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PURPOSE. The degeneration of retinal pigment epithelial (RPE)
cells is considered to be a crucial event in the pathophysiology
of age-related macular degeneration (AMD). Cumulative oxida-
tive damage has been implicated in the development of the
changes seen in AMD. The present study was undertaken to
evaluate the expression of the small heat shock protein �B-
crystallin in the RPE in response to oxidative stress and to
explore whether �B-crystallin expression confers an antiapop-
totic cytoprotective effect on RPE cells.

METHODS. Native human RPE cells from the macula and retinal
periphery were analyzed by RT-PCR and Western blot analysis
for expression of �B-crystallin. Monolayer cultures of human
RPE cells were stressed by heat shock (42°C for 20 minutes) or
oxidant-mediated injury (50–300 �M H2O2 for 1 hour). Induc-
tion of �B-crystallin and the corresponding mRNA was assessed
by Western and Northern blot analyses. To study the cytopro-
tective effect of �B-crystallin, human RPE cells were trans-
fected with either a neomycin-selectable expression vector
containing �B-crystallin cDNA or a control vector without
�B-crystallin cDNA. Caspase-3 activity was determined by ob-
serving the cleavage of a colorimetric peptide substrate. Cell
viability was quantified by combined propidium iodide and
Hoechst 33342 staining.

RESULTS. �B-crystallin is constitutively expressed in RPE under
in vivo and in vitro conditions. Western blot analysis of freshly
isolated RPE showed greater baseline expression levels in RPE
derived from the macular area than in that from the more
peripheral regions. Heat shock treatment and oxidative stress
caused a significant increase in �B-crystallin mRNA and pro-
tein. Oxidant-mediated injury in RPE cells with baseline expres-
sion levels of �B-crystallin resulted in apoptotic cell death, as
measured by caspase-3 activity, whereas RPE cells that had
been stably transfected with �B-crystallin were more resistant
to H2O2-induced cellular injury.

CONCLUSIONS. �B-crystallin may function as a stress-inducible
antiapoptotic protein in human RPE and is inducible by oxida-
tive stress, a condition implicated in the pathogenesis of AMD.
Overexpression of �B-crystallin may be an important mechanism
for the RPE to prevent apoptotic cell death in response to cellular
stress. (Invest Ophthalmol Vis Sci. 2002;43:3575–3582)

Age-related macular degeneration (AMD) is the leading
cause of severe visual impairment in elderly individuals.1,2

The complex pathogenesis of the disease is poorly understood,
and there is no efficient therapy or prevention to date. Early
AMD is characterized by changes in the pigmentation of the
retinal pigment epithelium (RPE) and an accumulation of ex-
tracellular deposits underlying Bruch’s membrane. The alter-
ations finally lead to RPE cell loss, subsequent death of photo-
receptors, and loss of vision.

As evidenced in human eyes obtained at autopsy, RPE cells
in AMD may be lost by apoptosis.3 The ability of various
cellular stress factors that may be implicated in pathogenesis of
AMD, including blue light, hydrogen peroxide, ischemia, and
treatment with the lipofuscin chromophore A2-E to induce
apoptosis has been demonstrated in vitro.4–10 Although cellu-
lar damage can be initiated in various ways, the cell death
program is probably executed by a family of cysteine pro-
teases: the caspases.11–14 Caspases, which have multiple cellu-
lar substrates including protein kinases, structural compo-
nents, or nucleic acids, may be directly responsible for the
demise of the cell.

Many stress stimuli that are capable of triggering apoptosis,
such as oxidative stress or heat shock, induce the synthesis of
different heat shock proteins (HSPs) that confer a protective
effect against a wide range of cellular stresses. Recent results
indicate that HSPs also influence the cascade of apoptosis (for
review, see Ref. 15). HSPs were originally identified on the
basis of their increased synthesis after cellular exposure to
elevated temperature16 and are ubiquitously expressed in var-
ious tissues. They are roughly grouped into several classes
according to their sizes and sequence homologies. Most of
them exert strong cytoprotective effects and behave as molec-
ular chaperones for other proteins. Most classes of HSPs have
been identified in the RPE.17

�B-crystallin, a member of the small HSP family, is consti-
tutively expressed in many tissues, and it is particularly abun-
dant in cells with minimal mitotic capacity, such as the lens,
heart, and skeletal muscle.18–23 Similar to the RPE, most of
these cells are in a postmitotic state and have to survive for the
lifetime of the organism. Small HSPs form oligomeric com-
plexes and function as molecular chaperones protecting other
proteins from denaturation and destabilization.24–26 Recent
data derived from many cell systems suggest that �B-crystallin
may protect cultured cells from apoptosis induced by stauro-
sporine,27 okadaic acid,28 UVA irradiation,29 TNF�, and Fas.27

Elevated expression levels of �B-crystallin have been described
in various pathologic conditions, such as neurodegenerative
disease (for review, see Ref. 30), autoimmune disease,31,32 and
cancer.33,34 In the rd mouse, an animal model for inherited
retinal degeneration, death of photoreceptors is accompanied
by elevated levels of �B-crystallin.35 The major purpose of the
present study was to investigate the presence of �B-crystallin
in the human RPE with emphasis on local differences between
the macular and peripheral regions. Focusing on the possible
role of chaperones in protecting RPE cells during pathologic
conditions as found in AMD, we investigated the expression
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and cytoprotective effect of �B-crystallin in RPE cells in re-
sponse to oxidative damage.

MATERIALS AND METHODS

Isolation of Human RPE Cells

Eyes of 12 human donors were obtained from the Munich University
Hospital Eye Bank and processed within 4 to 16 hours after death. The
donors ranged in age between 18 and 79 years. None of the donors had
a known history of eye disease. Methods for securing human tissue
were humane, included proper consent and approval, complied with
the Declaration of Helsinki, and were approved by the local ethics
committee. Human RPE cells were harvested after the procedure as
described previously.36 In brief, whole eyes were thoroughly cleansed
in 0.9% NaCl solution, immersed in 5% poly(1-vinyl-2-pyrrolidone)-
iodine (Jodobac; Bode-Chemie, Hamburg, Germany), and rinsed again
in sodium chloride solution. The anterior segment from each donor
eye was removed, and the posterior poles were examined with the aid
of a binocular stereomicroscope to confirm the absence of gross retinal
disease. Next, the neural retinas were carefully peeled away from the
RPE-choroid-sclera with fine forceps. The eyecup was rinsed with Ca2�

and Mg2�-free Hanks’ balanced salt solution, and filled with 0.25%
trypsin (GibcoBRL, Karlsruhe, Germany) for 30 minutes at 37°C. The
trypsin was carefully aspirated and replaced with Dulbecco’s modified
Eagle’s medium (DMEM; Biochrom, Berlin, Germany) supplemented
with 20% fetal calf serum (FCS; Biochrom). Using a pipette, the me-
dium was gently agitated, releasing the RPE into the medium and
avoiding damage to Bruch’s membrane.

For RT-PCR analysis, the RPE cells from three donors were released
from Bruch’s membrane by gently pipetting ice-cold phosphate-buff-
ered saline (PBS; pH 7.4) solution into the eyecup. The suspended RPE
cells were transferred to a 35-mm2 Petri dish and checked by micro-
scope for cross-contamination. Cell suspensions were then transferred
to a 2.0-mL microcentrifuge tube and centrifuged for 5 minutes at 800
rpm. After centrifugation, the supernatant was removed and replaced
by RNA extraction solution.

For preparation of protein lysates the posterior poles from eyes of
five different donors were prepared as described earlier. Then, 5-mm
trephine punches were taken from the macular and extramacular
regions. Specimens were placed in a 35-mm2 Petri dish containing
ice-cold PBS. Under visual control, a stream of PBS was pipetted over
the specimen surface to mechanically dislodge the RPE cells from the
basement membrane. The RPE cell suspension was checked by micro-
scope for cross-contamination and centrifuged for 5 minutes at 800
rpm. After centrifugation, the supernatant was replaced with NP-40
cell lysis buffer (150 mM NaCl; 50 mM Tris [pH 8.0]; 1% NP-40)
containing an appropriate amount of protease inhibitors (Complete
Mini; Roche, Mannheim, Germany). Further RNA and protein extrac-
tion was performed as described. Cell preparations were snap frozen in
liquid nitrogen and stored at �70°C for future use.

Human RPE Cell Culture

The RPE cell suspension was transferred to a 50-mL flask (Falcon,
Wiesbaden, Germany) containing 20 mL DMEM supplemented with
20% FCS and maintained at 37°C in 5% CO2. Epithelial origin was
confirmed by immunohistochemical staining for cytokeratin with a
pancytokeratin antibody (Sigma, Deisenhofen, Germany).37 The cells
were tested and found free of contaminating macrophages (anti-CD11;
Sigma) and endothelial cells (anti-von Willebrand factor; Sigma) (data
not shown). After reaching confluence, primary RPE cells were sub-
cultured and maintained in DMEM supplemented with 10% FCS at 37°C
in 5% CO2. ARPE-19 cells, a human RPE cell line,38 were purchased
from ATCC (Manassas, VA) and grown in a 1:1 mixture of Dulbecco’s
modified Eagle’s medium and Ham’s F-12 medium (DMEM/Ham’s F-12),
supplemented with 10% FCS. Confluent primary RPE cells of passages
3 to 5 and ARPE-19 cells were used for the experiments. Heat shock
treatment was performed at 42°C for 20 minutes in serum-free DMEM.

For induction of oxidative stress, cells were washed three times with
serum-free and phenol red–free medium (GibcoBRL) and incubated
with 200 to 300 �M H2O2 in this medium for 1 to 2 hours. Thereafter,
the medium was changed and replaced by regular medium.

RNA Isolation and RT-PCR of Native and Cultured
RPE Cells
To determine whether �B-crystallin is synthesized by the RPE, total
RNA was isolated from freshly prepared donor RPE and cultured RPE
cells by the guanidium thiocyanate-phenol-chloroform extraction
method (Stratagene, Heidelberg, Germany). After confirming the struc-
tural integrity of the total RNA samples by electrophoresis on 1%
agarose gels, 1 �g of RNA was reverse transcribed using oligo(dT)12-18

(GibcoBRL) as a primer in the presence or absence of reverse tran-
scriptase (Superscript II; GibcoBRL) according to the manufacturer’s
instructions. PCR was then performed in a total volume of 50 �L using
cDNA as a template in the presence of primer pairs derived from the
human �B-crystallin sequence as described.39 dNTPs were purchased
from GibcoBRL, and 10� reaction buffer and Taq polymerase were
obtained from Eppendorf (Hamburg, Germany). Hot-start PCR was
used: cDNA was melted at 94°C for 10 minutes to denature the DNA
and the reaction was then run through 36 cycles at 94°C for 30
seconds, 58°C for 30 seconds, and 72°C for 30 seconds in a thermo-
cycler (Mastercycler Gradient; Eppendorf). After the last cycle, the
polymerization was extended for 10 minutes to complete all strands.
PCR performed on each sample of RNA that had not been reverse
transcribed to cDNA was used as a negative control and showed no
amplified product. PCR amplification products were separated by
agarose gel electrophoresis and stained with ethidium bromide for
visualization with a imager workstation (LAS-1000; RayTest, Pforzheim,
Germany).

Northern Blot Analysis of �B-Crystallin
After RNA isolation, total RNA (2 �g) was denatured and size fraction-
ated by gel electrophoresis in 1% agarose gels containing 2.2 M form-
aldehyde. The RNA was then vacuum blotted onto a nylon membrane
(Roche) and cross-linked (1600 �J, Stratalinker; Stratagene). To assess
the amount and quality of RNA, the membrane was stained with
methylene blue, and images were obtained (LAS-1000; RayTest). Pre-
hybridizations were performed at 68°C for 1 hour. Hybridizations were
performed at 68°C overnight in prehybridization solution (Dig Easy
Hyb; Roche) containing 50 ng/mL digoxygenin-labeled, �B-crystallin–
specific, 450-bp antisense riboprobe. Riboprobes were synthesized as
described before.40 After hybridization, the membrane was washed
twice with 2� SSC, 0.1% sodium dodecyl sulfate (SDS) at room tem-
perature (RT), followed by two washes in 0.1� SSC, 0.1% SDS, for 15
minutes at 68°C. After hybridization and posthybridization washes, the
membrane was washed for 5 minutes in washing buffer (100 mM
maleic acid [pH 7.5], and 150 mM NaCl, 0.3% Tween-20) and incu-
bated for 60 minutes in blocking solution. The blocking solution
contained 100 mM maleic acid (pH 7.5), 150 mM NaCl, and 1%
blocking reagent (Roche). Anti-digoxigenin alkaline phosphatase
(Roche) was diluted 1:10,000 in blocking solution and the membrane
incubated for 30 minutes. After an additional four washes in washing
buffer (each 15 minutes), the membrane was equilibrated in detection
buffer (100 mM Tris-HCl, 100 mM NaCl [pH 9.5]) for 5 minutes. For
fluorescence detection a chemiluminescence substrate (CDP-Star;
Roche) was diluted 1:100 in detection buffer and the filter incubated
for 5 minutes at RT. After air-drying, the semidry membrane was sealed
in a plastic bag. Chemiluminescence was detected with the imager
(LAS-1000; RayTest). Exposure times ranged between 5 and 40 min-
utes. Quantification of the chemiluminescence signal was performed
on computer (AIDA software; RayTest).

Protein Extraction and Western Blot Analysis of
�B-Crystallin
Cells grown on 35-mm2 tissue culture dishes were washed twice with
ice-cold PBS, collected, and lysed in NP-40 cell lysis buffer. After
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centrifugation for 30 minutes at 19,000g in a microfuge (5810R; Ep-
pendorf) in the cold, the supernatant was transferred to fresh tubes
and stored at �70°C for future use. The protein content was measured
by the bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL).
Denatured proteins (1–2 �g) were separated under reducing condi-
tions by electrophoresis using a 5% SDS-polyacrylamide stacking gel
and a 12% SDS-polyacrylamide separating gel, transferred with semidry
blotting onto a polyvinyl difluoride membrane (Roche) and probed
with a rabbit anti-�B-crystallin antibody as described before.40 Chemi-
luminescence was detected with the imager (LAS-1000; RayTest). Ex-
posure times ranged between 1 and 10 minutes. Quantification was
performed on computer (AIDA software; RayTest).

Construction of �B-Crystallin cDNAs

The full-length �B-crystallin cDNA was PCR amplified from human RPE
cDNA and cloned into a mammalian expression vector bearing the
neomycin resistance gene, as described elsewhere.41 In brief, full-
length �B-crystallin cDNA amplicons were created with the following
oligonucleotide primers: 5�-GGCCGAATTCATGGACATCGCCATCCAC-
CAC-3� and 5�-GGCCCTCGAGCTATTTCTTGGGGGCTGCGG-3�. Prim-
ers were purchased from Metabion (Munich, Germany). The PCR
products were then digested with EcoRI and XhoI (Stratagene) and
inserted into a pcDNA3 mammalian expression vector (Invitrogen,
Karlsruhe, Germany) bearing the neomycin-resistance gene. Sequences
were confirmed by automated DNA sequencing (Sequiserve, Vaterstet-
ten, Germany).

Establishment of Stably Transfected Cell Lines

To ensure consistency in the results, stable transfection experiments
were undertaken on cultured primary RPE cells of passage 3 and on the
commercially available immortalized human RPE cell line ARPE 19.
Cells were grown in 60-mm dishes to 70% to 80% confluence and stably
transfected with the neomycin-resistant pcDNA3/�B-crystallin plasmid
(pcDNA3/�B-crystallin). Control cells were transfected with the neo-
mycin-resistant expression vector without insertion of �B-crystallin
cDNA (pcDNA3/neo). Transfection complexes were prepared by pre-
incubation of plasmid (7 �g) with liposome reagent (Lipofectamine;
GibcoBRL) in 0.6 mL serum-free, antibiotic-free DMEM, according to
the manufacturer’s instructions. The reagent complex was then gently
distributed over the cells and incubated at 37°C and 5% CO2. After 2
hours, 150 �L serum-free, antibiotic-free DMEM was added, and incu-
bation was continued for another 4 hours. Then, 3 mL antibiotic-free
DMEM containing 5% FCS was added to each dish. Cells were allowed
to recover in DMEM with 10% FCS for 48 hours, before G418 sulfate
(Sigma), at a concentration of 650 �g/mL for primary RPE cells and 700
�g/mL for ARPE-19 cells, was added to begin selection. After an
additional 3 days, cells were replated on a 10-cm dish. Medium con-
taining G418 sulfate was renewed twice weekly, and after 3 weeks,
individual colonies were isolated with cloning rings, subcultured, and
expanded. Individual G418 sulfate–resistant clones were examined for
expression of �B-crystallin by immunoblot analysis with anti-�B-crys-
tallin as described.

Caspase-3 Assay

Caspase-3 activity was determined with a colorimetric assay (ApoAlert;
Clontech, Heidelberg, Germany) according to the manufacturer’s pro-
tocol. In this assay the capacity of the cellular caspase-3 to cleave the
labeled substrate DEVD-p-nitroaniline (DEVD-pNA) was measured
spectrophotometrically. In brief, apoptosis was induced by 200 to 300
�M H2O2 for 75 minutes. Cells were harvested, and aliquots of 2.5 �
106 cells were used for each reaction. Cell lysates were incubated in
the presence or absence of 50 �M DEVD-pNA for 1 hour at 37°C.
Absorbance was measured at 405 nm in a microplate reader (Versa-
Max; Molecular Devices, Sunnyvale, CA). Uninduced and induced cells
without substrate served as the background control. Additional in-
duced cells were incubated with DEVD-CHO, an inhibitor of caspase-3,

to correlate protease activity and signal detection. Samples from three
independent experiments were assayed in duplicate.

Cell Viability Assay

Cell viability was quantified based on a two-color fluorescence assay in
which the nuclei of nonviable cells appear red because of staining by
the membrane-impermeable dye propidium iodide (Sigma), whereas
the nuclei of all cells were stained with the membrane-permeable dye
Hoechst 33342 (Intergen, Purchase, NY). Confluent cultures of RPE
cells growing on coverslips in 24-well tissue culture plates were ex-
posed to 300 �M H2O2 for 2 hours. For evaluation of cell viability, cells
were washed in PBS and incubated with 2.0 �g/mL propidium iodide
and 1.0 �g/mL Hoechst 33342 for 20 minutes at 37°C. Subsequently,
cells were analyzed with an epifluorescence microscope (Axioskop;
Zeiss, Göttingen, Germany). Representative areas were documented
on film (Fujichrome 400; Fuji Film, Tokyo, Japan). The labeled nuclei
were then counted in fluorescence photomicrographs, and dead cells
were expressed as a percentage of total nuclei in the field. The data are
based on counts from three experiments performed in duplicate wells,
with three to five documented representative fields per well.

RESULTS

Regional Differences of �B-Crystallin Expression
in Human RPE In Vivo

To evaluate the in vivo and in vitro expression of �B-crystallin,
retinal pigment epithelium (RPE), derived from freshly pre-
pared human donor eyes as well as cultured human RPE, was
analyzed by RT-PCR. Figure 1A indicates that the 450-bp am-
plicons representing �B-crystallin mRNA are present in the
donor RPE as well as in cultured RPE cells. To determine the
spatial distribution pattern of �B-crystallin expression in the
retinal pigment epithelium, RPE was freshly isolated from ex-
tramacular and macular regions, respectively. Subsequent im-
munoblot analysis for �B-crystallin showed a 2.5-fold higher
amount of the 22-kDa protein in macular compared with ex-
tramacular RPE (Fig. 1B). Experiments were performed with
macular and peripheral RPE of five eyes from individual donors
and showed similar results.

FIGURE 1. (A) RT-PCR analysis of �B-crystallin mRNA in human native
(lane 1) and cultured (lane 2) RPE cells. Both cell types contained
�B-crystallin transcripts of the appropriate size for the primer pairs
used. All investigated RPE preparations and cultured RPE cells showed
similar results. PCR performed on the negative control, when reverse
transcriptase was omitted, was negative (data not shown). A DNA
standard lane (MW) is shown to the left of the gel. (B) Western blot
analysis of �B-crystallin protein levels in human extramacular (lane 3)
and macular (lane 4) RPE. Native RPE was freshly isolated. Lysates
containing approximately equal amounts of protein (1.5 �g) were
separated by SDS-PAGE and blotted for immunochemical detection of
�B-crystallin content. The number below each band shows the relative
chemiluminescence measurement. MW, molecular weight.
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Induction of �B-Crystallin in Cultured RPE Cells
by Cellular Stress

To find out whether �B-crystallin functions as a stress-inducible
protein or marker for cellular stress in RPE, the next experi-
ments were performed in vitro on human RPE cells of passages
3 to 5. RPE cells were subjected to elevated temperature, the
classic stimulus for induction of HSPs. Northern blot analysis
revealed a strong induction of �B-crystallin mRNA at 4 hours
after heat shock treatment (Fig. 2A). This effect was paralleled
by an increased expression of �B-crystallin at the protein level
(Fig. 2C). These results suggest that increased �B-crystallin
expression may result from increased cellular stress in the RPE.

Next, we sought to determine whether a stimulus impli-
cated in the pathogenesis of AMD leads to an increased expres-
sion of �B-crystallin. In an attempt to reproduce such patho-
logic conditions, we chose to study the expression of �B-
crystallin after RPE injury with a mild oxidizing stimulus.
Northern blot analysis of untreated RPE showed a faint band
that was approximately 0.8 kb in length. Exposure of RPE cells
to 200 �M H2O2 for 1 hour substantially increased �B-crystallin
expression 4 hours after treatment (three- to fourfold; Fig. 2D).
To determine whether the oxidative-injury–mediated increase
in �B-crystallin mRNA was associated with corresponding
changes at the protein level, RPE cells were incubated in the
same conditions as described earlier and analyzed by SDS-
PAGE. Western blot analysis showed a two to threefold in-
crease in �B-crystallin protein 4 hours after oxidative stress
(Fig. 2F). For both types of stress, however, the increase in
protein level was smaller than that of mRNA.

To determine the time course of �B-crystallin mRNA induc-
tion, RPE cells were harvested 2 to 12 hours after induction of
oxidative injury. Under these experimental conditions, North-
ern blot analysis revealed a marked increase of �B-crystallin
mRNA after 2 hours. This induction reached a peak at 6 hours
after treatment (five- to sixfold). Twelve hours after oxidative
stress mRNA levels had declined to two to four times the
baseline level (Fig. 3A). Western blot analysis demonstrated
similar, although less-pronounced, changes at the protein level,
which occurred with a longer latency (Fig. 3C). Thus, the
increases in �B-crystallin mRNA in response to oxidative stress
were followed by a corresponding increase in protein synthe-
sis.

Effect of Increased Expression Levels of �B-
Crystallin on Oxidative Stress-Induced Activation
of Caspase-3 and Cell Death in RPE Cells

To evaluate a possible functional role of �B-crystallin induction
in RPE, we stably transfected primary RPE cells and ARPE-19
cells with either a neomycin-selectable expression plasmid
containing human �B-crystallin cDNA (pcDNA3/�B-crystallin)
or a control neomycin-selectable expression vector containing
no �B-crystallin cDNA (pcDNA3/neo). Thirteen clones inde-
pendently derived from RPE cells transfected with pcDNA3/

FIGURE 3. Time course of oxidative-stress–mediated induction of �B-
crystallin mRNA (A) and protein (C). (A) Northern blot analysis of
�B-crystallin mRNA in cultured human RPE cells 2, 4, 6, and 12 hours
after treatment with 200 �M H2O2 for 1 hour. (B) Methylene blue
staining of ribosomal RNA to demonstrate the relative integrity and
even loading of the RNA. (C) Western blot analysis of �B-crystallin in
confluent cultured RPE cells under the same conditions as described in
(A). Each lane was loaded with 2 �g of protein. The number below
each band depicts the relative chemiluminescence measurement. RDI,
relative densitometric intensity (normalized to 28S rRNA); Co, control.

FIGURE 2. (A, D) Northern blot analysis of �B-crystallin mRNA in
confluent human RPE cells (A) 4 hours after heat shock (42°C, 20
minutes) and (D) 4 hours after exposure to 200 �M H2O2 for 1 hour.
(B, E) Methylene blue staining of the 28S and 18S rRNA to demonstrate
the relative integrity and even loading of the RNA. (C, F) Immunoblot
of �B-crystallin in cultured RPE cells treated as described for Northern
blot analysis. Lysates containing approximately equal amounts of pro-
tein (2.0 �g) were separated by SDS-PAGE and blotted for immuno-
chemical detection of �B-crystallin content. The number below each
band depicts the relative chemiluminescence measurement. RDI, rel-
ative densitometric intensity (normalized to 28S rRNA); Co, control.
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�B-crystallin and six clones transfected with the pcDNA3 vec-
tor (control transfectants) were screened for enhanced �B-
crystallin expression by Western blot analysis. The
immunoblot analysis of three of these clones is depicted in
Figure 4A. Of the �B-crystallin transfectants, nine demon-
strated greatly enhanced expression of �B-crystallin protein
when compared with control transfected and parental RPE
cells.

Oxidative injury of �B-crystallin–transfected, mock-trans-
fected, and wild-type RPE cells was accomplished by treatment
with 300 �M H2O2 for 75 minutes. For analysis of apoptotic
activity, we used a colorimetric assay for caspase-3. This assay
uses the spectrophotometric detection of the chromophore
p-nitroaniline (pNA) after its cleavage by activated caspase-3
from the labeled caspase-specific substrate. The pNA-chro-

mophore can be measured spectrophotometrically only after
enzyme cleavage by the active form of caspase-3. Thus, expo-
sure of wild-type and mock-transfected RPE cells to 300 �M
H2O2 resulted in a 3.5-fold increase of caspase-3 activity, com-
pared with the untreated control. In contrast, RPE cells stably
transfected with �B-crystallin (�B/1, �B/2-3, and �B/4) showed
greater resistance to oxidative stress-induced caspase-3 activa-
tion. In the �B-crystallin–transfected cells, caspase-3 activity
increased only 1.5-fold or remained at baseline, compared with
nontreated control cells (Fig. 4B). Similar results were obtained
when stably transfected ARPE-19 cells were used (data not
shown).

Accordingly, when the viability of RPE cells was tested by
labeling of the nuclei of nonviable cells with propidium iodide
9 hours after exposure to 300 �M H2O2, the �B-crystallin–
overexpressing cells (�B/1 and �B/2-3) displayed a 48% to 69%
reduction of nonviable cells compared with control-transfected
or wild-type RPE cells (Fig. 5). Cell viability assays performed
with stably transfected ARPE-19 cells yielded comparable re-
sults (data not shown).

DISCUSSION

The evidence for oxidative-stress–induced activation of
caspase-3 and induction of �B-crystallin, together with the
observation that overexpression of �B-crystallin reduces
caspase-3 activity and cell death in RPE cells, indicates that
�B-crystallin may exert an antiapoptotic effect on RPE cells.
Our data show that in RPE derived from healthy human donor
eyes, high levels of �B-crystallin were found in the macular
RPE. Assuming that �B-crystallin functions as a marker for
cellular stress, these results allude to increased cellular stress in
the macular region. In this regard, much speculation in the
literature suggests that macular RPE is exposed to higher levels
of stress. Such cellular stress has been proposed to result from
a higher photoreceptor-to-RPE cell ratio in the macular re-
gion,42,43 in turn yielding a higher photoreceptor turnover rate
per RPE cell. Moreover, the constant exposure of the RPE to
visible light and high local oxygen tension, together with the
high metabolic activity and phagocytosis of photoreceptor
outer segments, induce the generation of reactive oxygen spe-
cies.

In our in vitro experiments, we showed that �B-crystallin in
cultured RPE was inducible by raising the temperature and
oxidative stress, demonstrating its role as a stress-inducible
protein in this cell type. However, for both types of stress,
stimulation at the mRNA level was not paralleled by a similar
effect at the protein level. A similar discrepancy between
mRNA and protein expression of �B-crystallin has been de-
scribed for ciliary muscle cells and trabecular meshwork cells
after treatment with transforming growth factor-� 2,40,44 and
for neonatal cardiac muscle cells after oxidative damage and
heat shock.45 These findings suggest that the newly tran-
scribed �B-crystallin mRNA may not be completely translated
into protein, suggesting that posttranscriptional regulatory
mechanisms may be involved in regulation of the �B-crystallin
protein level. Further studies are necessary to elucidate the
underlying molecular mechanisms responsible for these find-
ings.

The events of cellular stress and cell death are linked, and
HSPs induced in response to stress appear to function at key
regulatory points in the control of apoptosis. There are two
principal pathways leading to apoptosis11–14: the mitochon-
drial (intrinsic) pathway and the death receptor (extrinsic)
pathway. The caspase family of cysteine proteases are critical
effectors of apoptosis that selectively cleave key proteins at
aspartate residues. The mitochondrial and death receptor-me-

FIGURE 4. (A) Immunoblot analysis of �B-crystallin expression in
wild-type (WT) nontransfected human RPE cells, the same cell line
transfected with the pcDNA3/neo vector alone (control-transfected),
and three independently derived clones transfected with pcDNA3/�B-
crystallin (�B/1, �B/2-3, and �B/4). Lysates from approximately equal
amounts of protein (1.5 �g) were separated by SDS-PAGE and blotted
for immunochemical detection of �B-crystallin content. The number
below each band depicts the relative chemiluminescence measure-
ment. (B) Activation of caspase-3 in RPE cells after exposure to oxida-
tive stress. Wild-type RPE cells, a control-transfected clone, and three
�B-crystallin–transfected clones (�B/1, �B/2-3, and �B/4) were ex-
posed to 300 �M H2O2 for 75 minutes. Caspase-3 protease activity in
RPE cells was determined as the release of pNA from the substrate and
monitored colorimetrically at 405 nm. Bars indicate �SEM. Results are
from three independent experiments performed in duplicate. The
values were normalized to untreated cells (100%). Negative control:
induced sample incubated with caspase-3 inhibitor before addition of
substrate.
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diated pathways activate distinct apical caspases (caspase-9 and
-8, respectively) that converge on the proteolytic activation of
the downstream executioner, caspase-3. Many HSPs are anti-
apoptotic and directly inhibit activation of caspase.15,46 For
instance, HSP-70 and -90 bind to apoptotic protease activation
factor 1 (Apaf-1) and therefore prevent activation of caspase-
9,47–49 whereas HSP-27 has been shown to antagonize apopto-
sis by interaction with cytochrome c.50 However, �B-crystallin
has been reported to antagonize both the mitochondrial (cy-
tochrome c/Apaf-1–dependent) and the death receptor
(caspase-8–dependent)–mediated activation of caspase-3, by
inhibiting its autoproteolytic maturation.41 In lens epithelial
cells, transgene downregulation of the �B-crystallin gene atten-
uated the ability to resist H2O2-induced apoptosis.51 In cardi-
omyocytes, transgene overexpression of �B-crystallin con-
ferred protection against apoptosis during myocardial ischemia
and reperfusion.52 In RPE cells, oxidative stress has been re-
ported to induce apoptosis through activation of caspase-3.9,53

In keeping with this, we were able to demonstrate an increase
of caspase-3 activity upon oxidative stress in RPE cells with
baseline expression of �B-crystallin. This was in contrast to
stably transfected RPE cells containing high amounts of �B-
crystallin, in which caspase-3 activity remained low, despite
oxidative injury. Furthermore, overexpression of �B-crystallin
increased the viability of cultured RPE cells after oxidative
injury. Taken together, our observations suggest that induction
of �B-crystallin in RPE may, at least in part, function to protect
the RPE from a rash induction of cell death.

We believe that our findings are relevant to the understand-
ing of degenerative diseases with prolonged progression, such
as AMD. HSPs such as �B-crystallin allow cells to adapt to
gradual changes in their environment and to survive otherwise
lethal conditions.15 Proapoptotic stimuli, delivered below a
threshold level, such as moderate oxidative stress, can elicit
protective responses, amplifying resistance to cell death. Ele-
vated constitutive expression levels of �B-crystallin in macular

FIGURE 5. The death of RPE cells
that were exposed to oxidative stress
was inhibited in �B-crystallin–over-
expressing cells. Wild-type cells, RPE
cells stably expressing pcDNA3 vec-
tor alone (control-transfected) and
pcDNA3/�B-crystallin transfected cells
(�B/1, �B/2-3) were treated with 300
�M H2O2 for 2 hours. After exposure
of the cells to oxidative stress, viabil-
ity was determined at 9 hours by
staining all nuclei with Hoechst
33342 and dead cells with propidium
iodide. (A) Representative fluores-
cence photomicrograph of Hoechst
33342–stained, control-transfected
RPE cells. (B) Nonviable cells in the
corresponding field. Wild-type RPE
cells yielded a similar result (data not
shown). (C) Fluorescence photomi-
crograph of �B-crystallin–overex-
pressing RPE cells (�B-1) labeled
with Hoechst 33342. (D) Nonviable
�B-crystallin–overexpressing cells in
the same field as in (C). (A–D) Mag-
nification, �90. (E) Quantification of
the effect of overexpression of �B-
crystallin on the number of nonvia-
ble cells. The percentage of dead
cells was scored by counting at least
700 cells in fluorescence photomi-
crographs of representative fields.
Data (mean � SEM) are based on the
sampling of 6 to 10 photomicro-
graphs per condition in three inde-
pendent experiments performed in
duplicate.
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RPE may reflect an increased need for cellular protection in
this particular region of the eye. However, with age, the intrin-
sic antioxidant capacity of the RPE decreases.54,55 Particularly,
the RPE of patients with AMD has repeatedly been reported to
have decreased antioxidant activity.56,57 At the same time, with
age the RPE is confronted with an abundance of endogenous
photosensitizers, such as lipofuscin.42,58 At this point, alterna-
tive protective cellular mechanisms, such as induction of stress
proteins, may become relevant. To what extent chronic low-
level damage and decreased antioxidant activity contribute to
development of AMD is not yet clear. Although fully specula-
tive, it is tempting to hypothesize that an overexpression of
stress proteins such as �B-crystallin in RPE cells may provide an
additional mechanism to postpone cell death in age-related
degenerative diseases.
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