B. MIZHE

1) o F7Y VBIRT P23H, S334ter K%
£I7v M, RS Ty b, WBELLT
Sprague-Dawley (SD) ¥ v P B X O
Brown Norway (BN) ¥ v 6 F N+
MWL L, ATV 2+ 4 X L7
FREYV 2 A— b OIS EEICLD
WAEESE I Fay P THES R RE
L. &HE5HO calpain {EHEE & %
JEELTOEREZHE L,

2) calpain {&1 12 Succ-Leu-Tyr-AMC % %
BELTHERSZThESZ EITL
DElE L7z,

3) calpain ® % ¥ 37 BEXBE &I
calpain ViffZ# Hlw/-w 2% 70
v MEIZTHEEENITRE L7,

4) =NV LREORME . B
1) L7, £k 3EEO RCS
Ty MWV EER 2AME
EAICIR G LTce PBRERICIZEAI O A
TG L7z, %5 2 BRICER LHEESL
L7,

5) B LMEEFEY -4 XL, ##l
FATEEC L Y EBDE I bay b
) T EG AP L &SSO calpain
EHE Y S BREBE R E L7,

C. MEBR

1) SD 9w b& BN I v MBI EE SO
calpain EMEIZIE~, P23H 7 v b (2
). S334ter 7 v b (34%) B L URCS
S b (54%) LHEIZ calpain G
HEHAL T/, I bay N THEHS
TIEP23HZ v MiZSDT v FEBNT v
NEBEBEZEETALN L D o 725,
S334ter 7 v b (2.54%) & RCS 7 v b

(2.5 f) TIXEEIC calpain iFHEAT
LHL T,

2) #BFE calpastatin BHETIERCS T v
MIEZIAMTIEISD 9y beAE
ErhDnp, 48, 5BEHE
i i2 oM, calpastatin BEANEAT
B EWHELNIG 5T,

3) SUNTVEESHDRCES 7 v MEE
BT 5 calpain [EHEIZTTEE 4121
BREEV RPN, S bary ¥y 7
EoCIExTHRERICIE L, B ERERE
PHEEBEIETLTWwi,

D. EE

DEDOER»S, Iy MEBESEREF VT
HEREZ AR T A MR T calpain 1%
WA REFEICEMEE R L, Ml
FEIZ calpain H3BE5- L T\ A W REMEASRIZ
SNz, £720 RCS 7 v M TR MED
HEATIZE b 72 - T calpastatin DEHBEED
BEFLTBY, I calpain HHELZEHD
TWATREM L EZ b7z, RCS T v M
BNV ESIEREI ha v N
) 7HEZD calpain EHEZE TS, Ih
RTRF—=ZAFEH LT B D
AN, SHBOEILLAIMFEET LD
DEEZLNS,

E. #&5R

RCS T v MWV U255 T 5
EL MBS bay FY 7HESO calpain &
WA LA TS, FRIZ calpain DFEERED
BWINT 52 EbMERINT, =NV EY
TEHIZLY RCS T v MEIRTOT R —¥
A% calpain &AL CEAL & ZVLY’C\/\%WQE
PRI STz,
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Prolonged Rhodopsin Phosphorylation in Light-Induced
Retinal Degeneration in Rat Models

Futoshi Ishikawa,' Hiroshi Obguro,” Ikuyo Obguro,” Hitoshi Yamazaki,'
Kazubisa Mamiya,' Tomomi Metoki," Tadashi Ito," Yumiko Yokoi,' and

Mitsuru Nakazawa®

Purrose. The effects of various light-induced stresses on the
retina were examined in the retinal degenerative rat model.

Mernops. Retinal morphology and electroretinograms (ERGs)
were analyzed after application of light-induced stress of sev-
eral intensities (650, 1300, 2500, or 5000 lux). For evaluation
of rhodopsin (Rho) function, the kinetics of Rho regeneration
and dephosphorylation were studied by spectrophotometric
analysis and immunofluorescence labeling with antibodies spe-
cifically directed toward the phosphorylated residues 33%Ser
and ?**Ser in the C terminus of Rho. Retinal cGMP concentra-
tion was determined by ELISA. Expression levels of neurotro-
phic factors (FGF2, brain-derived neurotrophic factor [BDNF],
platelet-derived growth factor [PDGF], and ciliary neurotro-
phic factor [CNTF}) were evaluated quantitatively by RT-PCR.

ResuLts. Light intensity- dependent deterioration of ERG re-
sponses and thinning of the retinal outer nuclear layer were
observed in wild-type and Royal College of Surgeons (RCS) rat
retinas. Under dark adaptation after light-induced stress, the
kinetics of Rho regeneration were not different between wild-
type and RCS rat retinas. Rho dephosphorylation at >**Ser and
338Ger was extremely delayed in RCS rat retinas compared with
wild-type without light-induced stress, but Rho dephosphory-
lation at those sites became slower in both RCS and wild-type
rat retinas. In terms of expression of neurotrophic factors,
almost no significant changes were observed between the
animals after light-induced stress.

Concrusions. The present study indicates that light-induced
stress causes intensity-dependent deterioration in retinal func-
tion and morphology in wild-type and RCS rat retinas. Disrup-
tion of the phototransduction cascade resulting from siower
kinetics of Rho dephosphorylation appears to be involved in
retinal degeneration. (Invest Opbthalmol Vis Sci. 2006;47:
5204-5211) DOI:10.1167/i0vs.05-1149

Retinitis pigmentosa (RP) is a heterogeneous disease group
of progressive hereditary retinal degeneration clinically
characterized by night blindness, visual field defects, and ab-
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normal electroretinogram (ERG) responses due to photorecep-
tor cell death.’ Mutations of retinal genes,” light damage,” and
autoimmune responses’ are all involved in photoreceptor cell
death. Several animal models with gene deficits and in vivo
retinal cell death induced by intense light-induced stress® or
intravitreous administration of antibodies® have been devel-
oped recently. Among these, the Royal College of Surgeons
(RCS) rat, in which the retinal pigment epithelium (RPE) cell is
affected by the gene encoding the receptor tyrosine kinase
Mertk has been the most widely used in the study of RP. In
terms of the cause of retinal degeneration in this rat, it has been
suggested that an inability of the shed tips to perform phago-
cytosis of rod outer segment (ROS) debris by RCS RPE is
primarily involved.®~% Nir et al.”® described an interesting
observation that light-induced stress promotes photoreceptor
cell survival and function in the RCS rat, whereas light-induced
stress causes apoptotic cell death in wild-type and other types
of animal models with retinal degeneration. As a possible
mechanism of the light-induced protective mechanism in the
RCS rat retina, they suggested that light-induced stress may
enhance the levels of expression of FGF2, which has been
shown to be a possible survival factor of RCS retinal degener-
ation.”"® This beneficial effect toward RCS retinal degeneration
suggests that some modulation in functions of the photorecep-
tor outer segment (OS) by light exposure must be related,
because it is the only receptor for light within retinal neurons,
and light triggers the visual transduction cascade reactions
within OS. Therefore, to elucidate what kinds of mechanisms
are involved on light-induced stress, systematic studies of pho-
toreceptor cell functions including each step of the visual
transduction processes, photoexcitation, quenching, and adap-
tation are essentially required.

To gain new insights into the mechanism of light-induced
stress on RCS retinal degeneration, we exposed RCS and wild-
type rats to various illumination conditions, and the resultant
retinal function was evaluated by ERG, rhodopsin (Rho) regen-
eration, Rho phosphorylation, cGMP concentration, and mor-
phologic analysis. In addition, mRNA expression levels of sev-
eral neurotrophic factors were investigated.

MATERIALS AND METHODS

All experimental procedures were designed to conform to the ARVO
Statement for Use of Animals in Ophthalmic and Vision Research and
our own institution’s guidelines. Unless otherwise stated, all proce-
dures were performed at 4°C or on ice in ice-cold solutions.

Light-Induced Stress Conditions to Wild-Type (SD,
BN) Rats and Retinal Degeneration (RCS) Rats

In the present study, 3- to 5-week-old Sprague-Dawley (SD) rats, Brown
Norway (BN) rats (Crea, Tokyo, Japan) and 3- to 5-week-old inbred RCS
(rdy™" ") rats (albino type; Crea) reared in cyclic light conditions (650
lux, 12 hours on-off) were used. SD, BN, or RCS rats were exposed to
650, 1300, 2500, and S000 hux white light for 24 hours in a light-
induced stress box equipped with white fluorescent lamps and cov-
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Ficure 1. Light-induced stress for normal and RCS rats. Light-induced
stress was administrated to wild-type and RCS rats using a light-induced
stress box. Inner walls of the light-induced stress box are all covered by
mirrors, and white fluorescence lights are attached under the top cover
by which the light intensity can be controlled (fop). Six rats could be
housed in a cage which was divided into six rooms by acryl boards to
keep the rats separate (bottom). The luminance levels differed less
than 3% among each of the boxes within the cages.

ered inside by mirrors (Fig. 1). The rates were kept under usual cyclic
light conditions or dark adaptation for ERG measurement and histo-
logic examination. ERG measurements were performed at 1, 7, and 30
days in SD and BN rats, and 1 and 7 days in RCS rats after light-induced
stress. Histologic examination was performed at 7 and 60 days in SD
and BN rats and at 7 days in RCS rats after the light-induced stress.

ERG Measurement

Details of the preparation, recording technique, and measurements of
ERG have been described elsewhere ® Before ERG measurement, rats
were subjected to 24 hours of dark adaptation. Under anesthesia, the
each rat was laid on its side with its head fixed in place with surgical
tape in an electrically shielded room for overnight dark adaptation. The
pupils were dilated with drops of 0.5% tropicamide. ERGs were re-
corded with a contact electrode equipped with a suction apparatus to
fit on the cornea (Kyoto Contact Lens Co., Kyoto, Japan). A ground
electrode was placed on the ear. Responses evoked by white flashes
(3.5 X 10% lux, 200-ms duration) using a Ganzfeld dome (5G-2002;
Meiyo Co., Tokyo, Japan) were recorded and studied with ERG-analysis
software (PowerLab Scope version 3.7; ADInstruments Ltd., Castle Hill,
NSW, Australia). The a-wave amplitude was determined from the base-
line to the bottom of the a-wave. The b-wave amplitude was deter-
mined from the bottom of the a-wave to the top of the b-wave.

Light-Induced Stress in Retinal Degeneration Rats 5205

Preparation of Specific Antibodies toward
Phosphorylated Rho at 334Ser or 338Ser

Specific antisera toward phosphorylated Rho at >**Ser or 3**Ser were
obtained by immunization of phosphorylated authentic peptides P-
Rho334 peptide (DDEApSATASK) or P-Rho338 peptide (CEASATA-
pSKT) chemically conjugated with bovine thyroglobulin, and antisera
were each further purified into IgG by protein G Sepharose column
chromatography as described recently.'® Each purified antibody (0.1
mg IgG) was then incubated with urea-washed rat ROS (20 mg) at
room temperature for 2 hours, and then the mixture was ultracentri-
fuged at 100,000g for 1 hour. The resultant supernatant was used as a
specific antibody toward phosphorylated Rho at >*¥Ser or **%Ser. An-
tibody titers and their specificities were determined by ELISA and
Western blot, respectively, as described in our recent report.’”

Light and Immunofluorescence Microscopy

Enucleated eyes were fixed with methacarn (60% methanol, 30% chio-
roform, 10% glacial acetic acid) overnight, dehydrated, and embedded
in paraffin. Posterior segments cut from the enucleated eyes were
embedded in paraffin. Retinal sections were cut vertically through the
optic disc at 2-pum thickness, mounted on subbed slides, and dried. The
sections were processed with hematoxylin-eosin staining after depar-
affinization with graded ethanol and xylene solutions. For evaluation of
photoreceptor cell survival, the sections including the full length of the
retina from the optic nerve head through the ora serrata were photo-
graphed, and the rows of cell nuclei in the photoreceptor outer
nuclear layer (ONL) were counted at 200-um intervals along the whole
horizontal retinal axis.

For immunofluorescence labeling, after the deparaffinization, sec-
tions were blocked with phosphate-buffered saline (PBS) containing
5% goat serum and 3% bovine serum albumin (BSA) for an hour and
then incubated overnight with anti-P-Rho334 peptide antibody or anti-
P-Rho338 peptide antibody (1:500) at 4°C. Sections were washed and
incubated with fluorescein-isothiocyanate (FITC)conjugated antibod-
ies to rabbit 1gG (Cappel, Durham, NC) for an hour at room tempera-
ture. Specificity controls were obtained by omitting the primary anti-
bodies. Sections were observed, and pictures were taken with a
fluorescence microscope (model BH-2; Olympus, Tokyo, Japan) using
a blue filter.

Quantitative RT-PCR Analysis

Total RNA from retinas (four eyes, two rats were used in each exper-
imental condition) was isolated (Isogen Reagent) according to the
procedure recommended by the manufacturer (Nippon gene, Tokyo,
Japan.). The cDNAs were generated from 2 ug retinal RNA in a 12-uL
reaction with 1 uL oligo(dT) primer (0.5 mg/mlL; Invitrogen-Gibco,
Rockville, MD). The reaction mix was denatured at 70°C for 10 min-
utes. Four microliters of first-strand buffer (250 mM Tris-HCl, 375 mM
KCl, 15 mM MgCl,; Superscript; Invitrogen-Gibco), 2 pL dithiothreitol
(0.1 M; DTT; Invitrogen-Gibco), 1 pL deoxyribonucleoside triphos-
phate (10 mM; dNTP; Invitrogen-Gibco), 1 ul RNase inhibitor (40
U/wrL; RNase inhibitor; Invitrogen-Gibco), and 1 ul reverse transcrip-
tase (200 U/pL; Superscript II; Invitrogen-Gibco) were added to the
mixture. The incubation was performed at 42°C for 50 minutes and at
70°C for 15 minutes. The PCR amplifications were performed using 4
wL from the RT reaction, 5 uL 10 X PCR buffer (200 mM Tris-HCl, 500
mM KCD, 2 L MgCl, (50 mM), 1 uL dNTP, 5 ul sense and antisense
primers (10 pM/pl), and 0.5 uL Tag polymerase (5 U/ul; Invitrogen-
Gibco). The PCR mixture was denatured at 94°C for 4 minutes and
then run for 30 cycles of 94°C for 1 minute, 55°C for 1 minute, and
72°C for 2 minutes.

For PCR analysis (Tagman; Applied Biosystems, Inc. [ABI], Foster
City, CA), the primers and probes were designed on computer (Primer-
Express software; ABI) as follows:

FGF2 (Gene ID 54250) forward, 5'-28CGCACCCTATCCCTTCACA-
3', reverse, 5-128TCCACCCAAAGCAGTAGAAGGA-3', detection probe,
5'-73TCCAAAACCTGACCCGATCCCTCC3'.
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Ficure 2. Effects of light-induced
stress with several light intensities to-
ward ERG responses (A) and retinal
morphology (B) in BN and SD rats.
Three-week-old BN or SD rats were
exposed to light-induced stress with
several light intensities (650, 1300,
2500, or 5000 lux) for 24 hours. Fifty
rats were used in each experimental
condition. After the light-induced
stress, 10 rats were immediately sub-
jected to 24 hours of dark adaptation,
followed by ERG measurement. An-
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dark for 24 hours, followed by ERG
measurements. The remaining 10
rats were kept in regular cyclic light
conditions for 7 or 60 days and then
euthanatized. The eyes (n = 10, from
10 rats) were enucleated, the retinas
were processed for hematoxylin-eo-
sin [HE] staining of paraffin sections,
and the ONL nuclei were counted.
Rats raised in cyclic light conditions
without lightinduced stress were
used as control subjects. Mean * SD
of ERG amplitudes (b-wave) and
rows of ONL nuclei are plotted in (A)

and (B), respectively. (C) Representative ERGs obtained from rats exposed to light-induced stress with several light intensities at 1 day after

exposure. *P < 0.01, *P < 0.001 (Mann-Whitney test).

CNTF (Gene 1D 25707) forward, 5-78ATGGCTTTCGCAGAGCAAA-
3', reverse, 5'-262TCAGTGCTTGCCACTGGTACA-3', detection probe,
5’-102CTGACCCTTCACCGCCGGGA-3'.

BDNF (Gene ID 24225) forward, 5'-254CAAGCCACCATCAAAA-
GACTGA-3', reverse, 5'-333GCTTGCCGGTTCCTCTCTCT-3, detection
probe, 5-292ACAAGCGGCGGCACTTCCTCG-3'.

PDGF (Gene 1D 25266) forward, 5'-307TGACAGCCTCCCTGACT-
3’ reverse, 5'-376CACCTGATTGAACTTGCAC-3', detection probe, 5'-
329AGCCTCGCTTCCACCTCCACACAA-3".

Rodent GAPDH as an internal control was amplified by using a
commercially available kit (ABI) at the same time. The PCR mix con-
tained 1 L cDNA template; 1 X Tagman buffer A 8% glycerol; S mM
MgCl,; 200 uM each of dATP, dCTP, and dGTP; and 400 puM dUTP;
1.25 units DNA polymerase (AmpliTaq Gold; ABI), 0.25 units uracil-N-
glycosylase (AmpErase; ABI), 300 nM each of the primers in total 50
uL. Standard reactions were performed with a sequence detection
system (Prism; ABI). All experiments were performed in triplicate.

Other Analytical Methods

Rho regeneration was determined by spectrophotometric analysis, as
described previously.!! Briefly, rats were exposed to the different
illumination intensities as described earlier and then subjected to dark
adaptation. At different times during dark adaptation, under dim red
light, rats were cuthanatized, and eyes were enucleated and halved
into the anterior and posterior segments. The posterior segments were
then homogenized with 10 mM HEPES buffer (pH 7.5), containing 10
mM dodecyl B-maltoside and 20 mM hydroxylamine by a glass-glass
homogenizer. The sample was centrifuged at 20,000g, and the spectra
were recorded before and after complete bleaching. Rho concentra-
tions were determined from the light-sensitive OD at 498 nm, assuming
a molar extinction coefficient of 40,600 at 498 nm. Retinal cytosolic
¢GMP concentrations were determined by ELISA kit (Assay Designs,
Inc., Ann Arbor, MI), with retinal extracts used according to the
manufacturer’'s protocol.

REesuLts

An intensity-dependent deterioration of the ERG response was
observed the day after light-induced stress in SD and BN rats,
when the wild-type rat species were exposed to several inten-
sities of light (650, 1300, 2500, or 5000 lux for 24 hours; Fig.
2A). Such ERG impairment was not significantly changed dur-
ing the following 7 days or 30 days (Fig. 2A). Although no
significant changes in retinal morphology were observed until
a few days after the illumination, intensity-dependent thinning
of the ONL was recognized as early as 1 week after light-
induced stress (Fig. 2B). Further deterioration in the retinal
morphology was not observed until 2 months after exposure to
light (Fig. 2B). Similarly, retinal ONL thinning and lowering of
ERG responses were detected in the RCS rat, and thereafter the
ERG responses continued to decrease (Fig. 3). However, the
rates of change after exposure to 650 and 1300 lux were
almost identical with those of control conditions. These data
indicate that intensity-dependent bright-light-induced ERG im-
pairment was simply added to the RCS-dependent ERG deteri-
oration. Light-induced retinal rescue effects proposed by Nir et
al.”® and other additional effects were not detected.

Next, to get insight into which steps in the phototransduc-
tion cascade were affected by such light-induced stress within
photoreceptor cells, Rho regeneration and Rho dephosphory-
lation and cytosolic ¢cGMP concentrations were evaluated.
These factors are known to be invoived in the following mech-
anisms: (1) initial photoreception by Rho, (2) a critical step of
quenching the photoexcitation, and (3) resultant metabolite of
the final steps of the vertebrate phototransduction cascade. As
shown in Figure 4, rates of Rho regeneration during dark-
adaptation from different light-induced bleaching conditions
(1300 or 2500 lux) were aimost identical in 3-week-old RCS
and SD rats, suggesting that light-induced stress does not affect
Rho regeneration in wild-type and RCS rats. Next, the effects of
light-induced stress on Rho phosphorylation and dephosphor-
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FIGURE 3. Effects of lightinduced
stress with several light intensities to-
ward ERG responses (A) and retinal
morphology (B) in RCS rats. Three-
week-old RCS rats were exposed to
lightinduced stress with several light
intensities (650, 1300, 2500, or 5000
lux) for 24 hours. Thirty rats were
used in each experimental condition.
After the lightinduced stress, 10 rats
were immediately subjected to 24
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measurements. The remaining 10 rats
were kept in regular-cyclic light con-
ditions for 7 days and then euthana-
tized. The eyes (7 = 10, from 10 rats)
were enucleated, the retinas were pro-
cessed for HE staining of paraffin-em-
bedded sections, and the ONL nuclei
were counted. Rats raised in cyclic light
conditions without lightinduced stress
were used as control subjects. (A-C)

ERG data are as described in Figure 2.

*P < 0.001 (Mann-Whitney test).

Rows of nuclei in ONL

ylation were studied by means of a recently developed immu-
nohistochemical method involving a specific antibody against
phosphorylated 3**Ser or **®Ser, both of which have been
identified as major sites of phosphorylation in Rho in vivo.™* In
SD rat retina, >>%Ser antibody specifically recognized ROS of

unbleached Rho (n mol/eye)

dark adaptation (hours)

~0O— RCS 2500 lux <O~ RCS 1300 lux
O SD 2500 lux & SD 1300 Jux

FiIGURE 4. Time course of Rho regeneration after stress induced by
light several intensities. Three-week-old SD or RCS rats treated with
1300 or 2500 lux for 24 hours were then kept in the dark. In our RCS
rat strain, retinal morphology and Rho concentrations were almost
comparable, although ERG responses had already deteriorated within 3
weeks after birth. At several time points—0, 1, 2, 4, and 6 hours—rats
were euthanatized, and enucleated eyes were processed to direct Rho
concentration analysis. For each analysis, both eyes were used from
one rat. Experiments were performed in triplicate using fresh prepa-
rations. No difference was observed between RCS and SD rats (P >
0.05, Mann-Whitney test). Data are expressed as the mean *= SD.

light-adapted but not of dark-adapted retina. The immunopos-
itivity then gradually diminished from base to tip of the ROS
after dark adaptation (Fig. 5A). The *3*Ser antibody showed
identical immunolabeling properties, except that its immuno-
reactivity took a longer time to be diminished. Estimation of
the kinetics of dephosphorylation of phosphorylated 3*¥Ser
and >?%Ser sites of BN and SD were determined by measuring
the vertical lengths of immunofluorescence-labeled ROS during
the dark adaptation before and after the light-induced stress.
Dephosphorylation of >*#Ser and 3*®Ser sites went to comple-
tion within 1 or 2 hours and 3 or 4 hours in BN and SD rats,
respectively, without light-induced stress, and dephosphoryla-
tion of these sites was significantly prolonged by lightinduced
stress (1300 lux; Fig. 5B). To evaluate the influence of light-
induced stress on Rho dephosphorylation kinetics, the times
necessary to reach 50% dephosphorylation at these phosphor-
ylation sites during dark adaptation were determined under
several conditions, as indicated in Table 1. Kinetics of Rho
dephosphorylation were significantly delayed in RCS rats com-
pared with wild-type rats, as described previously,'® and those
in wild-type and RCS rats were markedly delayed in a light-
intensity- dependent manner.

Levels of retinal cytosolic cGMP in the SD rat were signifi-
cantly decreased by light exposure compared with that in dark
adaptation. In contrast, light-dependent reduction in cytosolic
cGMP was less in the RCS and SD rats pretreated with exposure
to bright light (1300 lux) for 24 hours (Fig. 6).

Several neurotrophic factors, including FGF2, platelet de-
rived growth factor (PDGF), brain-derived neurotrophic factor
(BDNF), and ciliary neurotrophic factor (CNTF) and other
factors are known to protect both the animal model of inher-
ited retinal degeneration and light-induced retinal damage. Nir
et al.”® recently reported that some neurotrophic factors may
be involved in light-induced rescue from RCS retinal degener-
ation. To test whether these phenomena take place, quantita-
tive RT-PCR was performed. However, statistically significant
changes were not observed in FGF2, PDGF, or CNTF on light-
induced stresses with several light intensities berween RCS and
SD rats during the 7 days after light-induced stress.
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FIGURE 5. Kinetics of dephosphor-
ylation in phosphorylated 334°
and 3385 sites in BN and SD rats
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exposed to light-induced stress
(1300 lux) for 24 hours and then
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three rats (three eyeballs) in each

o

w
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light dark

% of Rho phosphorylation

category were subjected to immu-
nofluorescence labeling by anti-P-
Rho antibodies. Photographs of the
sections were taken. Representa-
tive photographs of SD rat retinas
under light (650 lux) or after differ-
ent intervals of dark adaptation
were treated by anti-P-Rho 338 an-

dark adaptation (hours)

—{}— phosphorylation at 338Ser
—o— phosphorylation at 334Ser
e phosphorylation at 334Ser after light-induced stress

~~~~~~~ - phosphorylation at 338Ser after light-induced stress

tibody (A). Vertical length of pho-
toreceptor outer segment layers
and that of fluorescence labeling
were measured at temporal points
1.0 mm apart from optic disc from
six different points from three dif-
ferent eyeballs and their ratios were
plotted in (B). Data are expressed
as the mean * SD. GCL, ganglion

cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; OS, outer segment. Scale

bar, 25 pum. *P < 0.01, Mann-Whitney test.

Discussion

Light-induced stress on the retina causes a series of reactions
that lead to apoptotic cell death of photoreceptors.? Its sever-
ity depends on the light’s intensity, duration of exposure, and
wavelength,‘z"“ as well as the animal species, such as albino
and pigmented.'® Alternatively, it has also been reported that
light exposure of the retina in some conditions causes protec-
tive effects against retinal photoreceptor apoptosis.”® This
beneficial effect by light exposure may be the result of light-
induced stimulation for the expression of some trophic factor
such as FGF2. However, the molecular mechanisms causing
this response to exposure to light, which includes both de-
structive and beneficial effects, are controversial and have not
been fully clarified. Therefore, to elucidate what kinds of
mechanisms are involved in this phenomenon, we systemati-
cally studied the effects of light-induced stress of several inten-

sities on wild-type (SD and BN) and retinal degenerative (RCS)
rat retinas and made the following observations: (1) On light-
induced stress, intensity-dependent deterioration in retinal
function analyzed by ERG and thickness of ONL occurred in
wild-type rats, whereas levels of such lightinduced deteriora-
tion in retinal function and morphology were different be-
tween SD (albino) and BN (pigmented) species, as described
by Iseli et al.'® (2) Similarly, deterioration in ERG response and
retinal ONL thickness were observed in the RCS rat, but no
beneficial effects on light-induced stress were observed. (3)
Kinetics of Rho regeneration after light-induced stress was
completed within approximately 2 hours of dark-adaptation in
both wild-type and RCS rats. (4) The kinetics of Rho dephos-
phorylation was commonly delayed in wild-type and RCS rat
retina by light-induced stress. However, these changes in ki-
netics exclusively depended on the rat species: albino, pig-
mented, and retinal degeneration. (5) Cytosolic cGMP concen-

TasLE 1. Time Required for 50% Dephosphorylation of Rho at Specific Sites during Dark Adaptation

from Different Bleach Conditions

50% Dephosphorylation of Rho (h)

No Light-Induced 650 lux, 1300 lux, 2500 lux, 5000 lux,
Stress 24 h 24 h 24 h 24 h
BN 3%4Ser 0.15 £ 0.02 0.15 £ 0.02 1.8+ 0.2 25*05 3+ 05
BN 338Ser 0.1 = 0.05 0.1 % 0.05 0.2 + 0.04 0.5*0.1 1£02
SD 334ger 2+0.2 25+03 35%05 5%05 6+08
SD 33%8er 0.7 £0.1 1.5 0.2 3+06 4+08 5+ 05
RCS **¥Ser 84 £ 12 120 = 10 168 = 15 >200 >200
RCS **8Ser 48 *+ 10 60+ 8 72 %10 120 = 15 150 = 12

BN, SD, or RCS rats treated by lightinduced stress with 650, 1300, 2500, or 5000 lux for 24 hours
were then kept in the dark. At several time points (up to 400 h), rats were euthanized, and enucleated eyes
were processed with immunofluorescence labeling by anti-P-Rho334 or anti-P-Rho338 antibody Rates of
dephosphorylation in phosphorylated 33Ser and 338Ser sites were estimated by plotting of vertical length
of the immunofluorescence labeled ROS as described in Figure 5, and time required for 50% dephosphor-
ylation of Rho at specific sites was calculated. For one analysis, three eyes from three rats were used.
Experiments were performed on fresh preparations. Data are expressed as the mean * SD.
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FiGURE 6. Retinal cytosolic ¢cGMP concentrations in RCS rats and
light-induced stress-treated SD rats. Retinal cytosolic cGMP concentra-
tions were determined by ELISA. Analysis was performed using SD or
RCS rats kept under dark for 6 hours and 650 lux light adapration for
1 hour. In light-induced stress treated SD rat, rats kept at 650 lux light
adaptation after light-induced stress (1300 lux) for 24 hours were
analyzed. For one analysis, two eyes from one rat were used. Data are
expressed as the mean * SD. Experiments were performed in triplicate
using fresh preparations. *P < 0.05, **P < 0.01 (Mann-Whitney test).

trations were modulated by lightinduced stress. (6) There
were no significant changes in expression of the mRNA of
several neurotrophic factors, including FGF2, PDGF, and CNTF
in the light-induced retinal degeneration model.

In terms of the abnormalities of photoreceptor cells in RCS
rats, several changes were noted in the RCS ROS including
opsin,'® arrestin,’”*® and ROS protein phosphorylation lev-
els,’® which may affect quenching of the phototransduction
pathway. In our previous study in RCS rats compared with §D
rats,?® we performed proteome analysis and found significantly
lower levels of expression of the mRNA of a-A crystalline and
rhodopsin kinase (RK), which are thought to be involved in
post-Golgi processing of opsin and Rho phosphorylation, re-
spectively. In contrast, expression levels of other major pro-
teins of ROS were almost comparable to those in 3-week-old SD
rats according to SDS PAGE analysis.?° Therefore, we sug-
gested that the kinetics of Rho phosphorylation and dephos-
phorylation are specifically affected in RCS rats. Thus, in
3-week-old RCS rats, it is reasonable to think that only the
kinetics of Rho dephosphorylation is impaired, whereas the
kinetics of Rho regeneration is comparable to wild-type rats in
the present study. Our previous study involving the in vitro
biochemical assay revealed that levels of Rho phosphorylation
in 3-week-old RCS rats were slightly lower than those in
3-week-old SD rats, but, in contrast, dephosphorylation of
phosphorylated Rho showed much slower kinetics in RCS than
in SD rat ROS (3 weeks old). Furthermore, with our recent
method of using specific antibodies to Rho phosphorylated at
the 3%%Ser or 33%Ser sites, which are known to be major phos-
phorylation sites in Rho in vivo,***! we were able to evaluate
the kinetics of dephosphorylation of phosphorylated photo-
lyzed Rho in RCS and wild-type rats and SD and BN rats in vivo.
This method applied during dark adaptation showed that de-

Light-Induced Stress in Retinal Degeneration Rats 5209

phosphorylation of 3?%Ser and 3*%Ser sites was completed
within several hours (0.2-2 hours) in SD and BN rat retinas.
However, those antibodies directed toward phosphorylated-
3%8ger and -*>Ser sites were diminished within 4 to 7 days in
RCS rat retinas. Therefore, we hypothesized that extremely
prolonged survival of phosphorylated forms of Rho may con-
tribute to persistent misregulation of phototransduction pro-
cesses in retinal degeneration in RCS rat.*®?? Qur present
results suggest that light-induced retinal degeneration may be
caused by the same mechanism of RCS rat retinal degeneration
as just described. since we found that light-induced stress also
caused significant delay in the kinetics of Rho dephosphoryla-
tion. Furthermore, the retinal photoreceptor degenerative
model of cancer-associated retinopathy (CAR), which is pro-
duced by intravitreous administration of anti-recoverin anti-
body to rats, showed significant high levels of Rho phosphor-
ylation.?>?* In addition, Rho mutants within the C terminus, in
which >#°Val and >*"Pro are the most common sites of muta-
tions causing autosomal dominant retinitis pigmentosa
(adRP),2>2® were also phosphorylated at significantly higher
levels than in wild-type.*” Therefore, prolonged survival of
phosphorylated Rho by lower phosphatase activities or en-
hanced Rho kinase activitiecs may be one of the common
mechanisms responsible for most of the retinal photoreceptor
degeneration. Although slow kinetics in Rho dephosphoryla-
tion was commonly observed in these retinal degenerations,
the degree of kinetic change did not correspond to the severity
of retinal degeneration. Additional unknown mechanisms must
therefore be present to account for retinal degeneration.

As possible events occurred after the prolonged survival of
the phosphorylated form of Rho in the light-damaged model,
we can suggest the following mechanisms: (1) Phosphorylated
Rho continuously suppresses light-dependent transducin acti-
vation causing ¢cGMP accumulation within the cytosol; (2)
cGMP-gated channels on plasma membranes are continuously
open; (3) there is an increase in intracellular Ca?™ levels; and
(4) a Ca*"-dependent apoptotic pathway is activated. In our
present study, retinal cytosolic cGMP levels were significantly
high in the RCS rat retina and light-induced, stress-treated
wild-type retina under light adaptation to 650 lux for 1 hours
(P < 0.05; Fig. 6). Because it is well known that cytosolic
c¢GMP concentrations were strictly regulated by PDE and guan-
ylate cyclase,® despite a relatively small difference as shown in
Figure 6, this may induce misregulation of the phototransduc-
tion pathway by changing states of cGMP gated channels. This
speculated mechanism is almost identical with the molecular
pathology of CAR.? In the CAR rat model obtained by intravit-
real administration of anti-recoverin antibody, the following set
of events have been experimentally been determined: (1) anti-
recoverin antibody penetrating the photoreceptor cells,?>?®
(2) binding of the anti-recoverin antibody with recoverin, (3)
blocking of recoverin function and inhibition of RX in a calci-
um-dependent manner causing enhancement of Rho phos-
phorylation,?* (4) marked suppression of light-dependent
transducin activation, (5) continued opening of cGMP gated
channels on plasma membranes resulting in an increase of
intracellular Ca** levels,> and (6) activation of the caspase-
dependent apoptotic pathway.?>>! Therefore, an increase of
intracellular Ca®* levels that activate apoptosis is the key
mechanism causing both CAR and light-induced retinal degen-
eration. In fact, our previous study demonstrated that normal-
ization of elevated intracellular Ca®** levels by nilvadipine, a
Ca*" channel blocker that preferably transfers to central ner-
vous system (CNS), significantly protected against retinal de-
generation in light-induced retinal degeneration, RCS,>* and
CAR model rats.>”

Protective effects toward retinal disease in RCS rats and
other retinal degenerations have been demonstrated with me-
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chanical damage,®* laser burns,®® and light-induced stress.?
Regarding the possible mechanisms of their retinal protective
effects, they commonly induced enhancement of intrinsic neu-
rotrophic factors, such as FGF2. In fact, intravitreous adminis-
tration of several neurotrophic factors, including FGF2,3¢-38
lens epithelium- derived growth factor (LEDGF),*® and hepa-
tocyte growth factor (HGF)*® have shown significant protec-
tive effects. This mechanism is still the most likely because our
previous study demonstrated significant upregulation of FGF2
and Arc during nilvadipine-induced retinal protection of RCS
rat retina by DNA microarray analysis.** However, in contrast,
there were not any significant changes in expression of neu-
rotrophic factors in our present study, including FGF2, PDGF,
and CNTF on light-induced stresses to wild-type and RCS rat
retinas. It may be speculated that upregulation of neurotrophic
factors by the retina within various species could require
certain specific conditions of light-induced stress. Evidently,
Nir et al.”® described variations over time for the beneficial
effects of light-induced stress to RCS rats. They found that the
most notable beneficial effects in 23-day-old RCS rats, whereas
only a slight effect was detected in 18-day-old rats. In our
experiment, 18-day-old RCS rats were exposed to various in-
tensities of light, and retinal morphology was almost normal in
light microscopy examination, with slight deterioration of the
ERG amplitude. Nevertheless, a light-induced effect on 23-day-
old RCS rats could not suitably be evaluated because ERG
responses were diminished and retinal morphology had se-
verely deteriorated within 30 days in our RCS rat strain. An-
other possible reason for the difference in the lightinduced
effects observed by Nir et al.”® and that in our present study is
that the genetic background of the RCS rats may be somewhat
different. In addition, in the experimental methods of Nir et al.,
rats were exposed to bright white light of 110 to 130 fic
before intense light-induced stress, as a preconditioning pro-
tocol. In contrast, in our light-induced stress experiments, no
such preconditioning was used. This difference in methods
may be an alternative reason for the discrepancy in terms of the
neurotrophic factor expression on light-induced stress. Never-
theless, Nir et al. reported that lightinduced retinal rescue was
found only in the RCS rat but not in the P23H rat, another
mode] of RP.

In conclusion, light-induced stress caused significant delay
in the kinetics of Rho dephosphorylation resulting in misregu-
lation of the visual transduction cascade in both normal and
RCS retinal degeneration, and light-induced retinal rescue may
occur in some specific animal species under certain special
conditions.
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MR D 7 . MBEFRBE I IEET & B, X ) D WIBETIER T X ) 3hERI {5 TE
ARNERDTRETH o720

In vivo: 7 v b EIRBEREEE 234812, BB L/GFP 79 A3 FOZA 2 7438IC L H EAK)
A L 72, BLEFFBEWIEEECI3, ARICEAREY M L Lz, MEARTH ., CFPE
JEBIE SN, O LHBEEIREO LN o2,

BLOFHEE AR FEAEE, IRERAFIHTETH D, WEEL L TOWERED D 5,

A. BIEE®
BEREETFERNEORE, <A 7037 )
MB R BT 5 &, EBARIENHET S,
R, ZOHEDIRIERANDIGHIZDOWTH
L7z BEIZR ), FH LW N7 IVEET
HHNTVYRY—2L (BL) 2HEL, &
|, Zo BL fFHABEREETEAEDOR
K TOBET 21T 2 72

B. IR AZE

BLIZ.AE T A B b DF ) H A XDET,

MB D 10 7D—DRESTH B, T2,
& TVvy% Polyethyreneglycol (LATF
PEG &BET) 12 & o CIH COZREMEICHE
NTWBEEDI, FRALRDFZ I F

THEILEDVHRETH S,

In vitro: 7 v MEFEEMIE R (RC-1)
THEMICHEZEL., GFP7I A I FEBL @
RAEWZ Mm%, US BEHEE (v=ba sy
2000) 2 F VT, BREEA TR L 72 (n=43)
USHE 5T BLAREE (n=15) . MBHE FIUSHERETHE
(n=15) 2% AHOEREIT o7z, 48 W5
AT OB L BEER & o TEARIEE 2 f
E L, MIS-assay % F\ Tl s % of)
E L7,

In vivo: 7 v + @ FIREEHERTIC, GFP 7
Z A3 FEBL OREWZ ES R, US BRET
L7zoe 79 A I FiESHHE, 79 X3 F+ US
HEz g & LRRICERETo 72 (%
FE. n=10) , EMHEBEMBTTEARE T HE
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L. fEAR Tl E O F & L GFPEL %
Er L7z,

(REE~OER)
BERIT, BREERFHYERGESE
> CEREIT 72,

C. MEHER

In vitro

BL $fFBE R ICB W T, £456 T,
10% LL EDBIRTF-EADTRESE o 7275, $4
Wskt (BEWE X7 —1.2W,  cm?, R
B 20 #. BL; 214 g/well) OFETI,
¥ 27% & HEIZEARENHLE L
(p<0.05 : ANNOVA test) o E#SGMFTHEA
BhER L, a v b a— VEE, Bk HUM AR AT
fE. MB OF FHEBE I IRGTRE T DB AR
By 5 & BL fFHBEERESEETE
FEELREAMBEFEFEILMEL TV
(p<0.01 : unpaired-T test)s F7-. BL
PERECORMNIEMZIET L &, 601 &
Db 20 BOFHPEARENMEL T
(p<0.01 : unpaired-T test), MTS-assay
TIZHL e lfaEREEIED SNk o7,

ER1 BEEXHTCORXABEMFEER

In vivo

BRAWIES O RO, BEREMBIEHC
b BIZTEANLTTEES - 7245 BL BEHEET
&, BEICEEFEAEIHLEL,
AR TR, o EEIBHE ST,
GFP A RERRE AR 230 b iz,

BH2 B0 GFP 2% (SASEESE)

D. EE

BL ff B E BB FEAEL BEPORY
HHBETEANTELFETH O, BE
SEBCOLHADTRES o T2 A1, HEER
B EoMOFAN~DEETFEAN, BL
DFHEZEDP LI NT v 7 FT) N =D
JER 7% &, RERWEELHF-> TWwa,

E. ¥

BL ff HB &AL FEAE I BT
B TH b, BRTHEL KT v 77
WY=L LT, FILWEBREORREICOR
BB AR D B

F. RERIER mL
G. MARR
1. WXER ZL
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. BERE (FE)

1o IFgss b BERE N7V Y — A

W N = T

RFIH Lo AR RSB L OT
v MERANOEEFEA. & 111 [ H
REEFFERAES KK, 2007
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. EHRHEEH L
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cell-membrane porosity by
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inhibits intracameral fibrin
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50. WHFHEFMHARNESHEETFENEDRRE

REH=Y, NEERH D, SAFZY, K 29, AL—HE?. SRR Y
(VERBAR, PSRRI E., VE M KEE %)

MREE HAPHELHET TWBBERL A 2 07 V(LT MB) 2 il &b 72 &E
FEABELIOWT, #HlzBRA~OBFEREFE*EZE LR L. BETFHE
25G VAT Lo TYRE, WMTFHREMIGEEE 72— 72 A L72IRET, Green
Fluorescent Protein (GFP) 79 A I F - W7 WRAEWEIEA L 25 BE W % HE~RET
L7z, A8 FEMRICHRER 2 MM U, BRBEMER CBIE %170 & . IEEMALE %t 12 GFP

EHPBETE L, REPBIUCLAERDEIRICE

RO T, HE JE THEEEIL 2

nolze MTHRFMIERIRNEERECFEANER, SBRICHOTRMEIEEFETE 2,

A. MIEEH

Tald, BEREYA 707V (MB) %
MHELZZEKR~NDOEMRTFEAE
sonoporation (ZH HHEIZ DWW THE L /-
(Sonoda et al. JOVS2006), 4@, MBI
o THEMNT V) RY -4 BL) %6
HLZBRTFEAFEIZOWT, Iy MEE
RV ET VTR ZITWAS THEL
To T b, AEFFETIZBLBFHTIZ, HEIE
ANOFH L WBEIRESEIC L 2 BEZTFEA
FEIZOWTHET L7,

B. MiRHZ*

BE IR E S onopore4000™ % L |

BE 70— 73 MENBEREFH L LT
v 5T 5 Ultrasound Thrombolytic
Infusion Catheter™ (EKOS Corporation)
eHMA L7z, BERRERKEZHv, Alcon
#1256 Y AT Lz fio THFHRIRZIT-
7otk BER U - T EBER- 50
FHERICHEA, 27G $t2 2o T O s —
VHEEH TR T M I Green Fluorescent

Protein (GFP) 75 2 3 F-BLiR&W (1:1,
FF60uL) REALLZDS, BERK T RS
L7z (1MHz, 1W/cmz2,duty t; 7%, 60 #)
MEELT, MUERE., 77 A3 FIESE
TREE (SRR, SEIIREE), 9 A 3 I -
EERFAETORAMROERET 072, E
BRICT 48 BEER I, MBI, IREMRAE
TATo Tz, ERERZHEH LB A & VR
L7zo HCHAMEE % O > C GFP 285 L
BIEFEADEREZ R L7, #i¢ T HE.
FEziTv, HEEEOFEIIOVTHIR
L7,

(REE~DERK)

B ERI, ERBRFEYERGERE
> TEBRZIT 72,

C. MREBER

25G VAT ALEMH ZLIZL o THRERIZE
E L. IR CHEEEOBE R ICRIEE
Motz BER 7O -7 A 5— R ZEH
RES S DO LANDTEETH o 72, IREK
R, BUIRES. ARIEICHR S 27 BRILER
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Db oiz, MBIRROMEERE TR T
NTCOETHL P LEFE IR0/, GFP
#HOGH ML, BL - BEEEHEORT
BT RE T MM 2 F O I B iR
PHFEL Tz,

D. EE
HFHEEATHEERE LRI T 5LV L
WEE ST SR 7 R IBEEORRE IO R ht
B REMEN S B, RN THEITBEN %R
W 5720 H 72 B 70— 7T ORSEH
RARTH 5,

E. #&R

BRI 70— 72 EEFAL, Z&ICBEE
WEBET LI EDPWETH), TRHD
FEEEHD O IR O EETEARE
DORFICO BN DM H 5,

F. BERERER L

G. MEHR=

1. MmXRER

1. Shozo Sonoda et al : Gene transfer to
corneal epithelium and keratocyte
mediated by ultrasound with
microbubbles, IOVS 47:558-564,
2006.

2. EHE=.FI vy 7TUN) - AT
L, BEEL<A 70TV (MB) %
AW RSy 7 7)) =2 A7 4
IREEHZZLRMERE 200 19-40, 2006.

2. BEEE
1. EHEE= fit: BiExs ) —<iixhyd

BB E <A 7 uNTVEEED
TVLA<A T OPEENROME.
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gom v/ RL—2a VRS,
&R, 2006.
FEHE=, AR, BEl~A7
ONTNEHGET v MEEANOE
AFEA. HRIRBASEM TR,
HUHT, 2006.
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Ultrasound-mediated gene transfer
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enhancement of transfection
efficiency of naked plasmid DNA in
skeletal muscle. Gene Ther 9:
372-380, 2002.
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51, @EEARBE AL I9AMINANTL—D
BIEADOBEETFEAREICET 21%5

AR LY, MHERE Y, REEM Y, FEHEL Y, W2
HIFBE Y, P WY, RANEY, ABEN Y, FRREY
(U KBRS, 2 JUNK, ¥ TERERFIEHES. ¢ DNAVECH)

MEEBE Y 5474 NVAGeVINT ¥ —id, BVIERTFEARNEE et ffeiFoE
FERETEANY ¥ — L LT, BEEEROEICT LEICERDEI GBI T 5,
BT, METHRS L) REGE AR~ ORERN 2 BT EADTREZD, EAR
DPRFEED) MBI ELSRIE TH o 72, 44 IE SeV DHRBEREICHEES T 2 BEEHEE
FEMHEN) % §_RCRIBE 7 3 KIER SeV X7 ¥ — (rSeV/AFAMJIHN) # v, #EE
TORETFEAFE LR Lz, 3KIBR SeV AR ¥ — 3 F REBREICH L, BIETFRBER
R85 725 7248, MRS IR O KAEMBIZE AL % BB ENRIE L T\, 72
PIEEY A P4 v - NKIGHEOKRT 230, WEARELED Rz RE Sz, L2 L 3
K2 FAVTH SeV FERY CTLIHEN - P LA L, A% 14 BB EZTEHR
WEHE L7z DEDOFERLI Y, SeVIREREHARELEITHECEFS L, 3 KIEH SeV N
78— HAWAHZ L TRIZTFEABROHBGEENTBERINL ZEPREINT, —F., MEE

2B A REFORMREBRICE, BRUEORHMAERLZER NIz,

A. IRE/K

SeV R & — i3, BVEEFEANR LK
EEE TR OEERETEANRS ¥ —T
BN, METIREABZO IR M
BEPHETH o7z, 4EFA 1L SeV DR
ERECESTLIEEEHAEET
(FMHN) % /KIB &€/ 3 KR SeV N2
7 — %V, FETORZFEAFE TR
L7,

B. MiRAE

GFP. Luciferase ### L 72 SeV X7 ¥ —
(F RI8%, 3 RIBENB R % Wistar rat D
BRTIEAL, BEFRECHER L, M

g, RIEWY A M A ) NK{EH, CTL
W PUMIEZARET L. W7 & — OfflE
BT B KIE RS & AR B L7,
(REE~DER)

ERILFMEROGBWERZERDOKRE
% 72 % 12 Association for Research in
Vision and Ophthalmology (ARVO) D %E
IZH > TiT o 72, B OERITR/RE %
b & HEE L,

C. MiZE#HR

3 KIBEIMI R SeV N7 & —EIEFFHIL,
FRIBEIL FAETH o 70, MBFEHIZIE,F
RABR TREAFE O RIEMALR
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