular location of JunB in T4R/+ RHO retina 3 hours after exposure to light.
(C1) JunB (green) in a shielded eye; (C2) JunB (green) in an exposed eye. Labeled INL cells had cytological characteristics of Miiller cells. (D)
Cellular location of phosphorylated ERK1/2 in T4R/+ RHO retina 1 hour after exposure to light. (E) Cellular location of phosphorylated c-Fos in
T4R/+ RHO retina 1 hour after exposure to light. RPE, retinal pigment epithelium; ONL, outer nuclear layer; IS, inner segments; INL, inner nuclear

layer; GCL, ganglion cell layer. Scale bar, 20 um.

prior studies indicating that predegenerate retinas of homozy-
gous or heterozygous mutants had no differences in retinal
structure and function, or in the sensitivity to damage from
clinical exposure to light.*~'° As well, the same increases in
AP-1-binding activity were present in RHO mutants that were
+/+ or —/+ at the RPEG5 locus. The RPEG5 heterozygotes
have a retina that is indistinguishable from that of the homozy-
gous normal dog in function and structure®'** (Acland GM,
Aguirre GD, unpublished results, February 2004).

Elevation in AP-1 DNA-binding activity was found only in
the RHO mutant retina after clinical exposure to light. Wild-
type controls, as well as dogs with prcd, a nonallelic cause of
photoreceptor degeneration,?® showed no light-associated el-
evation in retinal AP-1 activity, nor light-induced retinal degen-
eration. The results with prcd emphasize that it is the RHO
mutation, rather than inherited photoreceptor disease per se,
that predisposes the visual cells to damage from clinical expo-
sure to light. These findings provide evidence that photorecep-
tor cell death is triggered by the light-activated T4R mutant
RHO.

Our light-damage results in the RHO mutant dog retina
warrant comparison with the experimental models of light-
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induced damage, particularly in mice.>** In both, damage is
mediated by rhodopsin and is prevented by absence of a
chromophore.®® In the doublemutant dog (T4R/+;
RPEG5—/-) the retina degenerates early (described later), but
the degeneration is not accelerated by the exposure to light
used in this study'® (unpublished results, May 2005). Both
models demonstrate activation of AP-1 associated with the
damaging exposure to light (Refs. 9, 31 and the present study).
In mice, there is a requirement for repetitive photon absorp-
tion to cause damage,® but in the dog, damage occurs with
short-duration exposures that bleach >95% of the visual pig-
ment.®® The most salient difference between the two, how-
ever, is that in the dog, there is a mutation in opsin that
predisposes the photoreceptors to degenerate with light inten-
sities that normally cause no damage in this species.” Further
support comes from studies in pigmented mice that are hemi-
zygous null for wild-type mouse Rbo, and have a T17M muta-
tion affecting the second glycosylation site. In these animals,
short 2.5-minute exposures to 5000 lux cause extensive retinal
degeneration; as well, two fundus photographs through a ste-
reo fundus lens cause loss of ERG a- and b-wave amplitudes
within 24 hours.>?
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FIGURE 9. The events occurring in
the T4R mutant retina after clinical
exposure to damaging light. Expo-
sure to light of mutant rods results in
signaling through the G-coupled re-
ceptor pathway.® Signaling to Miiller
cells, either directly or as a second-
ary stress response (dashed arrow
with ?), results in ERK1/2 phosphor-
ylation which activates AP-1 by phos-
phorylating c-Fos, and changing the

Activated AP-1
(P-c-Fos / JunB)

AP-1complex to c-Fos/JunB. Previ-
ous studies have suggested that AP-1
activation results in cell death, but

X
CELLDEATH? or

Elegant experimental studies, particularly in normal albino
mice, have begun to characterize the pathways and molecular
events that link exposure to light to photoreceptor degenera-
tion and have implicated AP-1 activation as a key player in this
process.® However, localization of AP-1 constituents, effectors
or downstream targets has not been reported in the murine
light-damage model. In the present study, immunocytochemis-
try showed that the key proteins in the pathway induced by
exposure to light were localized to the INL. Using a marker for
Miiller glial cells, we found colocalization of phosphorylated
c-Fos and phosphorylated ERK1/2 to this cell class; JunB was
also present in the same INL cells, but confirmation of Miiller
cell identity was not possible because the primary antibodies
were from the same species.

Miiller cell reactivity after a diverse array of retinal injuries
is thought to promote initially a survival response through the
release of neurotrophic factors and antioxidants.>>~>> Early
nonspecific responses of Miiller cells involve ERK activation
and upregulation of GFAP expression.>® Several studies also
have shown that c-Fos expression in Miiller cells is activated
shortly after exogenous administration of neurotrophic fac-
tors,>”*® and there is endogenous upregulation of CNTF and
FGF-2 in Miiller cells after damaging exposure to light.>® Based
on findings in these studies, we suggest that the events asso-
ciated with AP-1 activation by clinical exposure to light in the
T4R RHO retina may represent a neuroprotective response that
is insufficient to prevent the subsequent degeneration of pho-
toreceptors. Supporting this hypothesis is a recent report on
the neuroprotective effect of the cellular prion protein (PrP)
isoform in which the authors suggest that PrP¢ acts down-
stream of AP-1 to prevent photoreceptor apoptosis in a model
of light-induced retinal degeneration.* Additional biochemical
and cytochemical studies in mutant dogs, particularly between
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A
CELL SURVIVAL ?

the current results indicate that AP-1
activation may represent a cell sur-
vival signal. Exposure to light of rods
N with wild-type RHO does not cause
activation of downstream pathways
in Miiller cells.

exposure to light and the 1-hour period, are needed to define
the time course of these changes, and, as well, to identify other
signaling molecules and downstream targets of AP-1.

Based on the present results, it is appropriate to re-examine
the putative role of AP-1 as the key intermediary in the signal-
ing pathway that links damaging exposure to light with pho-
toreceptor degeneration. Other than the close association be-
tween exposure to light and AP-1 activation, the main support
for the proapoptotic role of AP-1 is based on the prevention of
photoreceptor degeneration through the inhibition of AP-1,
either with c-Fos knockouts®*#! or by activation of the glu-
cocorticoid receptor.'? There are now an increasing number of
studies that highlight how both prodeath and prosurvival sig-
nals are activated shortly after exposure to light.%>%> Thus
identifying the activation of a signaling pathway after exposure
to light cannot merely be considered as causally associated
with the cell death process. In regard to the prevention of
degeneration with c-Fos knockouts, the protection occurs only
in mice with the methionine substitution at RPEG5 codon
450,%% and this protection fails in those having leucine at this
position.** As far as AP-1 inhibition through activation of the
glucocorticoid receptor is concerned, inhibition requires a
dose of 52 mg/kg of dexamethasone, and lower doses (e.g., 22
and 37 mg/kg) offer only partial protection.'” Such doses are
not pharmacologically relevant, lack specificity, and probably
result in off-target effects.

Our results showed significant activation only of ERK1/2
with clinical exposure to light in the T4R RHO mutant retina,
but not in normal control eyes. This finding is in contrast to
that in a recent study in which ERK activation after exposure to
light was reported in mice that are susceptible or resistant to
light-induced damage.*> ERK1/2 activation also occurs in dogs
with mutations at both the RHO (T4R/+) and RPEG5 (—/—)
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loci, but this activation is independent of exposure to light. In
these dogs, the same clinical protocol of exposure to light
results in a modest elevation of AP-1, but no phosphorylation of
c-Fos. Such response to light is not surprising, given that retinal
responses can be recorded by electroretinography with su-
prathreshold stimuli, even though there is no detectable chro-
mophore.*"?*> However, phosphorylated ERK1/2 levels were
elevated and similar in both the exposed or shielded double-
mutant retinas. The results suggest that ERK1/2 become con-
stitutively activated as a consequence of the ongoing photore-
ceptor degeneration by a signal that is not associated with the
damaging exposure to light. Thus, the mechanism of cell death
in RHO mutant dogs after clinical exposure to light differs
between animals that have a functional or a nonfunctional
retinoid cycle in the retinal pigment epithelium.

If AP-1 activation is a prosurvival rather than cell death
signal in the T4R RHO retina, what then is the effector that
executes the cell death signal? Elegant studies in which a
heterologous cell expression system was used suggest that
abnormal trafficking or protein misfolding and entrapment in
Golgi/endoplasmic reticulum (ER) are causally associated with
photoreceptor degeneration in some rhodopsin muta-
tions.*®~ %’ However, the expression systems use nonphotore-
ceptor cells (e.g., the 293S line of human embryonal kidney
cells), and these cells lack an outer segment and the key
components for the elaborate vectorial transport of opsin and
other proteins destined for outer segment morphogenesis and
renewal. In contrast, for the small number of cases examined in
humans patients (T17M, QG64ter)’°~>2 or dogs (T4R)'® with
naturally occurring RHO mutations, there is no evidence of
abnormal trafficking that would cause opsin to accumulate in
the inner segment; as well, there is no evidence of opsin
accumulation in the inner segments of dogs before or after
damaging exposure to light.” Thus, the molecular mecha-
nism(s) linking RHO mutation to disease are complex, poorly
understood, and likely to be mutation class specific, and they
require additional investigation.

Our results indicate that three early biochemical events,
activation of ERK1/2, c-Fos phosphorylation, and induction of
AP-1 DNA-binding activity, occur in Miiller cells after clinical
exposure to light that subsequently results in photoreceptor
degeneration (summarized in Fig. 9). These changes had a
similar magnitude and time course and suggest the following
working model. When T4R mutant RHO is activated by clinical
exposure to light, the ERK pathway is triggered by activated
T4R RHO, and ERK1/2 are phosphorylated. c-Fos protein, as
one of the major nuclear protein targets of ERK, is phosphor-
ylated by activated ERK1/2 directly, or indirectly by down-
stream signaling molecules. Thus, the increased AP-1 DNA-
binding activity is induced by c-Fos phosphorylation, which
promotes transactivation of downstream targets. Because the
key proteins in the AP-1 signaling pathway are located in
Muiller cells/INL in the T4R RHO mutant retina, we posit that
AP-1 activation is a survival response. Thus, the cell death
signal in the RHO mutant model and in patients with adRP
remains to be identified.
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