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PURPOSE. Retinal ganglion cell (RGC) death in glaucoma involves apoptosis. Activation of caspases and abnormal processing of amyloid precursor protein (APP) are important events in
other chronic neurodegenerations, such as Alzheimer’s disease
(AD). The retinal expression and activation of caspases and the
patterns of caspase-3–mediated APP processing in ocular hypertensive models of rat glaucoma were investigated.
METHODS. RGC death was produced in one eye by chronic
exposure to increased intraocular pressure (IOP) or by optic
nerve transection. Elevated IOP was produced by obstruction
of aqueous humor outflow with laser coagulation or limbal
hypertonic saline injection. Caspase activity and APP processing in the retina were examined by RNase protection assay
(RPA), immunocytochemistry, immunoblot assay, and colorimetric assay.
RESULTS. RPA revealed elevations of caspase-3 mRNA, as well
as other apoptosis-related mRNAs. Immunocytochemistry
showed caspase-3 activation in RGCs damaged by ocular hypertension. The generation of the caspase-3–mediated APP
cleavage product (⌬C-APP) was also increased in ocular hypertensive RGCs. Western immunoblot assay and colorimetry revealed significantly more activated caspase-3 in ocular hypertensive retinas than in control retinas. The activated form of
caspase-8, an initiator caspase, and amyloid-␤, a product of APP
proteolysis and a component of senile plaques in AD, were
detected in RGCs by immunohistochemistry significantly more
often in ocular hypertensive than in control retinas. The
amounts of full-length APP were reduced and amyloid-␤– con-
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taining fragments were increased in ocular hypertensive retinas by Western immunoblot assay.
CONCLUSIONS. Rat RGCs subjected to chronic ocular hypertension demonstrate caspase activation and abnormal processing
of APP, which may contribute to the pathophysiology of
glaucoma. (Invest Ophthalmol Vis Sci. 2002;43:1077–1087)

G

laucoma, one of the leading causes of vision loss in the
world,1–3 is an optic neuropathy characterized by retinal
ganglion cell (RGC) death, axon loss, and an excavated appearance of the optic nerve head.4 RGC death mechanisms in
experimental animal models of glaucoma and human glaucoma
have been shown to involve apoptosis.5– 8 Specific initiators of
apoptosis in glaucoma may include blockage of axonal transport leading to neurotrophin depletion,9 –12 glutamate excitotoxicity,13 antibodies to heat-shock proteins,14 ischemia,15 and
nitric oxide synthase upregulation with reactive oxygen species formation.16
The apoptotic cascade invokes a series of cellular events,
many of which have been conserved throughout evolution.
Central to the implementation of apoptosis is a class of aspartate-specific proteases of the interleukin-1␤– converting enzyme (ICE) family known as caspases. Caspases are translated
as inactive precursors having large (20 kDa) and small (10 kDa)
domains. Caspase activation involves proteolytic cleavage between the domains, causing association of large and small
subunits to form an activated heterodimer. Activated caspases
kill cells by degrading structural elements and DNA repair
enzymes17 and by indirect activation of chromosomal endonucleases.18
Because of its central role in neuronal death, caspase activation has been the focus of intensive research in chronic
neurodegenerations such as Huntington’s,19,20 Parkinson’s,21
and Alzheimer’s22,23 disease. Abnormal processing of amyloid
precursor protein (APP), which includes production of amyloid-␤ (a component of senile plaques), plays an important role
in the pathogenesis of Alzheimer’s disease (AD). Caspase-3
cleavage sites have been recognized in the APP sequence.
Caspase-3 cleavage of the C-terminal cytoplasmic tail of APP
yields neurotoxic peptide fragments that upregulate amyloid-␤
production in dying hippocampal neurons.24,25 Caspase-3 activity colocalizes with APP cleavage products and amyloid-␤ in
senile plaques.25
APP is expressed in several areas of the central nervous
system, including the RGCs, and is packaged in small transport
vesicles for rapid anterograde transport in the optic nerve to
the plasma membranes in axons, dendrites, and synapses.26 It
plays a role in synaptic homeostasis.27–29 Synaptic dysfunction
in AD is associated with deficient glutamate transport function
and susceptibility to excitotoxic injury,30,31 findings also noted
in glaucoma.32 RGC death in glaucoma seems to share similarities with other chronic neurodegenerations. Because caspases
participate in apoptosis and APP is strongly expressed in RGCs,
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we examined the involvement of caspase activation and abnormal APP processing in experimental models of rat glaucoma.

METHODS
All animal procedures were approved and supervised by the Institutional Animal Care and Use Committees of the Johns Hopkins University School of Medicine and the University of Texas Health Science
Center at San Antonio and adhered to the tenets of the Declaration of
Helsinki and the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.

Rat Optic Nerve Transections
Adult brown Norway rats (n ⫽ 15, 225–275 g; Charles River, Cambridge, MA) were anesthetized by intraperitoneal injection of ketamine
and xylazine (50 mg/kg and 5 mg/kg body weight, respectively). The
eyes were also topically anesthetized with proparacaine hydrochloride
1% drops. The conjunctiva and underlying Tenon capsule were incised
in the superior temporal quadrant of the left eye. The optic nerve dura
was exposed and incised, avoiding the central retinal artery and vein.
The optic nerve was transected 2 mm posterior to the globe. Animals
with retinal opacity detected by planar ophthalmoscopy were assumed
to have had ischemia and were excluded from the study. Erythromycin
ointment was applied to the transected eye. The nonsurgical eye
served as the control. Five groups (each consisting of three rats) were
killed at each of the following time points after transection: 10 minutes, 1 hour, 6 hours, 1 day, and 5 days. All transected eyes were used
for RNase protection assays (RPAs).

Ocular Hypertension Models of Rat Glaucoma
Surgery was performed to obstruct aqueous humor outflow and increase intraocular pressure (IOP) in two ways. The first technique has
been described in detail elsewhere.33 Twenty-four adult brown Norway rats were anesthetized as just described, and a small incision was
made in the superior limbal conjunctiva. A pulled glass micropipette
attached by polyethylene (PE)-50 tubing to a tuberculin syringe was
inserted into a circumferential limbal vein near the cornea, and approximately 0.1 mL of 1.75 M saline was injected into the limbal
venous system. The injection was then repeated 2 weeks later. Erythromycin ointment was applied to the surgically treated eye. The nonsurgical eye served as the control. Immediately after sedation and
topical anesthesia, IOP was measured in both eyes before surgery and
on a weekly basis after surgery, using a calibrated tonometer (Tonopen
XL; Mentor, Norwell, MA). Of the 24 rats in which IOP was elevated by
saline injection, 8 were used for immunohistochemistry, 13 for Western immunoblot analyses, and 3 for RPAs.
The second technique to increase IOP has been described elsewhere.34 Major aqueous humor drainage veins of 19 adult brown
Norway rats were treated with diode laser (Coherent, Palo Alto, CA).
Between 50 and 70 spots were applied over 270° of the limbus (power,
1 W; duration, 0.2 seconds; spot size, 50 m; wavelength, 522 nm),
and the limbal area was similarly re-treated 2 weeks later. IOP was
measured in both eyes before surgery and on a weekly basis after
surgery. Of the 19 rats in which IOP was elevated by laser treatment,
all were used for immunohistochemistry.
The degree of IOP exposure in each ocular hypertensive eye was
estimated by first integrating IOP over time in the hypertensive eye
(expressed in units of mm Hg-days), then subtracting the IOP–time
integral from that in the control eye. This IOP–time integral difference
has shown a dose–response effect of pressure on optic nerve axon loss,
with a threshold for axon loss at a value of approximately 200 mm
Hg-days.35 IOP exposure was also estimated by noting the highest
(peak) IOP difference between hypertensive and control eyes. Optic
nerve axon loss was calculated as a percentage of axons lost in the
hypertensive eyes compared with the paired control eyes.
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Optic Nerve Axon Counts
After enucleation, optic nerves were removed from the globe and fixed
in cold 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2). The
nerves were rinsed in Sorenson phosphate buffer (pH 7.2), postfixed in
2% osmium tetroxide in Sorenson phosphate buffer, dehydrated in
alcohol, and embedded in epoxy resin. One-micrometer cross sections
of myelinated optic nerves were stained with 1% toluidine blue, and
approximately 20% of the total axons are counted using an imaging
system (Vidas; Carl Zeiss, Inc., Thornwood, NY).36 Rats used in the
procedures were killed by pentobarbital overdose.

RNase Protection Assay
After deep sodium pentobarbital anesthesia, control and treated eyes of
transection-treated and ocular hypertensive rats were quickly enucleated and corneas removed. Retinas were detached by blunt dissection
and snap frozen in liquid nitrogen. To obtain sufficient amounts of RNA
for RPA, three retinas were pooled from each group (control, ocular
hypertensive, and optic nerve axotomy at time points 10 minutes, 1
hour, 6 hours, 1 day, and 5 days after transection). RNA was prepared
according to the manufacturer’s standard protocols (RNeasy; Qiagen,
Inc., Valencia, CA). RPA was performed using a commercial system,
according to the manufacturer’s standard protocol (RiboQuant MultiProbe; PharMingen, San Diego, CA). Briefly, a set of templates corresponding to rat apoptosis mRNA sequences were subcloned into
pPMG vectors that contained a T7 promoter site (provided by PharMingen). Templates were transcribed with T7 polymerase in the presence of [␣-32P]UTP, yielding radiolabeled RNA probes. After DNase
treatment, the probe set was purified. The probe set and three sets of
2 g of each pooled retinal RNA preparation were hybridized overnight at 56°C, sequentially treated with RNase and proteinase K, and
purified. The resultant protected probes for each group were electrophoresed and run in triplicate lanes on a denaturing polyacrylamide gel
(19:1 acrylamide/bis), imaged, and quantified (PhosphorImager SI and
ImageQuant software; Molecular Dynamics, Sunnyvale, CA). To compensate for slight variations in loading and reaction mixture composition, band normalization for each lane was performed relative to its
bands of the housekeeping genes glyceraldehyde-3-phosphate dehydrogenase (GADPH) and L32. The RPA experiment was duplicated,
and results given for the second run are representative of both runs.

Activated Caspase-3 Immunoblots
Treated and control retinas were obtained from ocular hypertensive
rats (n ⫽ 8 animals, hypertonic saline model) as described earlier.
Retinas were individually sonicated in buffer (10 mM HEPES [pH 7.4],
2 mM EDTA, 0.1% 3-([3-cholamidopropyl]dimethylammonio-2-hydroxy-1-propanesulfonate [CHAPS], 5 mM dithiothreitol [DTT], 1 mM
phenylmethylsulfonyl fluoride [PMSF], 10 g/mL pepstatin A, 10
g/mL aprotinin, and 20 g/mL leupeptin). Lysate was boiled for 5
minutes in a water bath and centrifuged at 16,000g for 10 minutes.
Protein was quantified using the bicinchoninic acid (BCA) technique
(Pierce, Rockford, IL). Retinal proteins (70 g) were analyzed by
SDS-PAGE on a 12% Tris-glycine gel (Bio-Rad, Hercules, CA). Proteins
were electroblotted onto a nitrocellulose membrane (Hybond-ECL;
Amersham, Arlington Heights, IL). The membrane was fixed in a 25%
methanol-10% acetic acid solution for 10 minutes and blocked for 1
hour at room temperature in blocking solution (PBST: phosphatebuffered saline [pH 7.4], 0.1% Tween 20 with 5% wt/vol milk). The
blot was washed in PBST and incubated for 1 hour at room temperature in a rabbit polyclonal antibody that preferentially recognizes
proteolytically activated caspase-3 (CM1; IDUN Pharmaceuticals, La
Jolla, CA; 1:1333 in PBST). After washes in PBST, the blot was incubated in HRP-conjugated anti-rabbit secondary antibody (Amersham;
1:2500 in PBST). The blot was washed again in PBST, immersed in
enhanced chemiluminescence (ECL) reagents according to standard
protocol (Amersham), and exposed to x-ray film. Densitometry was
performed as described for RPA. Densitometry of p20 and p30 bands
from eight ocular hypertensive and eight control p20 bands was
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performed (ImageQuant; Molecular Dynamics). To control for loading
artifacts, the p20-to-p30 band ratio was calculated for each of the
ocular hypertensive and control eyes and the groups tested for significance using the paired Student’s t-test.

Activated Caspase-3 Colorimetry
Treated and control retinas were obtained from eight ocular hypertensive rats (hypertonic saline model) as described earlier. Colorimetry
was performed according to the manufacturer’s protocol (R&D Systems, Inc., Minneapolis, MN). Retinas were individually homogenized
in lysis buffer and protein levels quantified using the BCA technique.
One hundred micrograms of protein lysate from each pair of ocular
hypertensive and control retinas were tested for caspase activity by the
addition of the caspase-3– caspase-7–specific peptide, DEVD, conjugated to the color reporter molecule p-nitroanilide (DEVD-pNA). After
incubation for two hours at 37°C, the individual colorimetric reactions
were spectrophotometrically quantified at a wavelength of 405 nm
(spectrophotometer model DU640; Beckman, Fullerton, CA). Controls
included reactions with no protein lysate and no DEVD-pNA substrate.
Results from the eight ocular hypertensive and eight control retinas
were averaged and tested for significance with the paired Student’s
t-test.

Immunohistochemistry
For immunohistochemistry, both eyes of 27 adult brown Norway rats
were studied after production of unilateral experimental ocular hypertension (n ⫽ 8 with hypertonic saline model; n ⫽ 19 with laser model).
Eyes were immersion fixed in 4% paraformaldehyde-5% sucrose for 1
hour and cryopreserved in a 1:1 solution of 20% sucrose-optimal
temperature cutting (OCT) compound (Sakura Finetek USA, Torrance,
CA).37 Optic nerves were removed and fixed in 4% paraformaldehyde
before the globe was fixed. Retinal sections within 1.5 mm of the optic
disc that included the central retina measuring 8 m in thickness were
collected onto slides (Superfrost Plus; Fisher Scientific, Pittsburgh, PA).
Retinal sections were immunolabeled by a modified streptavidin-biotin
peroxidase technique.38 After methanol fixation, endogenous tissue
peroxidase activity was quenched with 3% H2O2. The sections were
blocked with 2% normal goat serum in PBS, followed by blocking with
ABC avidin-biotin blocker (Vector Laboratories, Burlingame, CA). The
sections were incubated overnight at 4°C with antibodies detecting the
p20 subunit of activated caspase-3 (CM1, IDUN Pharmaceuticals;
1:3000; R&D Systems, Inc., 1:200; and Pharmingen, 1:500), the
caspase-3 C-terminal cleavage product of APP (⌬C-APP, 1:600; MerckFrosst, Montreal, Quebec, Canada), amyloid-␤ (R1282, 1:800; kindly
furnished by Dennis Selkoe, Harvard Medical School, Boston, MA), and
full-length proenzyme and activated caspase-8 (SK441 and SK440 respectively, 1:800 and 1:750; kindly furnished by Smith-Kline Beecham,
Philadelphia, PA). After washing, the sections were incubated with
secondary biotin-conjugated goat anti-rabbit IgG (1:500 dilution; Kierkegaard & Perry, Gaithersburg, MD), washed again, and incubated with
peroxidase-labeled streptavidin (1:500 dilution; Kierkegaard & Perry).
After incubation in 3-amino-9-ethylcarbazole (AEC; Sigma, St. Louis,
MO), sections were mounted in Kaiser glycerol jelly and imaged by
Nomarski optics (Axioskop; Carl Zeiss, Inc.). Antibody control experiments included nonimmune serum and exclusion of primary antibody.
Two graders, masked to the protocol for each specimen, graded the
presence or absence of antibody labeling independently. Differences in
grading were adjudicated before unmasking the slides.

APP and Amyloid-␤ Immunoblot Analyses
Treated and control retinas were obtained from ocular hypertensive
rats (n ⫽ 5 animals, hypertonic saline model), as described earlier.
Retinal proteins were individually prepared and quantified as for immunohistochemistry. Retinal proteins (60 g) were analyzed by SDSPAGE on a 12.5% Tris-HCl gel (Bio-Rad). Proteins were electroblotted
onto a polyvinylidene difluoride (PVDF) membrane (Bio-Rad) and
blocked as for immunohistochemistry. The blot was incubated over-
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night at 4°C in a mouse monoclonal antibody that recognizes fulllength APP (22c11, 1:2000 in PBST; Chemicon, Temecula, CA), followed by incubation for 1 hour at room temperature in HRPconjugated anti-mouse secondary antibody (1:1000 in PBST; Dako,
Carpinteria, CA). The blot was immersed in ECL reagents and exposed
to x-ray film. Densitometry was determined for the five ocular hypertensive and five control 22c11 bands. The blot was then stripped for 30
minutes at 55°C in 100 mM 2-mercaptoethanol, 2% SDS, and 62.4 mM
Tris-HCl (pH 6.7) and washed in PBST. The blot was incubated overnight at 4°C in a mouse monoclonal antibody that recognizes amino
acids 17-24 of rat amyloid-␤ (4G8, 1:5000 in PBST; Senetek, Napa, CA),
incubated in HRP-conjugated anti-mouse secondary antibody (1:1000
in PBST; Dako), immersed in ECL reagents, and exposed to x-ray film.
Densitometry was determined for the five ocular hypertensive and five
control 4G8 bands. Results from ocular hypertensive and control
groups were tested for significance using paired Student’s t-tests.

RESULTS
Upregulation of Apoptosis-Related Genes by RPA
To understand changes in expression of apoptosis-related
genes in glaucoma, we examined rats after RGC injury using an
RPA to measure mRNA levels for various apoptosis-related
genes (Fig. 1). To compare retinal gene expression between
various models of RGC degeneration, we studied retinal
mRNAs in an ocular hypertensive model of glaucoma and at
time points in the first week after optic nerve transection,
during which 50% of RGCs would be expected to die.39 Rat
total RNA was isolated and pooled for each group (see the
Methods section) to produce enough RNA for the RPA assay.
The three ocular hypertensive eyes were exposed to elevated
IOP for 5 weeks, with a mean IOP–time integral difference of
100 mm-days (range, 14 –158). The mean peak IOP difference
between the three pairs of hypertensive and control eyes was
12.0 mm (range, 10 –14). This mild degree of pressure exposure was chosen to maximize the induction of apoptosis-related genes while minimizing RGC mRNA loss. Because ocular
tissue was used for RNA isolation, optic nerve axon loss was
not quantified for the ocular hypertensive or transected eyes.
Bcl-xL mRNA was expressed at a higher level than that of
bcl-2 in all retinas examined, consistent with results in a prior
study.40 Caspase-1 mRNA was not observed in the retinas of
control eyes or in those after optic nerve transection or with
ocular hypertension. Caspase-2 and -3 and bax mRNAs were
expressed at higher levels in transected and ocular hypertensive retinas when compared with control retina. Also,
caspase-3 mRNA was expressed at a level comparable to bcl-xL
and higher than caspase-2 and -1. Densitometry of individual
mRNAs in the rat retina RPA experiment (Fig. 2) showed that
both bcl-xL and caspase-3 were expressed constitutively in
normal retina and were rapidly upregulated after transection,
reaching a maximum at 6 hours after transection (Fig. 2). In
glaucoma retina, the levels of bcl-xL and caspase-3 mRNA were
also increased. Both bcl-xL and caspase-3 mRNA levels in ocular
hypertensive eyes were higher than the peak expression 6
hours after optic nerve transection. Normalization of band
densitometry was also repeated using the L32 bands, and
produced results similar to those seen with GAPDH normalization (data not shown).

Activated Caspase-3 Levels
IOP was measured weekly for 15 weeks from eight eyes in
which hypertension was produced by the hypertonic saline
injection method and from the paired control eyes. The average IOPs for the glaucoma and control groups are shown with
the SEM (error bars) in Figure 3. The mean IOP–time integral
difference in these eight rats was 255 ⫾ 40 mm-days (range,
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FIGURE 1. RPA of rat retina. The
RNA probe set (in order of decreasing size) included probes to Fas receptor; bcl-XL; fas ligand (fasL);
caspase-1, -3, and -2; bax; bcl-2; and
GAPDH. Samples run included the
probe set, controls consisting of
yeast tRNA and rat spleen; rat retinas
harvested 10 minutes, 1 hour, 6
hours, 24 hours, and 5 days after
transection; rat ocular hypertensive
retina; and control rat retina. Total
RNA from each group (n ⫽ 3 per
group) was pooled, and separate
2-L aliquots were run in triplicate
lanes.

85– 465); the mean peak IOP difference between hypertensive
and control eyes was 9.5 ⫾ 1.3 mm Hg (range, 6 –15). This
moderate degree of pressure exposure was chosen to maximize the activation of caspase-3 in RGCs. Mean optic nerve
axon loss was 63.4% ⫾ 13.7% (range, 0 –110) for these eight
ocular hypertensive eyes.
The immunoblots of rat retinal protein from the eight pairs
of ocular hypertensive and control eyes were probed with the
CM1 antibody that preferentially recognized the activated p20
subunit of caspase-3, as well as the precursor p32 band (Fig. 4).
Given the similarity of p32 band expression between hypertensive and control eyes, the change in ratio of p20 to p32
bands was calculated for each eye. When compared with direct
analysis of p20 bands, using the p20-p30 ratios more accurately
reflected increases in caspase-3 processing and eliminated gelloading artifacts. Caspase-3 activation, as judged by p20-p30
band ratios, was significantly higher in the eight ocular hypertensive retinas than in the matched control specimens (0.87 ⫾
0.15 vs. 0.28 ⫾ 0.05, mean ⫾ SEM; P ⬍ 0.013, paired Student’s
t-test; Fig. 5A). As a confirmatory test, combined caspase-3 and
-7 activation was quantified by colorimetric assay. Ocular hypertensive retinas had significantly higher caspase-3 and -7
activity than did control retinas (532 ⫾ 65 vs. 185 ⫾ 18,
mean ⫾ SEM; P ⬍ 0.009, paired t-test; Fig. 5B).

Immunohistochemical Evidence
Immunolabeling was performed in 27 experimental ocular
hypertensive rats. Of the ocular hypertensive eyes, 19 underwent laser-induced IOP elevation, and 8 underwent hypertonic saline-induced IOP elevation. The mean duration of
observation from production of elevated IOP to death for
the laser model was 5 weeks (range, 8 – 46 days). The eight
rats in the hypertonic saline injection model were observed
for 3 weeks after IOP elevation. In comparing the course of
ocular hypertension and its effects in the two models, there
were some slight differences. The mean IOP–time integral
difference for the laser group was 58 ⫾ 52 mm Hg-days (SD;
range, 5–234) and for the saline injection group was 23 ⫾ 4
mm Hg-days (range, 17–27). The mean peak IOP difference
between hypertensive and control eyes for the laser group
was 16.3 ⫾ 5.5 mm Hg (SD; range, 8 –26), and for the saline
injection group 14.4 ⫾ 3.0 mm Hg (range, 9 –18). The low
integral values derive from the fact that the hypertensive
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eyes had higher IOP early in their course, with a later
decline. However, the mean peak IOP differences between
the laser and saline groups were similarly elevated. These
comparatively short durations were chosen to study the
effects of chronic IOP exposures of less than 100 mm
Hg-days, at points before the death of large numbers of
RGCs. The loss of RGCs as measured by optic nerve axon
counts (mean ⫾ SD) was slightly, but not significantly,
greater in the laser group than in the hypertonic saline
group (12% ⫾ 16% versus 0% ⫾ 20%; P ⫽ 0.13). However,
it would not be expected that large numbers of RGCs would
die in the short time frame of these experiments. In fact, we
purposely studied the period before major cell death so that
loss of RGCs was not a factor in determining differences
among groups.
Labeling for activated caspase-3 with the CM1 antibody was
detected in the RGC layer of ocular hypertensive eyes significantly more than in normal eyes (Figs. 6A, 6B). The masked
graders designated each slide as positive or negative for labeling with CM1. With this method (Table 1), 85% were graded as
positive among ocular hypertensive eyes, and 41% were positive among the control eyes. The presence of positive labeling
in control eyes may be explained by the fact that the CM1
antibody also recognizes the inactive p32 form of caspase-3, as
seen in the CM1 Western blot. There was no difference in the
rate of positivity between ocular hypertensive eyes from the
two different models.
We obtained even more striking differences between ocular
hypertensive and normal eyes with a second marker for
caspase-3 activation, an antibody against the carboxyl-terminal
caspase-3 cleavage product of APP (⌬C-APP, Figs. 6C, 6D).
Slides (Table 1) showed significant elevation of ⌬C-APP immunolabeling 3.5 times more often in ocular hypertensive (52%)
than in control (15%) eyes. In a multivariate regression model
with positive labeling for ⌬C-APP as the independent variable,
RGC loss and ocular hypertensive duration were significant
dependent variables, adjusting for IOP exposure (both P ⬍
0.03, 95% confidence interval of RGC loss: 0.18 –2.33; and
duration in weeks: 0.02– 0.35).

Activated Caspase-8 and Amyloid-␤ Levels
Labeling of the inactive proenzyme form of caspase-8 was
uniformly present in ocular hypertensive and control retinas
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FIGURE 2. Densitometry of RPA bands. The individual bands for the protected probes bcl-XL (A), bax (B), caspase-2 (C), and caspase-3 (D) were
quantified and normalized to the corresponding GAPDH bands. GAPDH bands were set at a value of 105 for normalization. The normalized values
for each probe are displayed for control rat retina; rat retinas at 10 minutes, 1 hour, 6 hours, 24 hours, and 5 days after transection; and rat chronic
ocular hypertensive (COH) retina.

(Figs. 7A, 7B), and the difference was not statistically significant (Table 1). Where it was detected, inactive caspase-8 labeling was strongest in the RGC layer, with moderate staining in
the inner and outer nuclear layers. However, immunolabeling
of the activated form of caspase-8 was graded as much heavier
in the RGC layer of ocular hypertensive eyes than in control
eyes (Figs. 7C, 7D). A masked reading of slides (Table 1)
showed statistically significant elevation of activated caspase-8
immunolabeling in ocular hypertensive eyes (81%) when compared with control eyes (4%). The heavier labeling for activated
caspase-8 was present in both ocular hypertension models.
Control sections using no primary antibody also showed negligible background staining (data not shown).
Increased amyloid-␤ immunolabeling was noted in the RGC
layer of ocular hypertensive retinas (Figs. 7E, 7F) and was
heavier in both the laser and saline injection models to a similar
degree. A masked reading of slides (Table 1) showed striking
and statistically significant elevation of amyloid-␤ immunolabeling in ocular hypertensive eyes (96%) when compared with
control eyes (0%). Occasional labeling of cells was also seen in
the inner nuclear layer of ocular hypertensive retinas.
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FIGURE 3. Rat intraocular pressure (IOP) time course. The IOP time
course over approximately 15 weeks is averaged for the eight pairs of
rat eyes used in the activated caspase-3 immunoblot and colorimetry
experiments. The group mean ocular hypertensive IOPs were elevated
over control IOPs. Error bars, SEM.
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FIGURE 4. Activated caspase-3 immunoblots. Western immunoblot of retinal protein from eight pairs of ocular hypertensive (⫹) and control (⫺)
eyes using CM1 antibody shows upregulation of the activated caspase-3 p20 band (1:1333 dilution) in hypertensive retinas.

Abnormal APP Processing

DISCUSSION

To further delineate the immunohistochemical evidence of
abnormal processing of APP in rat ocular hypertension, we
performed Western blot analysis on retinal protein obtained
from five Norway brown rats with unilateral ocular hypertension. The five ocular hypertensive eyes were exposed to elevated IOP for 12 weeks, with a mean IOP–time integral difference of 104 ⫾ 32 mm Hg-days (SEM; range, 8 –231). The mean
peak IOP difference between the five pairs of hypertensive and
control eyes was 5.2 ⫾ 1.1 mm Hg (SEM; range, 2–9). Because
we had shown that caspases were activated early in the course
of chronic IOP elevation, we chose a mild degree of pressure
exposure to maximize caspase activity and abnormal APP processing. Optic nerve axon loss was not quantified for these five
ocular hypertensive eyes.
The blot was probed with antibodies directed against specific epitopes of the APP molecule. The upper (115-kDa) bands
(Fig. 8) represent the amount of full-length APP in control (⫺)
and ocular hypertensive (⫹) rat retinas as measured by the
22c11 antibody. The levels of full-length APP are reduced in the
hypertensive retinas when compared with the control retinas.
Densitometry of the 115-kDa bands (Fig. 9A) confirmed a
statistically significant decrease in full-length APP in the hypertensive retinas when compared with the control retinas (P ⬍
0.015, paired t-test). The lower (21-kDa) bands (Fig. 8) represent fragments of APP containing amyloid-␤ epitopes (4G8
antibody) in control (⫺) and ocular hypertensive (⫹) rat retinas. The levels of 21-kDa protein recognized by 4G8 were
elevated in hypertensive retinas when compared with control
retinas. Densitometry of these 21-kDa bands (Fig. 9B) quantified a statistically significant increase in amyloid-␤ epitopes in
hypertensive retinas when compared with control retinas (P ⬍
0.0001, paired t-test).

We investigated alterations in the rat retina after the production of ocular hypertension and optic nerve transection, with
specific reference to cellular components related to neuronal
survival. There was a specific and substantial activation of
caspase-3 and caspase-8 in ocular hypertension models of rat
glaucoma. This includes evidence that caspase-3 is present in
its activated form and one of its known cleavage products,
⌬C-APP, is present in RGCs of ocular hypertensive eyes to a
substantially greater extent than in normal retinas. Additional
findings included increases in the mRNA coding for bax and
bcl-xL, gene products that are known to have opposing roles in
neuronal survival. Finally, the decrease in full-length APP levels
with a concomitant increase in amyloid-␤– containing fragments was another important finding pointing to the role of
abnormal APP processing in ocular hypertensive eyes. We
propose that these data delineate with greater precision the
mechanism by which RGCs die in glaucoma.
We used two different model systems to chronically elevate
IOP for durations of 1 to 12 weeks in these experiments.
Although these models lead to RGC death in substantially
shorter periods than in human glaucoma, similarities between
rat and human eyes should show the relevance of rat ocular
hypertension to chronic glaucoma in humans. Specifically,
assessment of optic nerves in the limbal injection model
showed that with shorter or less severe IOP exposures, partial
damage had occurred, ranging from 0.5% to 10.4% of the
neural area. Optic nerves subjected to the greatest IOP exposures demonstrated axonal damage that involved 100% of the
neural area.33 The two rat ocular hypertensive models used in
this study gave consistently similar results, assuring that our
experiments were not dependent on one method to increase
IOP. However, confirmation of these findings in nonhuman
primate and human eyes will be sought.

FIGURE 5. Activated caspase-3 densitometry and colorimetry. (A) Ocular hypertensive eyes had significantly greater activation of caspase-3
(p20-p30 ratio) by densitometry of CM1 immunoblot (1:1333 dilution; P ⬍ 0.013, paired Student’s t-test). (B) Average colorimetry of activated
caspase-3 of retinal protein from eight pairs of ocular hypertensive and control eyes shows significantly greater activity in ocular hypertensive eyes
(P ⬍ 0.009; paired Student’s t-test). Error bars, SEM.
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FIGURE 6. Caspase-3 immunohistochemistry. (A) Ocular hypertensive
rat retina exposed to 4 weeks of elevated IOP stained with CM1 antibody
recognizing activated caspase-3
showed prominent labeling of the
GC layer (1:3000 dilution). (B) Control rat retina stained with CM1 antibody recognizing activated caspase-3
showed no labeling of the GC layer
(1:3000 dilution). (C) Definite labeling was seen in the GC layer of the
hypertensive rat retina exposed to 4
weeks of elevated IOP stained with
⌬C-APP antibody recognizing the activated caspase-3 cleavage product of
APP (1:600 dilution). (D) No labeling
was seen with the ⌬C-APP antibody
recognizing the activated caspase-3
cleavage product of APP in control
rat retina (1:600 dilution). GC, ganglion cell layer; IPL, inner plexiform
layer; INL, inner nuclear layer; OPL,
outer plexiform layer; ONL, outer nuclear layer; PR, photoreceptor layer.
Magnification, ⫻40; Bar, 40 m.

FIGURE 7. Caspase-8 and amyloid-␤
immunohistochemistry. (A, B) Ocular hypertensive rat retina exposed to
4 weeks of elevated IOP (A) and control rat retina (B) both showed substantial labeling of GC and INL with
antibody recognizing the inactive
proenzyme form of caspase-8 (1:800
dilution). (C, D) Ocular hypertensive
rat retina exposed to 4 weeks of elevated IOP (C) showed intense GC
labeling with antibody recognizing
activated caspase-8, whereas control
rat retina (D) was not stained with
this antibody (1:750 dilution). (E, F)
Ocular hypertensive rat retina exposed to 4 weeks of elevated IOP (E)
showed intense staining of GC with
antibody recognizing amyloid-␤,
whereas control rat retina (F)
showed no staining (1:250 dilution).
Abbreviations are as in Figure 6. Magnification, (A–D) ⫻63; (E, F) ⫻40.
Bar, 40 m.
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TABLE 1. Masked Reading of Immunohistochemistry
Hypertensive
Retina

Control Retina

Antibody

Ratio

%
Positive

Ratio

%
Positive

P

Activated caspase-3
⌬C-APP
Proenzyme caspase-8
Activated caspase-8
Amyloid-␤

23/27
14/27
25/27
22/27
22/23

85
52
93
81
96

11/27
4/27
26/27
1/27
0/23

41
15
96
4
0

0.004*
0.013*
0.55
0.0001*
0.0001*

Probabilities obtained with 2 test.
* Significant at P ⬍ 0.05.

Previous investigations have shown that RGCs die by apoptosis in rat and monkey glaucoma models and in human
glaucoma,5–7 as well as after optic nerve transection in rabbits6
and in human ischemic optic neuropathy.41 These investigations indicate that processes that injure the axon of RGCs at or
just behind the eye lead to apoptosis. Evidence favoring apoptosis includes typical histologic features, such as TUNELlabeling of RGCs and DNA laddering in electrophoretic analysis
of retinal digests. We have suggested that RGC death by apoptosis occurs as a direct result of axonal injury and its secondary effects. One important potential consequence for the RGC
body of axon injury is disruption of axonal transport, including
retrograde delivery of neurotrophins.12 The obstruction of
retrograde transport would clearly occur in optic nerve transection and has been shown to occur in experimental glaucoma.42 Yet, it is not known what events might be initiated at
the level of the RGC body as a result of remote axonal injury.
A variety of studies have evaluated RGC responses to axon
injury.40,43,44 It is well known that mammalian RGCs respond
to axonal injury by dying, rather than by initiating a successful
regenerative response.
Our findings point to at least two plausible pathways by
which axonal injury could initiate apoptotic RGC death. The
activation of caspase-8 is considered an initiating step in the
apoptosis cascade45 and has been noted in RGC cultures exposed to heat-shock proteins.46 Apoptosis initiated by
caspase-8 involves cell membrane-bound receptors of the tumor necrosis factor (TNF) superfamily, including TNFR, Trail,
Fas, and the low-affinity neurotrophin receptor p75NTR. Recent work has demonstrated immunohistochemical evidence
of upregulation of both TNFR and ligand TNF-␣ in human
glaucomatous retina.47 A so-called death domain in the cytoplasmic portion of each receptor recruits adaptor proteins
such as FADD. An effector domain of FADD binds to and
activates caspase-8, forming an active signaling complex that is
known to activate caspase-3 and to induce cell death.18 The
activation of caspase-3 leads to cleavage of the C-terminal
cytoplasmic tail of APP, yielding neurotoxic peptide fragments
that have been shown to upregulate amyloid-␤ production in
hippocampal neurons.25,48 –52 Thus, we show two steps,
caspase-8 and -3 activation, that could represent sequential
events in the apoptotic cascade in RGCs during exposure to
ocular hypertension.
Our data suggest that a second series of events may contribute to RGC death in rat ocular hypertension and perhaps in
human glaucoma. APP is expressed throughout the brain, including the RGCs, playing a central role in neurite outgrowth,
synaptogenesis, and cell survival.27,28 It is also protective
against excitotoxicity, by membrane hyperpolarization induced by the activation of cGMP and increased inward K⫹
currents.29 It is known to undergo rapid anterograde transport
in the optic nerve.26 Because glaucoma obstructs not only
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retrograde but also anterograde axonal transport,42,53,54 it is
conceivable that anterograde blockade causes an increase in
retinal APP levels. In neurons, apoptosis can be induced by
adenoviral overexpression of APP,55 and elevated APP levels
are known to activate caspase-3, leading to APP cleavage into
fragments that upregulate amyloid-␤ levels.48,51 Increased amyloid-␤ potentiates apoptosis in the central nervous system56
and is capable of activating both caspase-857 and -358 in primary neuronal cultures. These events could participate in a
positive feedback loop, with further caspase-3 activation, APP
cleavage, and amyloid-␤ formation.59 We believe there is a
similar situation in rat ocular hypertension, because we have
detected increased retinal levels of activated caspase-3, APP
fragments, and amyloid-␤. In this scenario, RGCs may ultimately die from amyloid-␤ cytotoxicity, caspase activation,
increased vulnerability to excitotoxic insults, and loss of synaptic homeostasis. We have also shown increased amounts of
amyloid-␤-containing 21-kDa fragments of APP in rat ocular
hypertension. These 21-kDa APP fragments have been noted to
be up-regulated in cerebral vasculature in AD and Down’s
syndrome brains.60,61 This raises the intriguing possibility that
amyloid deposition may contribute to vascular disease in glaucoma. We intend further study of the expression of APP and
amyloid-␤ in the microvasculature of the retina and optic nerve
head in the rat ocular hypertension model of glaucoma.
Glaucoma and AD are both chronic neurodegenerative conditions, and features of neuronal dysfunction in AD suggest
parallels to those detected in RGCs in glaucoma. Caspase-3
activity has been colocalized with abnormal neurofilament
triplet protein (NFT) production in the hippocampus of AD
brains.62 NFTs have also been localized to large RGCs.63,64 It is
interesting that those investigators who detect a loss of RGCs
in AD indicate that larger diameter RGCs are selectively lost,
a feature recently confirmed to be the case in human glaucoma.65 However, the characteristic neuropathologic findings
in AD—NFTs and deposition of amyloid in neuritic plaques66—
have not been found in the retina of human glaucomatous
eyes.4 Synaptic dysfunction in AD is associated with caspase
activity67 and deficient glutamate transport function,30,31 leading to increased susceptibility to excitotoxic injuries. Synaptic
dysfunction has been implicated in glaucoma, as loss of lateral
geniculate neurons occurs in magnocellular and parvocellular
layers in glaucomatous monkeys.68 Excitotoxic triggers, such
as elevated glutamate13,69 and nitric oxide synthase upregulation with reactive oxygen species formation,16 have been implicated in glaucoma, as they have in AD.70 There is evidence
that RGCs die in AD at a rate greater than in normal aging71–75;
however, others investigators have been unable to confirm
these findings.76
Further parallels between our findings in RGCs and known
events in AD include increases in amyloid-␤ and the cleavage of
its precursor molecule APP. APP mutations lead to inherited,

FIGURE 8. APP and amyloid-␤ immunoblots. Immunoblot of retinal
protein from control (⫺) and ocular hypertensive (⫹) retinas, using
22c11 antibody recognizing full-length APP (1:2000 dilution; 115-kDa
band, top); immunoblot of the same membrane stripped and reprobed
with 4G8 antibody recognizing amino acids 17-24 of amyloid-␤ (1:5000
dilution; 21-kDa band, bottom). Lower levels of 115-kDa protein were
seen in hypertensive eyes than in control eyes, whereas higher levels
of 21-kDa protein were seen in hypertensive eyes than in control eyes.
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FIGURE 9. APP and amyloid-␤ densitometry. (A) Comparison of average densitometry of 115-kDa bands using 22c11 antibody showed that ocular
hypertensive retinas expressed significantly less full-length APP than did control retinas (P ⬍ 0.015, paired t-test). (B) Comparison of average
densitometry using 4G8 antibody recognizing amino acids 17-24 of amyloid-␤ showed that ocular hypertensive retinas expressed significantly more
21-kDa protein than did control retinas (P ⬍ 0.0001, paired t-test). Error bars, SEM.

early-onset forms of AD associated with elevated amyloid-␤
production.77,78 Recent research using neuronal cell cultures
suggests that increased amyloid-␤ production plays a central
role in the apoptotic death of neurons in AD.79 – 81 Transgenic
mice that overexpress amyloid-␤ show abnormal neuronal
apoptosis.74 Exposure of cultured cortical neurons to sublethal
levels of amyloid-␤ suppressed both activation of cAMP-response element-binding protein (CREB) and expression of
brain-derived neurotrophic factor (BDNF) mRNA.82 As our
immunohistochemistry results indicate, amyloid-␤ labeling appears to be intracellular, implying upregulation of soluble amyloid-␤, rather than the insoluble amyloid fibrils seen in plaques.
Soluble intracellular amyloid-␤ has been increasingly implicated in the pathogenesis of AD.83,84
The classic view of apoptosis holds that once caspase activation initiates programmed cell death, the cell will die within
1 to 2 days. Our results contradict this view, in that we detect
caspase activation in most RGCs, even when exposed to short
durations of elevated IOP in which RGC axon loss is minimal.
The fact that caspase activation in the ocular hypertensive rat
model does not immediately kill all RGCs within 2 days represents another parallel with chronic neurodegenerations such
as AD. Recent work in AD brains has shown that chronic
caspase activation induces a slow, apoptosis-like degenerative
process that differs from rapid classic apoptosis.85 Fodrin, a
major cytoskeletal protein also involved in axonal transport,86
is a substrate for caspase-3 cleavage.87 Cleaved fodrin was
found in a large number of viable neurons in association with
NFT formation, suggesting that caspases are chronically activated in AD before neuronal death occurs.62 The decades-long
life span of RGCs implies an inherent ability to resist chronic
insults, perhaps by implementing survival mechanisms, including upregulation of endogenous apoptosis inhibitors such as
bcl-2 or XIAP,88,89 or downregulation of apoptosis inducers
such as Diablo/Smac.90,91 As in AD, glaucoma may involve
lower levels of caspase activation that do not immediately
induce cell death but result in delayed apoptosis that renders
them vulnerable to oxidative stress.92 Paradoxically, a protracted course of caspase activation in glaucoma may be beneficial, in that the window for intervention with caspase inhibitors may be longer than previously thought.
Three therapeutic approaches to mitigation of RGC death in
experimental rat glaucoma have been reported. In a veincautery model of ocular hypertension,5 peripheral RGCs were
lost at a lower rate when treated with aminoguanidine, an
inhibitor of inducible nitric oxide synthase.93 In the same
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vein-cautery model, there was increased RGC survival with the
use of either the N-methyl-D-aspartate (NMDA) receptor antagonist MK-80194 or a combination of BDNF and free radical
scavenger.95 Although these models lead to RGC death in
substantially shorter periods than seen in human glaucoma, the
relevance of the rat models is suggested by important similarities to human glaucoma, including axon injury at the optic
nerve head and specific loss of RGCs without death of other
retinal elements.
Our results indicate a potential role for caspase inhibition in
the treatment of glaucoma, in that significant delay of RGC
apoptosis has been demonstrated after optic nerve transection
in rats using cell-permeable aldehyde-ketone-amino acid
caspase inhibitors96 or adenoviral delivery of p35 and crmA.97
Our findings also point to similarities in molecular cell death
mechanisms between glaucoma and AD, raising the possibility
that neuroprotective strategies currently used to treat AD may
have utility in treating human glaucoma. By delineating the
operative steps that occur in the apoptotic cascade in glaucoma, the specific inhibitions that are likely to be successful
can best be determined.
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