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® PURPOSE: To determine whether polymorphisms in the
ARMS2 (LOC387715) gene and the lysyl oxidase-like 1
(LOXL1) gene are associated with age-related macular
degeneration (AMD) in Japanese patients.

® DESIGN: Clinically relevant laboratory investigation.
® METHODS: Forty-one unrelated Japanese subjects with
dry AMD, 50 subjects with exudative (wet) AMD, and 60
subjects with polypoidal choroidal vasculopathy (PCV)
were studied. The single nucleotide polymorphisms
(SNPs), p.Ala69Ser of the ARMSZ gene and p.Argl41Leu
of the LOXL1 gene, were amplified by polymerase chain
reaction, directly sequenced, and genotyped.

® RESULTS: For the ARMS2 gene, the genotype fre-
quency of the p.Ala69Ser single nucleotide polymor-
phism in eyes with dry AMD was not significantly
different from that in the controls (P = .04), but the
frequency was significantly higher in the exudative AMD
group (P = 3.1 X 107%) and PCV group (P = 6.9 X
107?). For the LOXLI gene, the genotype frequency of
the p.Argl41Lleu single nucleotide polymorphism was
not statistically higher in the dry AMD and PCV groups
than in the control group (dey AMD, P = .05; PCV, P =
.16), but was statistically higher in the exudative AMD
group (P = 6.8 X 107%). Regression analyses showed
significant associations between the ARMS2 gene and
LOXL1 gene in patients with exudative AMD.

® CONCLUSIONS: The p.Ala69Ser polymorphism of the
ARMS?2 gene is strongly associated with exudative AMD
and PCV and is associated marginally with dry AMD.
The polymorphisms in the LOXL1 gene did not predis-
pose the individual to dry AMD and PCV. These findings
suggest that there is a significant association between the
ARMS2 gene and LOXL1 gene in exudative AMD,
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the most frequent cause of irreversible blindness in

the elderly in developed countries. AMD is a
complex disorder that is genetically associated with multiple
susceptibility loci. Both genetic predispositions’ and environ-
mental factors, such as smoking,> ¢ play important roles in
the pathogenesis of AMD. AMD is broadly classified as either
dry, nonneovascular or wet, or exudative neovascular AMD.
The primary clinical sign of dry AMD is the presence of
drusen with indistinct margins that are located between the
retinal pigment epithelium and Bruch membrane. Drusen are
small yellow or white accumulations of extracellular material.
The proteins in drusen include apolipoproteins and members
of the complement system. The primary clinical sign of
exudative AMD is choroidal neovascularizations (CNVs)
that develop from new blood vessels beneath the retina in the
subretinal space.

Phenotypic and genetic heterogeneity makes the determi-
nation of the cause of AMD difficult. In the United States
and Europe, approximately 85% to 90% of the patients
diagnosed with AMD’ have dry AMD, with a high preva-
lence of eyes with drusen. However, the exudative, or wet
type, of AMD is more common in Japanese persons.® Earlier
studies have shown that there are substantial differences in
the phenotype and frequencies of single-nucleotide polymor-
phisms (SNPs) between the 2 ethnic groups.

Recently, 2 major genes, the complement factor H (CFH)
gene on chromosome 1g31°7'" and ARMS2/HTRAI gene on
chromosome  10q26,'** were shown to be significantly
associated with a distinct component of the AMD phenotype
in 2 different biological pathways. ARMS?2 is located in the
ellipsoid, a mitochondria-concentrated part of human photo-
receptor cells, and HTRAI is a serine protease gene. Poly-
morphisms in ARMS2 were associated with a decrease in the
stability of the mRNA of the ARMS2 gene.'” HTRAI seems
to regulate the degradation of extracellular matrix proteogly-
cans. CFH is a component of an innate system that modulates
inflammation through the C3 component, and it influences
the formation of drusen that characterize dry AMD. How-
ever, ARMS2/HTRAI influences the formation of CNVs, the
hallmark of exudative AMD.

Thorleifsson and associates used a genome-wide scan to
show a strong association between SNPs in the lysyl oxidase—
like I (LOXLI) gene and pseudoexfoliation syndrome (XFS;
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OMIM:177650).'9 XFS is a generalized disorder of the extra-
cellular matrix characterized by the pathologic accumulation
of abnormal fibrillar material in the anterior segment of the
eye.'™? The LOXLI gene is a member of the lysyl oxidase
family of proteins that catalyzes the oxidative deamination of
the lysine residues of tropoelastin,?® and the homeostasis of
elastic fibers requires the lysyl oxidase-like 1 protein.”' Thus,
the lysyl oxidase family of proteins plays important roles in
elastogenesis.

In the pathogenesis of AMD, the age-related degradation
of the elastic lamina of the Bruch membrane may permit the
growth of CNVs. It recently was reported that the elastic
lamina of the Bruch membrane in LOXLI-deficient mice was
fragmented and less continuously than in controls, and these
alterations led to more aggressive CNV growth after laser
photocoagulation.”® It was also suggested that the elastin
gene (ELN) was a susceptibility gene for polypoidal choroidal
vasculopathy (PCV) and that a different pathogenic process
may be involved in the phenotypic expression of neovascular
AMD and PCV.?’> However, we are not aware of any study
that has examined the relationship between the common
polymorphisms in the LOXLI gene and the presence of
AMD.

The relative homogeneous and well-characterized Japanese
population provides a unique opportunity to evaluate the
possible association between AMD and the mRNA stability-
related ARMS?2 gene and the elastin-related LOXLI gene. In
addition, the factors that explain why some individuals
develop the more aggressive exudative AMD, whereas others
have the slowly degenerating dry AMD, have not been
determined. Thus, the purpose of this study was to investigate
the association between the SNPs of the ARMS2 and LOXL!
genes and the phenotypes of Japanese patients with dry
AMD, exudative AMD, and PCV.

METHODS

WE STUDIED 41 UNRELATED JAPANESE PATIENTS WITH DRY
or geographic atrophic AMD (grade 4% 34 men and 7
women; mean age, 73.3 = 9.2 years), 50 unrelated Japa-
nese patients with exudative AMD (grade 524 40 men and
10 women; mean age, 71.3 = 8.2 years), 60 unrelated
Japanese patients with PCV (48 men and 12 women; mean
age, 70.3 = 9.2 years), and 138 Japanese controls who
represent normal individuals of older age (101 men and 37
women; mean age, 68.6 = 7.4 years) with no signs of
macular disease (stage 0). All of the subjects were from the
Ophthalmology Clinic of the Tohoku University Hospital,
Miyagi, Japan, and standard ophthalmic examinations
were performed on all subjects.

Genomic DNA was extracted from the leukocytes of
peripheral blood and was purified with the Qiagen QIlAamp
Blood Kit (Qiagen, Valencia, California, USA), and the
SNPs 1510490924 or p.Ala69Ser of the ARMSZ gene and
151048661 or p.Argl41Leu of the LOXLI gene were amplified
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by polymerase chain reaction, directly sequenced, and geno-
typed. The 2 primer sets for rs10490924 of ARMS2 were
5" TTC AAA TCC CTG GGT CTC TG-3' and 5'-CTG
CTG CTG CTC AGT TTC CT-3’, and the sequencing
primer was 5'-GAC CTC TGT TGC CTC CTC TG-3". For
1048661 of exon 10f LOXLI, the 2 primer sets were
5'-CTC AGC GCT CCG AGA GTA G-3' and 5'-ACA
CGA AAC CCT GGT CGT AG-3".

These primers were used under standard polymerase chain
reaction conditions. The amplifications of the 2 SNPs were
performed at 60 C annealing temperature. The polymerase
chain reaction fragments were purified by ExoSAP-IT (USB,
Cleveland, Ohio, USA) and were sequenced with the BigDye
Terminator Cycle Sequencing Ready Reaction Kit (Perkin-
Elmer, Foster City, California, USA) on an automated DNA
sequencer (ABI PRISM 3100 Genetic Analyzer;
Perkin-Elmer).

® OPHTHALMIC EXAMINATION, DEFINITIONS, AND SUBTYPE
CLASSIFICATION OF AGE-RELATED MACULAR DEGENERA-
TION: All of the subjects underwent a complete ophthalmic
examination, including visual acuity measurement, slit-lamp
biomicroscopy of the fundi, color fundus photography, optical
coherence tomography, fluorescein angiography, and indo-
cyanine green angiography. The type and status of the AMD
was made by 2 retina specialists (R.W. and T.A.) before the
genetic analyses.

The dry AMD subjects had many large, soft drusen,
geographic atrophy with adjacent soft drusen without neo-
vascularization, or both. The exudate AMD subjects had clear
vascular CNV networks or diffuse staining of CNV mem-
branes in the fluorescein angiography or indocyanine green
angiography images, or both. The PCV patients had charac-
teristic abnormal vascular network of choroidal vessels with
polyp-like dilations at the terminals of the branches in the
fluorescein angiography or indocyanine green angiography
images, or both.*?

The AMD subtypes were diagnosed and classified using the
criteria of the Age-Related Eye Disease Study Research
Group.”* The inclusion criteria were: age 50 years or older,
diagnosis of AMD in one or both eyes, and no other
retinochoroidal diseases, for example, high myopia (> —6
diopters, spherical equivalent), angioid streaks, central serous
chorioretinopathy, and possible ocular histoplasmosis. The
control subjects were confirmed not to have clinical evidence
of AMD by the findings in the same complete ophthalmo-
logic examination that was used to identify the AMD
patients.

® STATISTICAL ANALYSES: The genotypes were in Har-
dy—Weinberg equilibrium. The significance of differences in
the genotype frequencies among the cases and controls was
tested by the Fisher exact test, depending on the cell counts.
P values and odds ratios (approximated to relative risk) were
calculated as a measure of the association between the

ARMS? and LOXLI genotype and the phenotype of AMD,
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SNP p.ABIS (1510490942 G/T) P Value® Odds Ratio (95% Cl)
Allele T G
Dry AMD (n = 41) 0.476 0.524 .01 0.58 (0.32 to 0.88)
Exudative AMD (n = 50) 0.680 0.320 8.1 X 107" 4.38(2.69 to 7.17)
PCV (n = 60) 0.467 0.533 7.7 10 1.80(1.17 to 2.80)
Control (n = 138) 0.326 0.674

Dry AMD (1 = 41)

Exudative AMD (n = 50)

ARMS2 p.A69S Variant PCV (n = 60) Contral (n = 138)
T 8 (19.5%) 24 (48.0%) 18 (30.0%) 16 (11.6%)
T/G 23 (56.1%) 20 (40.0%) 20 (33.3%) 58 (42.0%)
G/G 10 (24.4%) 6 (12.0%) 22 (36.7%) 64 (46.4%)
P value? .04 3.1x10°® 6.9 x 107°

with the effects of the mutant allele assumed to be dominant
(wild/wild vs wild/mutant and mutant/mutant combined).
For each odds ratio, the P values and 95% confidence
intervals were calculated using the SNPAlyze program ver-
sion 4.0 (Dynacom, Yokohama, Japan). The significance of
associations was determined by contingency table analysis
using the chi-square or Fisher exact test. The Hardy—Wein-
berg equilibrium was determined by using gene frequencies
obtained by simple gene counting and the chi-square test
with Yates’ correction for comparing observed and expected
values. Two-locus analyses were performed for the
1510490924 SNP of ARMS2 and the rs1048661SNP of
LOXLI by comparing each genotypic combination with the
baseline of homozygosity for the common allele at both loci
using logistical regression (JMP software version 7.0.2; SAS
Institute Inc., Cary, North Carolina, USA).

RESULTS

@ DISTRIBUTION OF P.ALAG9SER SINGLE-NUCLEOTIDE POLY-
MORPHISM OF ARMS2 IN DRY AGE-RELATED MACULAR DE-
GENERATION, EXUDATIVE AGE-RELATED MACULAR
DEGENERATION, POLYPOIDAL CHOROIDAL VASCULOPATHY,
AND CONTROL SUBJECTS: The allelic frequencies for the
p-Ala69Ser SNP of the ARMS2 gene for dry AMD,
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p.R141L

SNP (rs1048661 G/T) P Value®
Allele T G
Dry AMD (n = 41) 0.585 0.415 .21
Exudative AMD (n = 50) 0.620 0.380 .05
PCV (n = 60) 0.517 0.483 .86
XFSP (n = 54) 0.947 0.053 1.5 x 1072
Control (n 26 138) 0.507 0.493

exudative AMD, PCV, and control subjects are presented
in Table 1. For the ARMS2 gene, the genotype frequency
of the rs10490924 or p.Ala69Ser SNPs was significantly
higher in the dry AMD and PCV groups (minor allele
frequency, T = 0.476 in dry AMD and T = 0.467 in PCV)
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LOXL1 p.R141L Variant Dry AMD (n = 41)

Exudative AMD (n = 50)

PCV (n = 60) XFS? (n = 54)

Control (n = 138}
T/T 16 (39.0%) 22 (44.0%) 18 (30.0%) 49 (80.7%) 30 (21.7%)
T/G 16 (39.0%) 18 (36.0%) 26 (43.3%) 4 (7.4%) 80 (58.0%)
G/G 9 (22.0%) 10 (20.0%) 16 (26.7%) 1(1.9%) 28 (20.3%)
P value® 0.05 6.8 x 107° 0.16 1.5 x 1072

than in the controls (T = 0.326). However, the degree of
significance was less in the dry AMD versus the control
group (P = .01) and higher in the PCV versus control
group (P = 7.7 X 107%). The T allele of the 1510490924
SNP was detected at a significantly higher frequency in
patients with exudative AMD than in control subjects
(P =381 x107"9.

The genotype frequencies for the 2 ARMS2 SNPs were
compared among dry AMD, exudative AMD, PCV, and
control groups (Table 2). For the ARMS2 gene, the
genotype frequency of the p.Ala69Ser SNP was signifi-
cantly higher in the dry AMD (P = .04), the exudative
AMD (P = 3.1 X 107%), and PCV (P = 6.9 X 1077%)
groups than in the control group (Table 2). The SNP
adhered to the Hardy—Weinberg expectations (P > .05).

e DISTRIBUTION OF P.ARGI141LEU SINGLE-NUCLEOTIDE
POLYMORPHISM OF LOXL1 IN DRY AGE-RELATED MACULAR
DEGENERATION, EXUDATIVE AGE-RELATED MACULAR DE-
GENERATION, POLYPOIDAL CHOROIDAL VASCULOPATHY,
AND CONTROL SUBJECTS: The allelic frequencies of the
LOXL1 SNP were compared among the dry AMD,
exudative AMD, PCV, and control subjects (Table 3).
The T allele of rs1048661 and Argl4lLleu was not
detected at a statistically higher frequency in patients with
dry AMD (P = .21) and PCV (P = .86) than in control
subjects. In exudative AMD, the frequency of the T
variant was higher than that of controls, but the frequency
was statistically marginal (major allele frequency T =
0.620 in exudative AMD and T = 0.507 in controls).

The genotype frequencies for the 2 LOXLI SNPs were
compared among dry AMD, exudative AMD, PCV, and
control subjects (Table 4). For the LOXLI gene, the
genotype frequency of the p.Argl41Leu SNP was not
statistically higher in the dry AMD (P = .05) and PCV
(P = .16) groups than in the control group. However,
genotype frequency of this SNP was statistically higher in
the exudative AMD group than in the control group (P =
6.8 X 107%). The SNP adhered to the Hardy—Weinberg
expectations (P > .05).
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ARMS2 AND LOXLT SNPs IN JaAPANESE AMD

LOXLT p.R141L Variant (rs1048661)

ARMS2 p.ABSS G/G +T/G T/T
variant G/G 1 2.17
(rs10490924) T/G 2.82 6.11

7T 13.5 29.4

® TWO LOCUS ANALYSES: Two locus analyses were per-
formed for the rs10490924 SNP of ARMS2 and for the
151048661 SNP of LOXLI by comparing each genotypic
combination with the baseline of homozygosity or
heterozygosity for the common allele at both loci using
logistical regression (JMP software version 7.0.2). Possible
interactions between rs10490924 and rs1048661 for a
susceptibility of dry AMD, exudative AMD, and PCV were
evaluated. Multivariate logistic regression analyses showed
a significant interaction between the SNPs of ARMS2 and
LOXLI SNPs in the 1510490924 SNP of ARMS2 plus the
rs1048661 SNP of LOXLI T/T homozygote (P < .0001) in
the exudative AMD group. The odds ratio of the combined
genotypes, ARMS2 1510490924 and LOXLI rs1048661,
was 29.4 (Table 5). In other cases, there was no significant
relationship between ARMS2 and LOXLI polymorphisms.

DISCUSSION

® GENETIC HETEROGENEITY AND OTHER AGE-RE-
LATED MACULAR DEGENERATION LOCI: The 2 major
genetic variants, CFH %=1 and ARMS2/HTRAIL,'*'" are
independently associated with the progression of AMD. This
is important because the progression leads to visual impair-
ment and blindness. Their presence does not necessarily lead
to the development of AMD, because some individuals with
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AMD who progress have the nonrisk genotype and others
without AMD progression carry the risk genotype. Thus,
phenotypic and genetic heterogeneities complicate the cause
of AMD, and other modifier loci could exist.

® DISTRIBUTION OF ARMS2 SINGLE NUCLEOTIDE POLY-
MORPHISMS IN AGE-RELATED MACULAR DEGENERA-
TION SUBJECTS: Several scudies have used refined
linkage disequilibrium mapping and case-control asso-
ciation studies to probe the most susceptible alleles,
rs10490924 of ARMS2 and 1511200638 of HTRAI, in
AMD patients."*"'"?° Tt has been shown that the
HTRAI variant confers similar risks to dry AMD and
exudative AMD. The rs11200638 SNP is located in the
promoter of HTRAI and has been shown to be strongly
associated not only with exudative AMD,'*"? but also
with dry AMD in white persons and Chinese persons.?’
Our findings are in agreement with these findings. One
thing that we need to consider is that the mean age of
the control group was 68.6 = 7.4 years, which is younger
than the ages of the dry AMD, exudative AMD, and
PCV groups. In addition, there is a possibility that in
these control subjects, AMD or PCV would develop as
they age.

The differentiation of PCV from exudative AMD is
very important because of differences not only in the
prognosis of the disease, but also in the response to
treatments, including photodynamic therapy.”® It is
interesting that PCV exists more frequently in Asians,
Hispanics, and African Americans. This suggests that
some genetic factors are involved in PCV.?” It has been
reported that a polymorphism of the elastin gene is
associated with PCV and that different pathogenic
processes are involved in the development of exudative

AMD than in PCV.??

@ DISTRIBUTION OF LOXL1 SINGLE NUCLEOTIDE POLY-
MORPHISMS IN AGE-RELATED MACULAR DEGENERA-
TION SUBJECTS: XFS is a generalized disorder of the
extracellular matrix and is characterized by the patho-
logic accumulation of abnormal fibrillar material in the
anterior segment of the eye.'”™'” This then predisposes
the eye to glaucomatous optic neuropathy. The preva-
lence of XFS increases with age and is highest in those
70 and 80 years of age.’® Thus, XES and AMD both are
age-associated diseases. In an earlier study, we confirmed
that 2 coding SNPs in the LOXLI gene were strongly
associated with XFS.”' The T allele of rs1048661 of
the LOXLI SNP was highly associated with XFS in the
Japanese population. However, the distribution of the
151048661 allele was quite different in XFS and AMD in
Japanese subjects. In subjects with exudative AMD, the
T allele of the rs1048661 SNP of LOXLI was slightly
higher than in control subjects, but the increase was not

significant (Table 3). However, the genotype frequency
of the rs1048661 SNP of LOXLI was significantly higher

554 AMERICAN JOURNAL OF OPHTHALMOLOGY

in the exudative AMD group than in the controls (P =
6.8 X 1072 Table 4). In the exudative AMD subjects,
only 1 subject had XFS, for a frequency of 2% (1/50). It
is reported that the prevalence of XFS, including glau-
coma resulting from XFS in Japan, is 1.0%.** Thus, chis
difference does not seem to be significant. However,
whether the individuals with exudative AMD have a
higher incidence of XFS needs to be investigated in
more detail.

¢ BOTH MODIFYING GENES AND ENVIRONMENTAL FAC-
TORS COULD INFLUENCE AGE-RELATED MACULAR DE-
GENERATION: Both modifying genes and environ-
mental factors could influence the pathways that lead to
either dry AMD or exudative AMD. The 2 major
genetic variants CFH? """ and HTRA1'®'? are indepen-
dently associated with progression to the advanced stage
of AMD. They are not necessary for the development of
the disease, because some individuals with AMD who
progress have the nonrisk genotype and some people
without AMD progression carry the risk genotype.
Nevertheless, we should remember that both genetic
and environmental factors and their associations con-
tribute to the progression of AMD,*"® which should
help us to understand these mechanisms.

A systemic defect in elastic fiber deposition affects the
integrity of the Bruch membrane and leads to more
aggressive CNV growth. This may be mediated partially
by abnormal signaling because of the accumulation of
soluble elastin peptides. The elastic lamina of the Bruch
membrane in the LOXL]-deficient mice was reported to
be fragmented and led to more aggressive CNV growth
after laser photocoagulation.?” Thus, elastogenesis in
the Bruch membrane should be related with CNV
growth in eyes with AMD.

XFG is a relatively rare age-related disease characterized
by a generalized fibrillar degeneration of elastin-containing
tissues. So, we chose the LOXLI as a candidate for an
AMD modifier gene. The genotype frequency of the SNPs
of LOXLI was statistically higher in the exudative AMD
group than in the normal people of older age (P = 6.8 X
107%; Table 4). But, the polymorphisms in the LOXLI
gene did not predispose the eye to dry AMD and PCV in
Japanese patients.

Two-locus  analyses were performed for the
1510490924 SNP of ARMS2 and the rs1048661 SNP of
LOXLI. Multivariate logistic regression analyses showed
a significant interaction between the ARMS2 and
LOXL! SNPs in the case exudative AMD with T/T
homozygote (Table 5).

The primary clinical sign of exudative AMD is new
blood vessel formation and breaks beneath the retina to
make the CNV. The LOXLI gene catalyzes oxidative
deamination of lysine residues of tropoelastin and plays
an important role in the elastogenesis of the elastic
lamina in the Bruch membrane. This indicates the
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existence of a synergic and permissive effect of the
ARMS2 and LOXLI polymorphisms on the growth of
CNV and exudative AMD susceptibility.

In conclusion, the p.Ala69Ser polymorphism of the
ARMS2 gene is a common variant in Japanese popula-
tions and is strongly associated not only with exudative

AMD, but also with PCV. The polymorphisms in the

LOXLI gene did not predispose the subject to dry AMD
or PCV in Japanese patients, but there is a possibility
that there is a significant association between the
prevalence of exudative AMD and the ARMSZ and
LOXLI genes. The ARMS2 and LOXLI genes seem to
be involved in a statistically significant fraction of
exudative AMD cases in the Japanese population.
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Heat Shock Protein 70 (HSP70) Is Critical for the
Photoreceptor Stress Response after Retinal
Detachment via Modulating Anti-Apoptotic Akt Kinase

Maki Kayama,* Toru Nakazawa,*"
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Yusuke Murakami,* Sofia Theodoropoulou,*
Toshiaki Abe,* Demetrios Vavvas,*

and Joan W. Miller*
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of Ophthalmology,” Toboku Graduate University School of
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Therapy.” Graduate School of Medicine. Toboku University,
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Photoreceptor apoptosis is a major cause of vision
loss in many ocular discases. Significant progress has
been made to elucidate the molecular pathways in-
volved in this process, yet little is known about pro-
teins counteracting these apoptotic pathways. It is
established that heat shock proteins (HSPs) function
as molecular helper proteins (chaperones) by pre-
venting protein aggregation and facilitating refolding
of dysfunctional proteins, critical to the survival of all
organisms. Here, we investigated the role of HSP70 on
photoreceptor survival after experimental retinal de-
tachment (RD) in mice and rats. We found that HSP70
was up-regulated after RD and associated with phos-
phorylated Akt, thereby preventing its dephosphory-
lation and further activation of cell death pathways.
Administration of quercetin, which inhibits HSP70 and
suppresses Akt phosphorylation significantly increased
photoreceptor apoptosis. Similarly, RD-induced photo-
receptor apoptosis was augmented in mice carrying hy-
pomorphic mutations of the genes encoding HSP70. On
the other hand, administration of geranylgeranylac-
ctone, which induces an increase in HSP70 significantly
decreased photoreceptor apoptosis after RD through
prolonged activation of Akt pathway. Thus, HSP70 may
be a favorable potential target to increase photoreceptor
cell survival after RD.  (dm J Pathol 2011, 178:1080-1091;
DO 10.1016/j.ajpath.2010.11.072)
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Retinal detachment (RD) occurs when the neural retina
physically separates from the underlying retinal pig-
ment epithelium and is a cause of permanent visual
loss in a number of retinal disorders, including age-
related macular degeneration,’ diabetic retinopathy,?
and retinopathy of prematurity.® Surgical repair has a
success rate of more than 90% in reattaching the ret-
ina,*® however in cases where the macula is detached,
only 20 to 40% of successful reattachments achieve
visual acuity of 20/50 or better.®

For the last decade, multiple lines of evidence have
indicated that apoptosis is a major cause of photore-
ceptor loss in the rodent model of RD, as defined by
the presence of pyknosis, apoptotic bodies, and inter-
nucleosomally cleaved DNA.”® These results demon-
strated the importance of both caspase-dependent
and caspase-independent apoptotic pathways in RD-in-
duced photoreceptor cell death. Despite this progress,
the detailed mechanisms of photoreceptor cell death af-
ter RD remain fairly unclear, and little is known about
counteracting pathways that promote photoreceptor sur-
vival.

Heat shock proteins (HSPs) are a family of stress-
activated proteins that participate in protein folding and
repair’® and range in molecular weight from 10 to 170
kDa. The 70 kDa HSP (HSP70), one of the chaperones,
plays a fundamental role in the protection of cells against
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stresses of various types and origins. When induced,
HSP70 prevents the immediate apoptosis of cells and
allows cellular adaptation, which is essential for cell sur-
vival.m*~"* Others and ourselves have shown that apoptotic
cell death is heavily involved in photoreceptor cell death
after RD.”® In our study, we found a greater than 4X in-
crease in HSP70 after RD and thus, we focused our atten-
tion to HSP70. A recent report has also showed that induc-
ible HSP70 is a critical mediator of the phosphoinositide
3-kinase (PI3K)-Akt pathway,'® which is heavily involved in
cellular survival and inhibition of apoptosis.'®*7

Therefore, in this study we sought to investigate the
potential role of HSP70 in the molecular events occurring
after RD and to explore the possibility that HSP70 may act
as a potential endogenous inhibitor of photoreceptor cell
death after RD.

Materials and Methods

Animals

All animal experiments complied with the Association for
Research in Vision and Ophthalmology for the use of
animals in ophthalmic and vision research and were ap-
proved by the Animal Care and Use Committee of the
Massachusetts Eye and Ear Infirmary (Boston, MA). Male
Brown Norway rats (weighing 250 g) were used in all ex-
periments. Male (8 weeks old) HSP70™/~ mice on C57BL/
6x129S87 background were obtained from the Univer-
sity of California, Davis, and age- and sex-matched
C57BL/6x129S7 mice were also used in the experiments.
The animals were fed standard laboratory chow and al-
lowed free access to water in an air-conditioned room with

HSP70 Prevents Photoreceptor Cell Death

a 12-hour light/dark cycle. Except as noted otherwise, the
animals were anesthetized with ketamine hydrochloride (30
mg/kg; Ketalar; Parke-Davis, Morris Plains, NJ) and xylazine
hydrochloride (5 mg/kg; Rompun; Harver-Lockhart, Morris

Plains, NJ) before all experimental manipulations.

Surgical Procedure of RD and Treatment with
Quercetin and GGA

After the induction of anesthesia, the pupils were dilated
with a topically applied mixture of phenylephrine (5.0%)
and tropicamide (0.8%). A sclerotomy was performed
approximately 2-mm posterior to the limbus using a 30-
gauge needle, while tacking care not to damage the lens
during the procedure. A Glaser subretinal injector (20-
gauge shaft with a 32-gauge tip) connected to a syringe
filled with sodium hyaluronate was then introduced into
the vitreous cavity. Retinotomy was performed in the pe-
ripheral retina with the tip of the subretinal injector, and
sodium hyaluronate was slowly injected into the subreti-
nal space, causing detachment of one-half of the retina.
One hour before RD induction, 250 wl of quercetin (100

mg/ml, an HSP70 inhibitor)*®'® or vehicle (dimethyl sul-

foxide) was injected intraperitoneally. In addition, 250 ul
of geranylgeranylacetone (GGA) (200 mg/ml, an HSP70

inducer; a gift from Eisai Co, Ltd, Tokyo, Japan),’® with or

without quercetin and vehicle (balanced salt solution)
were injected intraperitoneally for 2 days before and 3
days after RD induction. At specified times after RD, the
rats were sacrificed with an overdose of sodium pento-

barbital, and the eyes were enucleated.

Table 1. Genes Differentially Expressed 72 Hours after RD
Mean RD Mean vehicle RD/vehicle Gene name
548.93 35.75 15.4 Corneal wound healing-related protein
543.7 39.57 13.7 Solute carrier family 7 member A1
3570.83 275.05 13 Crystallin, mu
903 161.82 5.6 Solute carrier family 2
1160.50 219.77 53 ASI mRNA for mammalian equivalent of bacterial large ribosomal
subunit protein L22
1216.40 242 5 Aminopeptidase B (Rnpep)
15611.93 311.15 4.9 Human 40S ribosomal protein S18
1043.43 210.9 4.9 Ribosomal protein L27
998.77 203.85 4.9 Elongation factor 1 alpha
680.2 139.25 4.9 Protein tyrosine phosphatase 4a3 (Mus musculus)
1283.17 267.98 4.8 Ribosomal protein L
4287.20 917.05 4.7 Fudenine (mouse prominin) retinal degeneration
1726.87 368.55 4.7 Transforming growth factor beta stimulated clone 22
619.3 130.65 4.7 Rat unidentified mRNA expressed in embryo and tumor but not
normal differentiated cells
1000.17 217.2 4.6 H2A histone family, member Z
757.2 162.88 4.6 Anti-proliferative (Btg1)
686.13 148.62 4.6 Rattus norvegicus ribosomal protein L6
642.6 140.2 4.6 Carnitine O-octanoyltransferase
1305.43 288.32 4.5 KPL1
1405.27 321.92 4.4 60S Ribosomal protein L37A
530.77 123.4 4.3 (Hsp40) Homolog
1106.93 263.05 4.2 Double-stranded RNA-binding protein p74
1583.43 387.6 4.1 Ribosomal protein S14 (Rps14)
627.1 153.45 4.1 Casein kinase | delta
581.8 141.73 4.1 603 Acidic ribosomal protein P1
538.27 131.92 4.1 Heat shock protein 70 kD

RD, retinal detachment.
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Laser-Capture Microdissection

To investigate gene expression patterns in RD, laser-cap-
ture microdissection (LCM) was performed in 4 rats as
previously described.? This technique allows the capture
of specific cells in a histological section using laser irradia-
tion.?" Briefly, 72 hours after RD, the eyes were enucleated
and embedded in Tissue Tek Optimal Cutting Temperature
Compound (Sakura Finetechnical, Tokyo, Japan). Sections
(12 um) were cut with a cryostat (Micron, Walldorf, Ger-
many) and mounted on Superfrost Plus glass slides (Fish-
erbrand, Pittsburgh, PA). Tissue sections were rehydrated
with 75% ethanol, twice with diethylpyrocarbonate water,
followed by dehydration with 75%, 95%, and 100% ethanol
for 1 minute each, and xylene for 5 minutes. For cells of the
outer nuclear layer (ONL), LCM was carried out at 90 mW
for 1.2 seconds and a spot size of 15 um. All of these
samples were used for a DNA microarray approach.

Microarray Analysis

Total RNA was purified using RNeasy Kit (Qiagen, Valen-
cia, CA). Biotin-tagged cDNA was synthesized, used to
probe custom-printed oligo-arrays via hybridization for 12
to 16 hours (SuperArray Bioscience Corp, Frederick,
MD), and subsequently imaged using chemiluminescent
detection in combination with X-ray film detection (Kodak,
Tokyo, Japan). Scanned films were imported to the web-
based software (GEarray Suite version 2.0; SABiosci-
ences, Frederick, MD); the online software was discon-
tinued for analysis on December 31, 2010. Each array
included a set of internal housekeeping genes to adjust
and correct for loading. Qualitative absent/present values
were evaluated based on 10-minute exposures. A signal
that was visually above the background was defined as
present. Quantification was assessed using averaged
values obtained from the web-based SuperArray soft-
ware and t-tests were performed using GraphPad Prism,
version 4 (GraphPad Software, La Jolla, CA).

Western Blotting

For immunoblot detection of HSP70, Akt, and phosphor-
ylated Akt (pAkt), we used a total of 32 animals (64
retinas), four for each treatment and control group. Whole
retinas were harvested and lysed for 30 minutes on ice in
lysis buffer [50 mmol/L Tris-HCI (Isgb)pH 8(rsgb), with
120 mmol/L NaCl and 1% Nonidet P-40], supplemented
with a mixture of proteinase inhibitors (Complete Mini;
Roche Diagnostics, Basel, Switzerland). The samples
were centrifuged (14,000 rpm for 30 minutes at 4°C) and
supernatants were collected. Protein concentration was
assessed with Bicinchoninic acid protein assay (Pierce,
Rockford, IL). Thirty mecg of protein per sample were sep-
arated in a 4% to 20% gradient sodium dodecy! sulfate-
polyacrylamide gel (Invitrogen Corp, Carlsbad, CA) electro-
phoresis, and the proteins were electroblotted onto
polyvinylidene difluoride membranes. After 20 minutes in-
cubation in blocking solution (Starting Block T20; Thermo
Scientific, Whaltham, MA), membranes were incubated with
primary antibodies overnight at 4°C. Peroxidase-labeled

secondary antibodies (Amersham Pharmacia Biotech, Pis-
cataway, NJ) were used, and proteins were visualized with
enhanced chemiluminescence technique (Amersham
Pharmacia Biotech).
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Figure 1. Efficiency of quercetin for HSP70. A and B: Western blot analysis
for HSP70. Az Western blot analyses show the dynamics of protein expression
of HSP70 in each group. B: Relative protein expression ratio of HSP70 ar 1,
3, and 7 days after retinal detachment (RD) in each group. The protein

expression level of HSP70 was normalized by the normal group. In the
quercetin group, the expression was already diminished at day 1 (A and B)
("1 < 0.01). Equal quantitics of protein were Toaded in all lunes, and repre

sentative exposures of enhanced chemiluminescence detection of the immu-
noreactive proteins are shown. Each column represents the mean # SD of
four independent experiments. C-I: Immunofluorescent analysis for HSP70
In the normal group. expression of HSP70 was faintly seen in the outer
plexiform layer and inner segment (IS) (arrows). In contrast, in the 1S of the
vehicle group showed dense expression of HSP70. In the quercetin group,
expression  of HSP70 was  similar to nornmal. Scale bars (C-1) =
50 um. GCL, retinal ganglion cell Jayer; INT, inner nuclear layer; ONL, outer
nuclear layer; OPL outer plexiform layer.,



Immunohistochemistry

Immunohistochemistry was performed as previously re-
ported.?? After fixation and permeabilization, the sections
were incubated with one of the following primary antibod-
ies: anti-HSP70 (Stressgen, 1:150), anti-pAkt (Stressgen,
1:50), anti-caspase-9 (Cell signaling, 1:300), or anti-
caspase-3 (Cell signaling, 1:300). An appropriate fluoro-
phore-conjugated secondary antibody (Molecular
Probes, Carlsbad, CA) was used to detect fluorescence
using a confocal microscope (Leica Microsystems, Wet-
zler, Germany).

Immunoprecipitation Western Analysis

At various time points after RD (n = 4), eyes from quer-
cetin or the vehicle-treated group were extracted, and the
retinas were incubated in cell lysis buffer on ice for 30
minutes. Five hundred mcg of total protein were mixed
with anti-pAkt antibody (Stressgen) and incubated over-
night at 4°C. Protein G-Agarose beads (Thermo Scien-
tific) were added, and the mixture was incubated for
another 2 hours at 4°C. Immune complexes were washed
5 times with cold lysis buffer and denatured by boiling
them for 5 minutes in sodium dodecyl sulfate buffer.
Sodium dodecy! sulfate-polyacrylamide gel and difluo-
ride membrane transfer were performed as previously
described.

Measurement of Caspase-9 and -3

The activities of caspase-9 and -3 were measured with
the use of a commercially available kit according to the
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manufacturer’s instructions (APT131/139; Millipore, Bil-
lerica, MA). At each time point, activities in the detached
retina treated with vehicle, quercetin, and/or GGA were
normalized to their corresponding activities in the at-
tached retina at the same time point.

TUNEL Analysis

Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) and quantification of TUNEL (+)
cells were performed as previously described®® by using
the ApopTag Fluorescein in situ Apoptosis Detection Kit
(S7110; Chemicon International, Temecula, CA). The center
of the detached retina was photographed, and the number
of TUNEL (+) cells in the ONL was counted in a masked
fashion. The ONL thickness was measured with OpenlLab
software (Open Lab, Florence, ltaly).

Statistical Analysis

The data are expressed as mean + SD mean data
among groups were compared with one-way analysis of
variance, and data between groups were compared with
the unpaired Student'’s t-test. Statistical significance was
declared for P < 0.05. Two-tailed tests were used for all
comparisons.

Results

RD-Induced Changes in Gene Expressions

To identify changes in expression levels of proteins after
RD, we used the established methods of LCM. We per-

W vehicle
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Day?7 after RD

vehicle Quercetin

Day3 Day7

After RD
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Day1 Day3 Day7

After RD

Figure 2. Quercetin-induced photoreceptor apoptosis 3 days after retinal detachment (RD). A=G: Transferase-mediated dUTP nick-end labeling (TUNEL) assay
in the normal (A), vehicle (B, D, and F) und quercetin (C, E. and G) at 1. 3, and 7 days atter RO, TUNEL (+) cells (arrows) were observed in the outer nuclear
layer (ONL) (G, E, and G). Insets arc higher magnification of arrows at panel C, E, and G). H: Quantification of TUNEL (+) cells by immunohistochemistry. Note
that the number of TUNEL (+) cells was significantly lower in the vehicle than in the quercetin (FF < 0.01; *P < 0.05). I: Representative photomicrographs of
RD at 7 days. J: Relative ratio of the ONL thickness in cach group. In the both groups, ONL thickness was decreased with time. However, ONL thickness in the
quercetin group was significantly decreased compared with the vehicle group of them (*2 < 0.01, **P < 0.03). Each column represents the mean ® SD of four
independent experiments. Scale bars (A=G, T) = 100 um, GCL, retinal ganglion cell layer; INL, inner nuclear layer
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formed this study 3 days after RD induction, when photore-
ceptor cell loss reaches its peak as shown in our previous
study.”® Cells from the ONL were collected by LCM (see
Supplemental Figure S1 at http://ajp.amjpathol.org) and a
microarray screen was conducted to identify genes po-
tentially involved in the resolution of RD and recovery of
function. We used gene chips [MOE_430A GeneChips;
Affymetrix, Santa Clara, CA] to evaluate the expression
levels of more than 22,000 probe sets in several biolog-
ical replicates of normal (attached) or detached retinas
during this study. After microarray hybridization, analysis,
and data normalization, we identified genes showing a
microarray fold change of =2.3 between normal retina
and RD samples. We detected 150 genes that demon-
strated differential expression between attached and de-
tached retinas (Table 1). Of these, a 4.1-fold up-regula-
tion of HSP70 was observed in the RD group. Therefore,
we sought to further characterize the role of HSP70 in RD.

HSP70 Expression Is Up-Regulated after RD

To confirm the change of HSP70 at protein level we per-
formed Western blot analysis at 1, 3 and 7 days after RD
(Figure 1A). In the vehicle-treated group, we observed a

A B C D
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Day3 after RD

Normal vehicle Quercetin

Day1 after RD

7.8-fold increase in HSP70 (70 kDa) protein levels com-
pared to attached retina that subsequently decreased with
time (Figure 1B). Administration of quercetin, a potent HSP
inhibitor, suppressed HSP70 protein level at all studied time
points (Figure 1B) (vehicle: day 3, 5.9-fold; day 7, 5.2-fold
and quercetin: day 1, 1.2-fold; day 3, 1.5-fold; day 7, 1.4-
fold). To further determine the distribution pattern of HSP70
protein within the retina, we performed immunohistochem-
istry on frozen sections obtained at 1, 3, and 7 days after
RD. Consistent with a previous study,®® expression of
HSP70 was faintly observed in the outer plexiform layer and
inner segment in the attached retina (Figure 1C). However,
retinal detachment resulted in strong HSP70 immunoreac-
tivity in the outer plexiform layer and inner segment (Figure
1, D, F, and H), which was significantly decreased after
quercetin administration (Figure 1, E, G, and |).

Quercetin Administration Increases
Photoreceptor Apoptosis after RD

Next, we investigated the effect of HSP70 down-regula-
tion by quercetin in experimental RD. To this aim, we
used TUNEL assay and evaluated the ONL thickness in
rats pretreated with vehicle or quercetin 1 hour before RD
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Figure 3. Quercetin up-regulated cleaved caspases-9 and -3. A=G: Immunofluorescent analysis for cleaved caspase-9 in cach group 1 and 3 days after retinal
detachunent (RD). In the normal, cleaved caspase-9 () cells were not seen (A). In the vehicle (B and E) and quercetin (C, D, F, and G) aroups, cleaved caspase-9
(+) cells (arrows) were observed in the outer nuclear layer (ONL). Notably, cleaved caspase-9 (+) cells were expressed in the cytoplasm and contirmed in the
ONL. D and G: Higher magnification of inset of C and F. J-P: Immunotluorescent analysis for cleaved caspase-3 in each group 3 days after RD. Tn the normal,
cleaved caspase-3 (+) cells were not seen (J). In the vehicle (K and N) and quercetin (L M, O, and P) groups, cleaved caspase-3 (+) cells (arrows) were observed
in the ONL. Cytosolic staining of cleaved caspase-3 was observed in the ONL (M and P): Higher magnification of inset of L and 0. H: Quantification of cleaved
caspasc-9 (+) cells by immunohistocheruistry. Increased activity of cleaved casapase-9 induced by quercetin (*P < 0.01, P < 0.05). I: Increased of caspase-9
dctivity after RD by the injection of quercetin at the time point of RD (**F < 0.05). Q: Quantification of cleaved caspase-3 (+) cells by immunohistochemistry.
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induction. We detected TUNEL (+) apoptotic photore-
ceptors at 1, 3, and 7 days after RD in the ONL (Figure 2,
B-G). In line with previous reports,®242% we observed
maximal photoreceptor cell apoptosis on day 3 after RD
(Figure 2H). Significantly more TUNEL (+) cells were
counted in the quercetin-treated group compared to ve-
hicle (Figure 2H). No TUNEL (+) cells were detected in
normal attached retina (Figure 2A). By day 7 after RD, the
ONL thickness in the quercetin group has significantly
declined compared to vehicle treatment (Figure 2, | and
J). Taken together, these data indicate that HSP70 down-
regulation by quercetin increases photoreceptor apopto-
sis and accelerates retinal degeneration after RD.

Down-Regulation of HSP70 by Quercetin
Results in Increased Caspase Activation

We have previously reported the major role of caspase
activation in photoreceptor cell death after RD.®
Caspases execute the classical apoptosis program.®
Release of cytochrome-c from the mitochondria results in
the formation of the apoptosome, the recruitment and
activation of pro-caspase-9, which further activates
caspase-3.%” To investigate the level of caspase-9 and -3
activation after quercetin or vehicle treatment, we per-
formed immunohistochemistry and activity assays at var-
ious time points after RD induction. In our experiments,
maximal activation of caspases-9 and -3 was observed
on day 3 (Figure 3, H, I, Q, and R). Quercetin adminis-
tration increased the number of caspase-9 and -3 (+)
cells as detected with immunohistochemistry (Figure 3,
C, D, F-H, L, M, and O-Q), as well as their respective
activities compared to vehicle treatment (Figure 3, B, E, |,
K, N, and R). Furthermore, cleaved caspases-9 and -3
co-localized with TUNEL (+) photoreceptors (see Sup-
plemental Figure S2 at http://ajp.amjpathol.org). We did
not detect any cleaved caspase-9 or -3 in the attached
retina (Figure 3, A and J). Collectively, these data indi-
cate that HSP70 down-regulation by quercetin increases
caspase-9 and -3 activities after RD.

HSP70 Deficiency Augments Photoreceptor
Cell Apoptosis

To further elucidate the role of HSP70 in photoreceptor
apoptosis, we induced RD in HSP70 deficient
(HSP70~/7) mice. Histologic evaluation of the retina be-
tween HSP70™/~ mice and their respective wild-type con-
trols did not reveal any abnormalities (see Supplemental
Figure S3 at http://ajp.amjpathol.org). However, on RD
induction the number of TUNEL (+) photoreceptors in-
creased dramatically in the HSP70™/~ group in contrast
with the wild-type group (Figure 4, A-G). Interestingly,
TUNEL (+) cells were also detected in the inner nuclear
layer and retinal ganglion cell layer of HSP70™/~ mice. By
7 days after RD, the ONL thickness in the HSP70~/~
group was significantly reduced with respect to control
(Figure 4H). As expected, immunohistochemical staining
showed an increase in cleaved caspase-9 and -3 (+)
cells in the HSP70™/~ mice group in contrast with wild-
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Figure 4. Photoreceptor apoptosis up-regulated in the HSP70 mice after
retinal detachment (RD). A=F: Transferase-mediated dUTP nick-end labeling
(TUNEL) assay in the wild-type (WT) mice (A, C, E) and HSP70™ 7 mice (B,
D.F) 1, 3, and 7 days after RD. TUNEL (+) cells were mainly observed in the
outer nuclear layer (ONL). G: Quantification of TUNEL (+) cells by immu-
nohistochemistry. Note that the number of TUNEL (4) cells wus signiticantly
lower in the WT mice group than in the HSPT0T 7 mice group
(*P < 0.01). H: Relative ratio of the outer nuclear layer (ONL) thickness in
cach group. In both groups, the ONL thickness was decreased with time.
However, the ONL thickness in the HSP707 ™ mice group was significantly
decreased compared with the WT mice group of them (*P < 0.01). I
Quantification of cleaved caspase-9 (+) cells by immunohistochemistry
Cleaved casapase-9 (+) cells increased in the HSP707' ™ mice group (P <
0.01; £ < 0.05). J: Quantification of cleaved caspase-3 (+) cells by immu-
nohistochemisiry. Cleaved casapase-3 (+) cells increased in the HSP7077
mice group (P < 0.01). Each column represents the mean = SD of six
independent experime Scale bars = 100 um, GCL, retinal ganglion ccll
layer; INL, inner nuclear laves
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Figure 5. Induction of HSP70 after administration of geranylgeranylucetone (GGA)L A: Western blot analysis showed increased HSP70 protein level in the
attached retina with GGA administration. There was no change in the HSP70 protein level after administration of GGA with quercetin and vehicle, B-D, F-N:
Immunotluorescent analysis tor HSP70, In the vehicle, expression of HSP70 was taintly seen in the inner segment (18). In contrast, the 18 of the GGA group showed
dense expression of HSP70. In the GGA with quercetin group, expression of HSP70 was similar to vehicle. E: Relative protein expression ratio of HSP70 at 0, 1,
3.and 7 days after retinal detachment (RD) in each group. The protein expression level of HSP70 was normalized by the normal group. In the GGA group, the
expression was already up-regulated before RD (*2 < 0.01). Equal quantities of protein were loaded in all lanes, and representative exposures of enhanced
chemiluminescence detection of the immunoreactive proteins are shown. Fach column represents the mean = SD of six independent experiments. Scale bars =
100 um. GCLL retinal ganglion cell tayer; INL, inner nuclear layer. ONL, outer nuclear layer; Q. quercetin

type mice group (Figure 4, | and J). These results provide
direct evidence that HSP70 plays a critical role in coun-
teracting RD-induced photoreceptor apoptosis.

were obtained on RD induction. Notably, pretreatment of
animals with GGA potentiated HSP70 protein expression
levels that remained elevated up to 7 days after RD
(Figure 5E). These results were further confirmed with
immunohistochemistry (Figure 5, G, J, and M). Quercetin

Administration of GGA Up-Regulates Retinal
HSP70 Expression Levels

GGA is known to induce an increase expression of
HSP70, but not HSP60 and HSPI0, in a variety of cells
and tissues.?®=3% To confirm whether administration of
GGA induces HSP70 expression in the rat retina, we
performed immunoblot analysis and immunohistochem-
istry. Indeed, GGA treatment resulted in significant in-
crease in HSP70 protein expression (Figure 5A) and im-
munoreactivity, which was confined to the inner segment/
outer limiting membrane of photoreceptors (Figure 5,
B-D). Coadministration of quercetin with GGA completely
reversed this effect (Figure 5, A and D). Similar results

coadministration with GGA blocked the effects of GGA in
increasing HSP70 protein expression (Figure 5, H, K, and
N), similar to vehicle (Figure 5, F, |, and L). Thus, GGA
administration resulted in significant up-regulation of
HSP70 within the inner segment and the outer limiting
membrane.

HSP70 Overexpression by GGA Suppresses
Photoreceptor Apoptosis after RD
To examine whether HSP70 overexpression by GGA was

able to reduce photoreceptor apoptosis after RD, we
performed TUNEL assay and evaluated the ONL thick-



ness along with caspase activity assay in rats treated with
vehicle, GGA, or GGA with quercetin. No TUNEL (+) cells
were detected in attached retinas of all 3 groups (Figure
6, A-C). However, after RD induction, we detected
TUNEL (+) apoptotic photoreceptors at 1, 3, and 7 days
after RD in the ONL (Figure 6, D-L). GGA administration
resulted in more than 50% decrease of TUNEL (+) cells
compared to the other groups, and preserved the ONL
thickness as measured at 7 days after RD (Figure 6, M
and N). In addition, GGA treatment decreased both
caspase-9 and -3 activities in contrast with the other two
groups (Figure 6, O and P). These results suggested the
HSP70 overexpression by GGA ameliorates photorecep-
tor apoptosis after RD through down-regulation of
caspase-9 and -3 activities.

Activation of Akt Kinase after Experimental RD

Next, we sought to investigate the underlying mechanism
for the neuroprotective role of HSP70 overexpression af-
ter RD. It has been recently reported that inducible
HSP70 regulates the activity of Akt kinase.'® Akt is a key
component of cell survival pathways and a major down-
stream target of PI3K, which has been shown to mediate
growth factor-induced neuronal survival stimuli. In addi-
tion, Akt kinase activation has been reported to inhibit
caspase-9 activity by direct phosphorylation.®' At first we
asked whether Akt kinase is activated after RD. To this
aim, we performed immunoblot analysis at 1, 3, and 7
days after RD using an antibody recognizing the phos-
phorylated form of Akt (pAkt). In the vehicle-treated
group, we observed a 2.3-fold increase of Akt phosphor-
ylation by day 1 that decreased thereafter in a time-
dependent manner (Figure 7, A and D). Quercetin ad-
ministration resulted in a decrease in the phosphorylation
status of Akt at all time points studied (Figure 7, A and D).
On the other hand, GGA treatment markedly amplified
Akt phosphorylation levels, whereas coadministration of
GGA with quercetin abolished this effect (Figure 7, B and
E). Finally HSP70™/~ mice, exhibited decreased levels of
Akt phosphorylation after RD induction compared to wild-
type controls (Figure 7, C and F).

To further investigate the localization of pAkt within the
detached retina, we performed immunohistochemistry on
frozen sections obtained at 1 and 3 days after RD. pAkt
immunostaining was predominantly identified in the pho-
toreceptor nuclei,* as well as faintly in the retinal gan-
glion cell layer and inner nuclear layer (Figure 7, H and
M). GGA administration resulted in increase in pAkt im-
munoreactivity both at 1 and 3 days after RD (Figure 7, J
and O), which was attenuated with quercetin coadminis-
tration (Figure 7, K and P). In the quercetin-treated group
and HSP70™/~ group, faint immunostaining was observed
in the retinal ganglion cell layer, but not in the ONL (Figure
7,1, L, N, and Q). We did not detect any expression of pAkt
in the attached retina (Figure 7G). Collectively, these data
indicate that Akt kinase is markedly activated in photore-
ceptors after RD and overexpression of HSP70 by GGA
administration prolongs pAkt activation.

HSP70 Prevents Photoreceptor Cell Death 1087
AP March 2011, Vol. 178, No. 3

vehicle GGA GGA+Q

Before RD

2
2
o
B
a

Day7 after RD

M W vehicie N M vehicie
0 GGA £3166A
25 - @ GGA+Q T 120} B GGA+Q
Py L % .
§ 20 £
g | 2
S 43 i a
2 i zm
3
g 101 %
ot H g
¥ s -
= 8
0
Oayo Day! Day3 Day7 Day0 Dayt Dayd Day7
Betors RD After RO Before RD After RD
O M| vehicle P | vehicle
[WEclci) 0 GGA
GGA+Q @ GaA+Q
g 3
8 8
£ 7 z 7
8.8 g6
2% s 29 s
=4 2= 4
& -4
¥ 3 g 3
3 3 2
1 1
0 °
Dayt Day3 Day? Day1 Day3 Day?
After RO Atter RD

Figure 6. Protecrion of photoreceptor apoptosis by administration of gera-
nylgeranylacetone (GGA). TUNEL assay in the vehicle (A, D, G, J). GGA
(B, E, H K) and GGA with quercetin (C, F, L, L) 0, 1, 3 and 7 days after RD
TUNEL (+) cells were observed in the ONL. M: Quantification of transterase-

mediated dUTP nick-end labeling (TUNEL) (4) cells by immunohistochem-
istry. Note that the number of TUNEL (4 cells was significantly lower in the
GGA  than in the  vehicle or GGA - with  quereetin (37 < 0.01;

P < (0.05). N: Relative ratio of the outer nuclear layer (ONL) thickness in
cach group. In the all groups. the ONL thickness was decreased with time
However, decrease of the ONL thickness in the GGA group was signiticantly
suppressed compared with another two groups of them (7 < 0.01; *P <
0.05). O: Suppression of caspasce-9 activity after retinal detachment (RD) by
the administration of GGA at the time point of RD in the compared with
vehicle or GGA with quercetin groups (*£ < 0.01; ** < 0.05). P: Suppression
of caspase-3 activity after RD by the administration of GGA at the time point
of RD in the compuared with vehicle or GGA with quercetin: groups
P < 0.01; ™P < ). Each column represents the mean = 8D of six
independent experiments. Scale bars = 100 um. Q. quercetin; GCL, retinal
ganglion cell layer: INL, inner nuclear layer; ONL, outer nuclear layer
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Figure 7. HSP70 induce Akt activation after retinal detachment (RI). A—=C: Western blot analyses show the dynarics of protein expression of phosphorylated
Akt (pAkD and total Akt in each group. D=F: Relative protein expression ratio of pAkt 1, 3, and 7 days after RD in cach group. The expression protein of pAkt
was normalized by the normal group (attached retina). Activation of Akt was suppressed with time-dependent manner G2 < 0.01; *P < 0.03). Equal quantines
of protein were loaded in all lanes, and representative exposures of enhanced chemiluminescence detection of the immunoreactive proteins are shown. Each

column represents the mean = SD of four independent experiments. G—Q: Immunofluorescent analysis for pAkt in retina of normal, vehicle, quercetin,
geranylgeranylacetone (GGA), GGA with quercetin. and HSP™' ™ mice groups at | and 3 days after RD. In the normal (attached retina), pAktwere rarely expressed
in the whole layer. In the vehicle group. expression of pAkt was observed in the retinal ganglion cell layer (GCL) and outer nuclear layer (ONL). In the quercetin

and HSP™™™ mice group, pAkt were taintdy expressed in the GCL at day 1= however, expression pattern was similar o the normal aroup at day 3. In the GGA
group, expression of pAkt was remarkubly observed in the GCL and ONL. On the other hand, expression of pAkt was similar to vehicle in the GGA with quercetin
(Q). Each column represents the mean = SD of four independent experiments. Scale bars = 100 um. INL, inner nuclear layer; WT, wild type.

RD Promotes HSP70 Association with
Phosphorylated Akt

loss in RD, yet little is known about counteracting path-
ways that promote photoreceptor survival. In this study,
we provide compelling evidence that inducible HSP70 is
critical for the photoreceptor stress response after RD.
Moreover, RD activated the PI3K-Akt pro-survival path-
way and HSP70 associated with phosphorylated Akt ki-
nase modulating its anti-apoptotic activity (Figure 8C).

Because HSP70 is known to modulate Akt kinase activity,
we further investigated whether Akt activation in RD was
mediated through HSP70. To this aim, we performed
immunoprecipitation with an antibody against pAkt and

immunobilotted with an anti-HSP70 antibody. In our co-
immunoprecipitation assay, direct interaction between
pAkt and HSP70 was observed after RD (Figure 8A).
However, this interaction was suppressed after quercetin
administration (Figure 8, A and B) (vehicle, 2.6-fold; quer-
cetin, 1.2-fold). These results show that after RD HSP70
associates with pAkt and quercetin treatment decreases
PAkt-HSP70 interaction.

Discussion

Several reports in the past have identified the activation
of cell death pathways as a mechanism of photoreceptor

We believe this is the first report showing the pivotal role
of inducible HSP70 in photoreceptor survival after RD.
In this study, RD induced immediate and significant
gene expression of HSP70 that peaked at 1 day after RD
and decreased thereafter time dependently (Figure 1).
Abolishment of HSP70 induction, either with the use of
quercetin or HSP70~/~ mice, exacerbated photoreceptor
apoptosis, as well as retinal degeneration after RD (Fig-
ures 2-4). These results are in accordance with previous
in vitro and in vivo studies, which showed that abolishment
of HSP70 cytoprotective effect augments the initiation of
the apoptotic cascade.®>3* The important role of induc-
ible HSP70 in the acute phase stress response after RD
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Figure 8. HSP70 association with phosphorylated Akt (pAkD. A und B:
Immunoprecipitation analysis of pAkt and TISP70. A: Fxtracted protein from
cach group at | day after retinal detachment (RD) were immunoprecipitated
(IP) with anti-pAkt antibody or control rabbit 1gG, followed by immunoblot-
ting (WB). B: Relative protein expression ratio of pAkt and HSP70 at 1 day
after RD in each group. There was a significant difference in HSP70 protein
level between the vehicle and the quercetin groups (£ < 0.01). pAKt signals
did not ditfer among the normal, vehicle. and quercetin groups. Each column
represents the mean £ SO of four independent experiments. C: Schematic
presentation of RD with and without HSP70 overexpression induced apop-
tosis pathways showing the position ot the various intermediates being
examined in this study. DR. death receptor; FGF, fibroblast growth factor;
ISP, heat shock protein 70; TNFE, tumor necrosis tactor: PP, phosphorylated;
Pi3K. phosphoinositide 3-kinase: PIP2, phosphatidylinositol-bisphophate:
PIP 3, phosphatidylinositol-trisphosphate; RTK, receptor tyrosine kinasc.

was also demonstrated by the fact that HSP70™/~ mice
exhibited three times more TUNEL (+) cells day 1 after
RD compared to mice pretreated with quercetin, whereas
HSP70 induction was partially blocked (Figure 4G). It is
possible that HSP70 up-regulation is able to inhibit the
immediate initiation of apoptotic cascades at the acute
phase of RD, given its diverse anti-apoptotic functions.
Furthermore, we and others have previously estab-
lished the involvement of both caspase-dependent and
-independent pathways in photoreceptor cell death after
RD®3536 and multiple reports have identified HSP70 as
an endogenous inhibitor of many of the molecules in-
volved in those pathways.''3738 |n the experimental RD
model, HSP inhibition resulted in more numerous cleaved
caspase-3 (+) cells than cleaved caspase-9 (+) cells.
Therefore, it is likely that both pathways contribute to the
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increase in photoreceptor apoptosis seen after HSP70
inhibition.

It is accepted that RD induces apoptosis in the ONL of
the detached portion of the retina, because the physical
separation precludes nutrient diffusion from the underly-
ing choroidal blood supply to the photoreceptors. Inter-
estingly, HSP70 deficient mice exhibited significant cell
apoptosis in the retinal ganglion cell layer and inner nu-
clear layer after RD induction (Figure 4, B, D, and F),
despite the fact that blood supply to these layers origi-
nates from the epi-retinal and intra-retinal vascular net-
work. A plausible explanation is that HSP70 ablation in-
creased the activity of the pro-apoptotic c-Jun N-terminal
kinase, which has been reported to be inhibited endog-
enously by HSP70 and involved in retinal ganglion cell
death.®®“° Furthermore, previous studies have demon-
strated extensive neuronal damage in HSP70~/~ mice
after ischemic brain injury, in which the neuronal expres-
sion of HSP70 can be interpreted as a molecularly de-
fined penumbra of protein denaturation.®* In the RD
model, the same phenomenon may occur with a cell
death penumbra beyond the injured site. However, the
molecular mechanisms involved in this phenomenon war-
rant further investigation.

The most important novel finding of this study is that
RD induces activation of the PISK-Akt pathway, which is
strongly associated with cellular survival. In fact, activa-
tion of Akt in some neuronal types leads to an inhibition of
proteins central to the cell death machinery, such as the
pro-apoptotic Bcl-2 family member Bcl-2-associated
death promoter (BAD)*' and members of the caspase
family.*243 Maximal activation of Akt kinase was ob-
served 1 day after RD and decreased thereafter in a
time-dependent manner. The PI3K-Akt pathway is acti-
vated by a wide variety of growth factors, including fibro-
blast growth factor.** The latter has been shown to be
up-regulated 24 hours after RD, thus being a plausible
candidate for this effect.?® Furthermore, based on a re-
cent report that HSP70 can modulate Akt kinase acti-
vity,’® we investigated the effect of HSP70 inhibition or
overexpression on photoreceptor Akt activity after RD.
Indeed, quercetin treatment decreased Akt activity and
augmented photoreceptor apoptosis, whereas GGA ad-
ministration prolonged Akt activity and ameliorated cell
death, indicating a direct correlation between Akt activity
status and photoreceptor survival. These data were fur-
ther confirmed by our finding that HSP70 and pAkt
strongly associated in the detached retina. Finally, the
decreased phosphorylation status of Akt kinase in
HSP70~'~ mice after RD can partially explain the dra-
matic increase in photoreceptor cell death compared to
wild-type controls. However, the quercetin and GGA are
not a specific inhibitor or activator of HSP70.394¢ There-
fore, we cannot precisely exclude the possibility of sev-
eral other effects using both compounds.

In summary, the present study shows the multifaceted
role of HSP70 in maintaining photoreceptor survival after
RD. We propose, in this experimental model, that HSP70
up-regulation prevents photoreceptors from undergoing
immediate apoptosis by directly interacting with phos-
phorylated Akt kinase, preventing its dephosphorylation
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and further inhibiting the activation of apoptetic path-
ways. Our data provide important insights regarding the
role of HSP70 in the molecular interplay between pro-
survival and pro-apoptotic pathways occurring after var-
ious retinal diseases induced RD and suggest it as a
potential target for pharmacological treatment.
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