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1. ABSTRACT

Glaucoma is a chronic neurodegeneration of the
optic nerve and one of the leading causes of vision loss in
the world among the aging. Retinal ganglion cells (RGCs)
have been shown to die by apoptosis, or programmed cell
death. Central to apoptosis is the activation of specific
proteases, termed caspases. Caspases are activated in
chronic neurodegenerations such as Alzheimer’s disease
(AD) as well as in RGCs after optic nerve transection. In
rat glaucoma models we have shown that caspase-3, a
major effector of the apoptotic cascade, is activated in
RGCs and cleaves amyloid precursor protein (APP) to
produce neurotoxic fragments that include amyloid-beta.
Caspase-8, which initiates apoptosis after activation of
receptors of the tumor necrosis factor (TNF) superfamily, is
also activated in RGCs. This suggests a new hypothesis for
RGC death in glaucoma involving chronic amyloid-beta
neurotoxicity, mimicking AD at the molecular level. With
loss of the protective effect of APP and upregulation of
toxic APP fragments, RGCs die from chronic caspase
activation, loss of synaptic homeostasis, amyloid-beta
cytotoxicity and excitotoxicity. The benefits are that
treatments for AD could be used to treat glaucoma, and
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strategies developed to treat glaucoma could treat other
neurodegenerations.

2. INTRODUCTION

Glaucoma is one of the leading causes of vision
loss in the world, particularly among the elderly (1-3).
Glaucoma is an optic neuropathy characterized by RGC
death, axon loss and an excavated appearance to the optic
nerve head (4). Glaucoma is usually associated with
elevated intraocular pressure (IOP), but a subset of “normal
tension glaucoma” patients develops damage without ever
manifesting high IOPs. Clearly, IOP-independent
mechanisms of RGC death are present in glaucoma. RGC
death mechanisms in experimental animal models of
glaucoma and human glaucoma have been shown to
involve programmed cell death or apoptosis (5-8). Specific
triggers of apoptosis have been implicated in glaucoma,
including blockage of axonal transport (9-11), glutamate
excitotoxicity (12), antibodies to heat shock proteins (13),
ischemia (14), and vasoactive regulators such as endothelin
(15) and nitric oxide (16). Regardless of trigger, the
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apoptotic cascade produces cell suicide by invoking a series
of cellular events that has been conserved throughout
evolution.

2.1. Apoptosis

Apoptosis, or programmed cell death (PCD),
constitutes a genetically coded "suicide" program that is
activated when cells are no longer needed, or have been
seriously damaged. Apoptosis is a basic death mechanism
common to many cells. Inappropriate activation of
apoptosis has been implicated in a variety of
neurodegenerative disorders such as amyotrophic lateral
sclerosis and Parkinson’s disease (17), and ischemic
conditions such as stroke (18). Apoptosis is defined in
morphological terms, as cells demonstrate characteristic
histologic and electron microscopic changes such as
decrease of cytoplasmic and nuclear volumes, degradation
of nuclear DNA by endonucleases that causes condensation
of chromatin (“apoptotic bodies”), and blebbing of plasma
membrane (19). Apoptosis can occur in cells by distinctly
different pathways. One pathway involves cell membrane-
bound receptors belonging to the tumor necrosis factor
(TNF) superfamily of receptors and activation of caspase-8
(20). Another pathway involves disruption of electron
transport and energy metabolism at the level of the
mitochondria, involving caspase-9. Reactive oxygen
species are formed with mitochondrial redox changes,
resulting in cell death (21).

2.2. Caspases

A class of aspartate-specific proteases of the
interleukin-1beta-converting enzyme family, or caspases,
has been shown to be important in the cellular
implementation of apoptosis. Caspases are so named as
proteases that cleave on the carboxyl side of aspartate
residues, with specificity determined by a flanking
sequence of four amino acids. Caspases such as caspase-3
are translated as inactive precursors, and activation
involves proteolytic processing between sub-domains,
leading to the association of large and small subunits to
form a heterodimer. Activated caspases kill cells not by
indiscriminate  protein  digestion, but by selective
destruction of DNA repair enzymes such as PARP
(polyADP-ribose polymerase - a nuclear protein involved
in regulation of energy stores) (22), nuclear lamina and
intermediate filaments. Caspases also cleave an inhibitory
complex (ICAD) of a caspase-activated endonuclease
(CAD), which proceeds to fragment chromosomal DNA,
giving the characteristic laddering pattern seen on
electrophoretic gels (20). The retinoblastoma tumor
suppressor protein RB1 is cleaved by caspase-3 during
apoptosis (23). RB1 is proposed to be a critical substrate in
cell cycle regulation (24) and in apoptosis involving
activation of the TNF-alpha pathway (25).

The activation of caspase-8 is considered an
initiating step in the apoptosis cascade (26). Apoptosis
initiated by caspase-8 involves cell membrane-bound
receptors of the tumor necrosis factor superfamily,
including TNFR, Trail, Fas, and the low-affinity
neurotrophin receptor p75NTR. Ligands such as TNF-alpha
and FasL bind to TNF receptors, causing receptor
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trimerization. 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 (20). In a cell culture model, retinal cell
apoptosis is initiated through the “extrinsic” pathway
involving membrane-bound death receptors and caspase-8
activation (27).

Due to its central role in neuronal death, caspase
activation has been the focus of intensive research in
chronic neurodegenerations. In a model of RGC death,
intraocular peptide caspase inhibitors reduced apoptosis
after optic nerve transection in rats. In Huntington’s
disease, caspases cleave polyglutamine  proteins
(huntingtin, atrophin-1, ataxin-3, androgen receptor) (21,
28). In the MPTP model of Parkinson’s disease, peptide
caspase inhibitors protect cultured cerebellar granule
neurons (29). In Alzheimer’s disease, presenilin-1 and -2
mutants (which cause severe early-onset autosomal
dominant Alzheimer’s) are cleaved by caspases (30, 31).
Although not considered a neurologic disorder, in diabetes
pancreatic islet cells display caspase activation with
clevated APP and amyloid-beta levels (32, 33). These
findings point to the important central theme of caspase
activation in chronic neurodegeneration, and the interest in
developing caspase inhibitors.

2.3. Apoptosis and glaucoma

We know that apoptosis is important in RGCs
during development. In primates approximately half of the
ganglion cells fail to make central connections within the
lateral geniculate nucleus, and die by apoptosis. Studies of
ganglion cell death in adult animals began by using models
of optic nerve transection and optic nerve crush injury, both
that cause nearly complete ganglion cell depletion. Adult
rats were subjected to optic nerve transection or crush
injury, and displayed an initial abrupt loss of ganglion cells,
followed by a later more protracted phase of ganglion cell
loss (34). Further analysis of the ganglion cells subjected to
optic nerve transection demonstrated the typical
morphological changes seen in apoptosis, consisting of
chromatin condensation, the formation of apoptotic bodies,
and DNA fragmentation (35, 36). Rat eyes subjected to 4
months of IOP elevation displayed DNA fragmentation and
reduction in mitochondrial membrane potential of RGCs
consistent with apoptosis (37). RGCs in rabbits and
monkeys subjected to conditions of experimental glaucoma
and optic nerve transection died by apoptosis (5, 7).
Apoptotic RGCs have been present in significantly greater
numbers of human retinas with glaucoma, when compared
to age-matched control retinas (6). These studies directly
implicate apoptosis in ganglion cell death due to glaucoma.

Apoptosis has been implicated in the mechanism
of IOP elevation as well, by altering trabecular meshwork
function and disrupting aqueous humor outflow. Apoptosis
modulators such as caspase-1, Fas, Bel-2, Bel-X;, and Bax
were detected in human trabecular meshwork, and
apoptosis could be induced in these cells via the Fas/FasL
pathway (38). Endothelial leukocyte adhesion marker-1
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(ELAM-1) is a cell-adhesion molecule involved in fluid
transport. ELAM-1 expression is regulated by NF-KappaB,
a transcription factor activated by multiple signaling
pathways that promotes cellular survival (39). ELAM-1
levels are increased in the trabecular meshwork of human
glaucoma patients, and may represent a protective response
to apoptotic insults in the aqueous outflow pathways (40).

2.4. Caspase substrates in Alzheimer’s disease
Alzheimer’s disease (AD) is a progressive
neurodegenerative condition characterized by the insidious
onset of dementia in older age. Neuropathological findings
consist of neurofibrillary tangles and deposition of amyloid
in neuritic plaques concentrated in the hippocampal and
parahippocampal areas (41). Amyloid deposition occurs
through the abnormal proteolytic processing of the integral
membrane protein amyloid precursor protein (APP),
yielding an abnormal accumulation of amyloid-beta peptide
consisting of 40 or 42 amino acids (42). Recent work has
shown that hippocampal neurons in AD die by the
mechanism of apoptosis, and amyloid-beta appears to play
a central role (43, 44). Neuronal cell cultures undergoing
apoptosis have been shown to increase the rate of amyloid-
beta production by 3- to 4-fold (45). Additionally,
mutations in APP lead to inherited forms of AD, known as
familial Alzheimer’s disease (FAD). APP mutations
responsible for human FAD have been used to generate
over-expression of amyloid-beta and cause apoptotic
neuronal death (46). Various transgenic mouse models of
AD have been generated to study this neuronal
pathophysiology. Mice expressing the Swedish mutation
(tg2576; K670N/ M671L) show a 5- to 6-fold increase of
human APP expression (when compared to wild-type
littermates) with an over-production of amyloid-beta; 49
(47). The “Indiana” mutation (V717F) introduces a caspase
cleavage site into APP and causes elevated amyloid-beta
production and earlier onset of dementia (48, 49).

Multiple substrates for caspases have been
identified that are involved in chronic neurodegenerations
(50). The processing of APP and its involvement in
apoptosis seen in AD has led to the investigation of the role
of caspases, and caspase-3 cleavage sites have recently
been recognized in the APP protein sequence (51, 52).
Cleavage of the C-terminal cytoplasmic tail of APP by
caspase-3 yields neurotoxic peptide fragments that
upregulate amyloid-beta production in dying hippocampal
neurons. Caspase-3 activity has also been found to
colocalize in senile plaques along with APP cleavage
products and amyloid-beta (52). The adapter proteins Fe65
and X-11 normally bind to the C-terminal NPTY clathrin-
coated pit internalization sequence of APP and maintain
high APP and low amyloid-beta levels (53). Caspase
activation disrupts the adapter protein-APP interactions,
leading to a loss of clathrin-coated vesicular endocytosis,
disruption of anterograde transport, and an increase in
amyloid-beta levels. Caspase-8 activation and neuronal
apoptosis has been induced by amyloid-beta in cultured
hippocampal neurons. Amyloid-beta induced apoptosis was
inhibited by the synthetic peptide caspase inhibitor IETD-
fmk, and by virally expressed dominant-negative FADD
(54). CrmA, an inhibitor of caspase-8, was found to protect

1142

primary hippocampal cultures from amyloid-beta-induced
apoptosis (55). Interestingly, APP is highly expressed in the
RGC, and undergoes rapid anterograde transport in the
optic nerve (56), where it plays a role in calcium regulation
and synaptic homeostasis (57-59).

Recent work has shown that local over-
expression of APP causes neuronal degeneration and
caspase activation. When APP was over-expressed in rat
hippocampus using adenovirus vectors, neurons underwent
severe degeneration in a few days. The degenerating
neurons accumulated different epitopes of APP, and
amyloid-beta immunoreactive materials were not detected
in the extracellular space. Electron microscopic
examinations demonstrated that degenerating neurons had
shrunken perikarya along with synaptic abnormalities (60).
When an APP-expressing adenovirus was injected into the
dorsal hippocampal region, neurons underwent severe
degeneration from 3 to 7 days after viral inoculation. Most
degenerating neurons were immunopositive with both APP
and activated caspase-3. In the neighborhood of the
degenerating neurons, microglia were activated and
macrophages appeared to phagocytose the caspase-3-
immunopositive degenerating neurons (61). Adenovirus
over-expression of wild-type APP in neurally differentiated
embryonal carcinoma NT2 cells caused severe
degeneration and accumulation of full-length APP and
amyloid-beta immunoreactive peptides, and caspase-3
activation. Western blot analysis revealed that activated
caspase-3 subunits were generated in APP-accumulating
neurons. Addition of the caspase-3 inhibitor acetyl-Asp-
Glu-Val-Asp-aldehyde significantly reduced the severity of
degeneration exhibited by APP-overexpressing neurons.
Immunocytochemical analyses revealed that some APP-
accumulating neurons contained activated caspase-3
subunits and exhibited the characteristics of apoptosis, such
as chromatin condensation and DNA fragmentation.
Activation of caspase-3 was also observed in vivo in rat
hippocampal neurons infected with the APP-expressing
adenovirus (62). These results suggest that intracellular
accumulation of wild-type APP causes neuronal
degeneration in vivo, and that wild-type APP is an intrinsic
activator of caspase-3-mediated death machinery in
postmitotic neurons.

APP undergoes fast anterograde axonal transport
mediated by the kinesin family of plus-end motor proteins.
Kinesins consist of a tetramer of two kinesin heavy chains
(Khc) and two kinesin light chains (Klc) (63). APP forms a
complex with kinesin by binding tetra-trico peptide repeat
(TPR) domains of the Klc subunit (64). An axonal
membrane compartment has recently been identified that
contains APP, BACE, (the beta-secretase of APP) (65) and
presenilin-1 (PS1, the gamma-secretase of APP) (66), and
proteolysis of APP occurs in this compartment in axons.
This suggests that processing of APP to amyloid-beta by
secretases can occur in an axonal membrane compartment
transported by kinesin-I (67). Association of APP with
microtubules and axonal transport of APP is greatly
decreased in transgenic mice expressing mutant Klc1 (68).
Studies have localized APP to the endoplasmic reticulum, a
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Figure 1. Intraocular pressure (IOP) was measured weekly
for a glaucoma (circle) and control (triangle) rat eye pair.
The gray area between the hypertensive and control eye
plots constitutes the IOP integral, in units of mmHg-days.
The IOP integral is a quantitative measure of exposure to
chronically elevated IOP in the treated eye, and is 798
mmHg-days in this example.

cellular organelle involved in axonal transport and calcium
homeostasis (69, 70). The ER is also the site of presenilins,
a class of proteins involved in APP transport and
processing, membrane trafficking, and calcium regulation
(71, 72). The normal functions of presenilins are currently
under investigation, but mutations in the presenilin gene
produce proteins that are cleaved by caspases (51). These
mutations are responsible for the majority of early-onset
Alzheimer’s disease, and are transmitted in an autosomal
dominant pattern with 100% penetrance. Presenilin-1
mutant knockout mice show synaptic alterations,
mitochondrial dysfunction and altered calcium homeostasis
(73, 74). Recently, a murine caspase, caspase-12, has been
shown to localize to the ER. Caspase-12 was activated in
response to stress to the ER, and participates in caspase-
mediated cleavage of APP, upregulation of amyloid-beta,
and disruption of intracellular calcium homeostasis (75).
This paper suggests why Alzheimer’s disease develops
slowly over many years, despite the fact that apoptosis is
classically described to occur within 24-48 hours. The slow
accumulation of amyloid-beta could reach a critical level,
triggering neuronal apoptosis through a “self-perpetuating
circle of APP cleavage, amyloid-beta production and
caspase-dependent apoptosis” (76).

3. METHODS

3.1. Chronic ocular hypertensive rat glaucoma model
To produce chronic ocular hypertension in rats,
we perform limbal injections of hypertonic saline by the
method of Morrison (77), which induce sclerosis of venous
outflow channels and obstruction of aqueous humor
outflow. Adult Norway brown rats were anesthetized with
ketamine (75 mg/kg) and acepromazine (1.5 mg/kg), and a
small incision was made in the superior limbal conjunctiva.
A pulled glass micropipette attached by PE-50 tubing to a
tuberculin syringe was inserted into a vein near the cornea
and about 0.1 ml of 2.0 N saline was injected into the
limbal venous system. The injection was then repeated two

1143

weeks later. Each retina was examined following saline
injection by dilated planar ophthalmoscopy to rule out
retinal ischemia. Erythromycin ointment was applied to the
operated eye. The un-operated eye served as a
normotensive control. All animal procedures were
approved by our Institutional Animal Care and Use
Committee and conducted in accordance with the
Association for Research in Vision and Ophthalmology
(ARVO) statement on the Use of Animals in Ophthalmic
and Vision Research.

3.2. Intraocular pressure (IOP) measurement and
analysis

IOP was measured in both eyes under topical
anesthesia pre-operatively and on a weekly basis post-
operatively using a calibrated Tonopen XL (Medtronic
Solan, Jacksonville, FL). Immediately after induction of
sedation, both eyes were anesthetized with a drop of
proparacaine hydrochloride 1% (Bausch and Lomb, Tampa,
FL). IOPs at each time point were recorded as the average
of ten consecutive Tonopen measurements for each eye.
Measures of IOP exposure for each animal were calculated
by performing separate integrations of the IOP over the
days of exposure for the treated and control eye. The
control eye integral value was then subtracted from the
treated eye integral, yielding the “IOP integral”, expressed
in units of mmHg—days (Figure 1). Animals were excluded
from the analysis on the basis of no measurable IOP
exposure. Exclusion criteria were: 1) a negative IOP-
integral difference; 2) no IOP elevation in treated eye > 3
mm over control eye ever during the 12-week period; or 3)
six or more consecutive IOPs in the treated eye lower than
the control eye.

3.3. Optic nerve axon counts

After sacrifice, eyes were dissected and optic
nerve heads removed and fixed in cold EM-grade 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.2, for
24 hours. The nerves were rinsed in cacodylate buffer (pH
7.4), postfixed in 2% osmium tetroxide in cacodylate
buffer, dehydrated in alcohol and embedded in epoxy resin.
One-micron thick cross-sections of the optic nerves were
stained with toluidine blue, and approximately 40% of the
total axons were counted after RGB thresholding and size
and form factor exclusions, using the KS400 imaging
system (Carl Zeiss, Thornwood, NY). Axon counts were
reported as percentages, i.e. the ratios of axon counts
between treated and paired control eyes.

3.4. Immunohistochemistry

Longitudinal retinal sections that include retina
and optic nerve of each eye measuring seven microns in
thickness were collected onto Superfrost Plus slides (Fisher
Scientific, Pittsburgh, PA). Sections were immunolabeled
by a modified streptavidin-biotin peroxidase technique
(78). After methanol fixation, endogenous tissue peroxidase
activity was quenched with 3% H,0,. The sections were
blocked with 2% normal serum in PBS, followed by
blocking with ABC avidin blocker and biotin blocker
(Vector Laboratories, Burlingame, CA). The sections were
incubated overnight at 4°C with either mouse monoclonal
antibody to N-terminal and full-length APP (22cll,
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Figure 2. External photographs of a glaucoma (A, B, C)
and control (D, E, F) eye pair. The glaucoma eye displayed
enlargement of the globe (buphthalmos), deepening of the
anterior chamber, and an approximate 2 mm increase in
corneal diameter. A, D) Frontal views. B, E) Side views. C,
F) Corneal diameters were measured with a millimeter
ruler.

Chemicon, Temecula, CA; 10 microgram/ml), or mouse
monoclonal antibody to amino acids 17-24 of amyloid-beta
(4G8, Senetek, Napa, CA; 2 microgram/ml). Following
washing, the sections were incubated with anti-mouse
biotin conjugated IgG (1:500 dilution, Kierkegaard and
Perry, Gaithersburg, MD), washed again and incubated
with peroxidase labeled streptavidin (1:500 dilution,
Kierkegaard and Perry). After incubation in 3-amino-9-
ethylcarbazole (AEC; Sigma, St. Louis, MO), sections were
mounted in Kaiser's glycerol jelly and imaged by Nomarski
optics (Zeiss Axioskop, Carl Zeiss Inc, Thornwood, NY).
Antibody controls included non-immune serum and
exclusion of primary antibody.

3.5. Immunogold electron microscopy

Rat eyes subjected to unilateral chronic IOP
elevation were perfusion fixed in 4% paraformaldehyde
and 1% glutaraldehyde in 0.1 M phosphate buffer, pH 7.0.
After fixation, small strips of retina and optic nerve were
embedded in LR Gold resin (London Resin Co., Berkshire,
Great Britain) at 4 °C (79). Ultra-thin sections
(approximately 60 nm thickness) were cut on an
ultramicrotome (LKB Ultratome V; Leica, Paris, France)
using a diamond knife (Diatome, Port Washington, PA),
and mounted on Formvar-coated (Ernest Fullam Inc.,
Latham, NY) nickel grids (Ted Pella, Inc., Reading, CA).
Immunogold EM-labeling using antibody to full-length
APP (22c11, 10 microgram/ml) was performed using a
three-step procedure. After primary incubation with 22c11,
sections were incubated with mouse anti-rabbit IgG H+L
(50 microgram/ml; Jackson ImmunoResearch Laboratories
Inc., West Grove , PA), followed by a third-stage goat anti-
mouse IgG conjugated to 10 nm gold particles (1:10
dilution; Amersham Pharmacia). Controls included sections
omitting the primary antibodies, pre-immune serum, and
control peptides. Grids were examined in a transmission
EM (Joel JEM-1200EX, Tokyo, Japan), photographed, and
digitally scanned.

3.6. ELISA
A sensitive method for
intracellular ~ amyloid-beta  employs

quantitation  of
enzyme-linked
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immunosorbent assay, or ELISA. Because rodent amyloid-
beta differs from human amyloid-beta at three amino acid
positions, specific capture and detection antibodies have
been developed that were used for measuring amyloid-beta
levels in mice and rat tissues. In collaboration with Dr.
Steven Younkin (Director of Research, Mayo Clinic,
Jacksonville), we assayed retinal proteins from paired
ocular hypertensive and control rat eyes to determine
changes in levels of amyloid-beta; 49 and amyloid-beta,_4;.
Retina and optic nerves from paired ocular hypertensive
and control rat eyes (n = 5 rats) were first lysed in 70%
formic acid to ensure adequate amyloid-beta extraction.
Sandwich ELISA was performed using monoclonal
antibodies specific for different species of amyloid-beta.
BNT-77 (specific for the first 10 amino acids of amyloid-
beta) was used as a capturing antibody, and horseradish
peroxidase-conjugated BA-27 specific for amyloid-beta;_y,
and BC-05 specific for amyloid-beta; 4, were used as
detection antibodies. To calibrate the sensitivity of the
ELISA for detecting amyloid-beta, synthetic amyloid-beta;
40 and amyloid-beta, 4, peptides (Bachem Bioscience Inc.,
King of Prussia, PA) were used to generate standard
curves. The BNT77, BA-27, and BC-05 mAbs (Takeda
Industries, Tsukuba, Japan) were prepared and
characterized as described previously (80, 81).

4. RAT MODEL OF CHRONIC OCULAR
HYPERTENSION

In order to study the molecular events that are
important in glaucomatous optic neuropathy in greater
detail, we have utilized rodent models of RGC
degeneration. Various rodent models of glaucoma exist,
including rat and mouse optic nerve crush and transection,
acute IOP elevation (ischemia), aqueous humor outflow
obstruction (rat chronic IOP elevation models), glutamate
excitotoxicity (intravitreal injection), and genetic dba2]
mice (pigment dispersion glaucoma) (82). We have
employed an ocular hypertensive model of rat glaucoma for
our initial studies. We investigated optic nerve damage and
IOP profiles using the outflow obstruction model of
Morrison (77). Ocular hypertension was induced in one eye
of adult brown Norway rats (n = 69) by limbal injection of
hypertonic saline, which causes sclerosis of aqueous humor
outflow vasculature and subsequent IOP rise. One striking
feature in ocular hypertensive eyes is marked enlargement
of the globe (Figure 2), particularly at high IOP exposures.
A representative 10% increase in corneal diameter
corresponds to an increase of about 15% in globe volume.
The hypertonic saline injection model also produces
marked loss of RGC axons and posterior deformation of the
optic nerve head (“cupping”) that is readily apparent on
direct visual examination of rat optic nerves (Figure 3). The
appearance of rat optic nerve cupping strongly resembles
the cupping seen in human glaucoma patients.

Integrations of IOP over time give a quantitative
estimate of exposure to elevated IOP in a treated eye when
compared to the paired control eye. These were performed
for each animal in the hypertonic saline injection group
manifesting elevated IOP. The IOP integral (see Methods)
between treated and control pairs was positively correlated
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Figure 3. Rat optic nerve heads digitally imaged by planar
ophthalmoscopy using a coverslip and an operating
microscope. A) A control nerve had normal vasculature and
a planar configuration. B) A nerve subjected to mild IOP

exposure (178 mmHg-days) showed no change in
configuration. C) A nerve subjected to moderate IOP
exposure (460 mmHg-days) displayed marked optic nerve
head cupping similar to that seen in human glaucoma. Note
the blood vessel (white arrow) that disappears as it dives
over the rim of the cup. D) A nerve subjected to severe IOP
exposure (536 mmHg-days) not only showed cupping
(white arrow), but also showed a second zone of posterior
scleral deformation (black arrow) due to scleral expansion.
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Figure 4. Optic nerve damage, expressed as % axon loss,
linearly correlates (solid line) with IOP exposure as
measured by the IOP integral (in mmHg-days). Complete
axon loss occurs at or below 800 mmHg-days. A fit to a
sigmoidal curve (dotted line) reveals a threshold for
damage at approximately 200 mmHg-days of IOP
exposure, and axon loss that is most rapid at the earliest
stages.

with the degree of axon loss (Figure 4; R’=0.59, P =
0.0001). The IOP integral values revealed a linear dose-
response effect (intercept = 8.8, slope = 0.123) of pressure
exposure on optic nerve axon loss, although individual
variability was seen. Interestingly, a better correlation was
obtained (R’=0.66, P = 0.0001) when the data was fit to a
sigmoidal curve using a S-parameter Weibull function
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(SigmaPlot, SPSS Inc., Chicago, IL). Parallels with human
glaucoma can also be made from these correlations. A
threshold for damage was noted at an integral value of
approximately 200 mmHg-days, which for an
approximately one-hundred day experiment, corresponds to
an average of 2 mmHg IOP elevation in the treated vs.
control eye. After this threshold is met in this model, axon
loss may occur most rapidly during the earliest stages of
exposure to elevated IOP, suggesting earlier and more
aggressive IOP-lowering treatment in human glaucoma
patients. Total axon loss occurs at approximately 800
mmHg-days, which corresponds to an average of 8 mmHg
IOP elevation in the treated vs. control eye over the same
period. The range of IOP elevations are similar to those
seen clinically in glaucoma patients.

4.1. Retinal gene expression

The Ribonuclease Protection Assay (RPA) is an
extremely sensitive method for the detection and
quantification of RNA species in a mixture of total cellular
RNA. In this RPA experiment labeled RNA probe sets were
obtained that were complementary to target apoptosis-
related mRNAs of interest (RiboQuant, Pharmingen, San
Diego, CA). The rat apoptosis probe set allowed
simultaneous quantification of several apoptosis-related
mRNAs in a single sample of rat retina RNA. Rat retina
RPAs were performed using total RNA isolated from
control rats, rats subjected to optic nerve transection (at
time points 10 minutes, 1 hour, 6 hours, 24 hours, 5 days
post-transection), and experimental glaucoma. We showed
that bcl-x; mRNA was expressed in all retinas at a much
higher level than bcl-2. Also, caspase-3 mRNA was
expressed at a level comparable to bel-x;, and higher than
caspase-2 and caspase-1. Densitometry of individual
mRNAs in the rat retina RPA showed that caspase-3 was
expressed constitutively in normal retina, and was quickly
upregulated after transection, reaching a maximum at 6
hours after transection. In glaucomatous retina, the levels of
caspase-3 mRNA were also upregulated. Surprisingly,
caspase-3 mRNA levels in glaucoma were higher than the
6-hour maximum of expression after transection (83). It is
clear that apoptosis genes are upregulated under conditions
of stress to the retina, and that caspases play an important
role in mechanisms of RGC death. It also appears that the
gene expression profile is different after chronic ocular
hypertension when compared to acute trauma such as
axotomy. Extrapolating results derived from acute optic
nerve trauma models to glaucoma should therefore be done
with caution.

4.2. Caspase activation

In human and experimental animal models of
glaucoma, apoptosis has been noted in RGCs. Activation of
the apoptosis initiator caspase-8 has been previously noted
in RGC cultures exposed to heat-shock proteins (27). Work
done in our lab in the rat glaucoma model has documented
the ecarly activation of caspase-8 in RGCs exposed to
elevated IOP (83). Cryopreserved retinas sectioned from
ocular hypertensive and control rats were immunolabeled
using antibodies directed against pro-caspase-8 (SK 441,
Smith-Kline/Beecham; 1:800 dilution), and activated
caspase-8 (SK440, Smith-Kline/Beecham: 1:750 dilution).
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A masked reading of slides showed statistically significant
elevation of immunolabeling (chi?, p<0.0001) of activated
caspase-8 in glaucoma eyes (22/27 or 81%) when
compared to control eyes (1/27 or 4%). Immunolabeling of
pro-caspase-8 was positive in both glaucoma and control
RGCs (p=NS) (83). Another caspase protease that occupies
a central effector role in apoptosis is caspase-3. To better
understand RGC death mechanisms, we have studied the
role of caspase-3 activation in various glaucoma models.
The animal glaucoma model consisted of induction of
ocular hypertension in one eye of rats by limbal vein
injection of hypertonic saline (n=8). The untreated
contralateral eyes served as controls. The treated eyes had
an average IOP exposure over 12 weeks of 254 mmHg-
days, slightly above the observed 200 mmHg-days
threshold for damage. Rat retinas were cryopreserved in
OCT compound, and seven-micron thick sections were
mounted for immunostaining. Antibodies used were
directed against activated caspase-3 (CM1, IDUN Corp.,
San Diego, CA; 1:3000 dilution). Immunohistochemical
labeling was detected with a modified streptavidin-biotin
peroxidase technique. Immunolabeling against activated
caspase-3 was detected in RGCs of glaucoma rat eyes, but
not in normal control eyes. A masked reading of slides
showed statistically significant elevation of activated
caspase-3 immunolabeling (chi®, p<0.004) in ocular
hypertensive eyes (23/27 or 85%) when compared to
control eyes (11/27 or 41%) (83). Western blot analysis
was performed on retinal protein obtained from brown
Norway rats with unilateral experimental glaucoma. The
blot was probed with CM1 antibody directed against the
p20 subunit of activated caspase-3 (CM1; 1:1333). Average
densitometry was compared between glaucoma and control
eyes (n=8 each). The p20 subunit was present to a higher
degree in glaucoma eyes when compared to the
contralateral control eyes. The ratio of the p20 to p32 bands
was calculated to correct for unequal protein loading.
Caspase-3 activation was significantly higher (P = 0.002) in
the glaucoma group when compared to the control eye
group. As a confirmatory test, combined caspase-3/7
activation was quantified by colorimetric assay. Ocular
hypertensive retinas had significantly higher (P = 0.009)
caspase-3/7 activity than did control retinas (83).
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4.3. Abnormal processing of amyloid precursor protein

We have shown that caspases, specifically
caspase-8 and caspase-3, are activated in an ocular
hypertensive model of rat glaucoma. As caspase activation
and abnormal processing of APP have been implicated in
chronic neurodegenerations such as Alzheimer’s disease,
we feel that abnormal processing of APP by caspases may
be a significant contributing factor in the pathophysiology
of glaucoma. Our research efforts have been directed
characterizing the role of abnormal APP processing in
glaucoma. APP is cleaved by several proteases. The most
studied, the secretases, are involved in the release of a
fragment of APP, the amyloidogenic protein amyloid-beta.
Proteolysis by gamma-secretase is the last processing step
resulting in release of amyloid-beta. Cleavage occurs after
residue 40 of amyloid-beta, 49, and also after residue 42 of
amyloid-beta, 4p. Both isoforms are toxic to neurons and
are associated with Alzheimer's disease (44). Amyloid-
beta;.49 production has been localized to the trans-Golgi
network (TGN); amyloid-beta; 4, production has been
localized to endoplasmic reticulum (ER) (84).
Immunoelectron microscopy is an immunohistochemical
technique that allows sub-cellular localization of proteins
using antibody detection systems linked to conjugated gold
particles. Immunoelectron microscopy has localized APP to
endoplasmic reticulum (ER) and Golgi apparatus (71). In
order to determine sub-cellular expression of APP in
RGCs, an antibody to full-length APP (22cll) was
employed in a three-step labeling procedure to label RGC
cell bodies and optic nerve axons (Figure 5). On the left, a
retinal ganglion cell shows immunogold labeling of APP
(small black particles, 10 nm size) in the perinuclear Golgi.
On the right, an optic nerve axon is shown with
immunogold particles are lined up along the length of the
axon, localizing to ER. These findings confirm the location
of APP in RGCs to be consistent with other neurons in the
central nervous system.

Prior studies have demonstrated that over-
expression of APP in neurons can trigger cellular changes
including mitochondrial  disruption (85), synaptic
degeneration (60) and caspase activation (61, 62).
Structural changes at the optic nerve head are a hallmark of
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Figure 6. at optic nerve heads labeled with 22c11 antibody
recognizing full-length APP and 4G8 antibody recognizing
amyloid-beta. A, B) APP localizes to the retro-laminar
optic nerve in control nerves, and shifts to the laminar optic
nerve in hypertensive nerves. C, D) Amyloid-beta labeling
in the laminar nerve head is light in control nerves, and is
upregulated in hypertensive nerves. Magnification = 10x.

glaucoma, and blockage of both anterograde and retrograde
axonal transport has been documented (86). If blockage of
anterograde transport of APP occurs at the optic nerve head
in glaucoma, the local build-up of APP could represent a
potential trigger for caspase activation in RGCs. We sought
to determine if anterograde blockage of axonal transport in
the rat ocular hypertension model was associated with local
accumulation of APP at the optic nerve head. By using an
N-terminal mouse monoclonal antibody to APP that
recognizes full-length APP (22c11, Chemicon, Temecula,
CA), we performed immunohistochemical labeling of APP
of paraffin-embedded optic nerve heads taken from a rat
treated in one eye to produce ocular hypertension.
Immunohistochemical labeling was detected with a
modified streptavidin-biotin peroxidase technique. The
hypertensive eye had a high degree of pressure exposure
over 12 weeks (777 mmHg-days) and marked optic nerve
axon loss (compared to the control eye) of 84%. In the
control eye (Figure 6A) APP staining is very light in the
pre- and post-laminar areas. Heavy APP staining is seen
inferiorly in the control optic nerve distal to the lamina
cribrosa. In the hypertensive eye (Figure 6B), APP
immunolabeling is heavy in the pre-laminar, laminar and
post-laminar nerve head. Distal optic nerve labeling was
noted to be light. Amyloid-beta immunolabeling using 4G8
antibody was also seen to be light in the pre-laminar and
laminar control nerve (Figure 6C), while in the
hypertensive eye (Figure 6D), pre-laminar and laminar
labeling of amyloid-beta is prominent. These results show
qualitative evidence of a shift of APP expression from
distal optic nerve to proximal lamina cribrosa in the
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hypertensive rat optic nerve, indicating anterograde build-
up of APP in the optic nerve head. The upregulation of
amyloid-beta in the proximal nerve head in rat ocular
hypertension also indicates that abnormal proteolysis of
APP produces toxic fragments such as amyloid-beta.

Recent work has shown that APP serves as a
substrate for caspases, in particular caspase-3 (52, 87). As
we have demonstrated above, caspase-3 is activated in the
rat ocular hypertension model of glaucoma. In
collaboration with Dr. Donald Nicholson (Merck-Frosst,
Montreal, Canada), we obtained an antibody that
specifically recognizes the C-terminal caspase-3 cleavage
product of APP (deltaC-APP). We sought to determine if
immunohistochemical evidence of APP cleavage by
caspase-3 could be detected in rat RGCs in the ocular
hypertension model. Rat retinas were cryopreserved in
OCT compound, and seven-micron thick sections were
mounted for immunostaining. Antibodies used were
directed against the caspase-3 cleavage product of APP
(deltaC-APP at 1:600 dilution). Immunohistochemical
labeling was detected with a modified streptavidin-biotin
peroxidase technique. Immunohistochemistry using the
antibody against deltaC-APP showed little labeling in
control RGCs and marked labeling in hypertensive RGCs.
DeltaC-APP immunolabeling closely matched that seen
with anti-activated caspase-3 in all retinas examined.
Masked readings showed statistically significant elevation
of deltaC-APP immunolabeling (32, p<0.013) in ocular
hypertensive retinas (14/27 eyes or 52%) when compared
to control retinas (4/27 eyes or 15%) (83). In addition, this
experiment served as a confirmation of caspase-3 activation
in RGCs in rat ocular hypertension. Given that caspase-3
activation with subsequent cleavage of APP has been
associated with apoptosis of hippocampal neurons in brains
of Alzheimer’s disease (52), it is likely that exposure of
RGCs to similar neurotoxic C-terminal fragments of APP
contributes to RGC apoptosis in glaucoma.

In  order to  further delineate  the
immunohistochemical evidence of caspase-3 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 average
pressure exposure for the hypertensive eyes over a 12-week
period was 104 mmHg-days (range 7 - 230). This
represents a mild IOP exposure (at or below the observed
200 mmHg-days threshold for axon loss), when molecular
events prior to RGC death are expected to occur. The blot
was probed with antibodies directed against specific
epitopes of the APP molecule, using antibodies 22c11 (0.5
microgram/ml) recognizing full-length APP and 4G8
recognizing amyloid-beta peptide (0.2 microgram/ml).
Concentrations of lysates were quantified by the Bradford
method and equal amounts (60 micrograms) of protein
were loaded per lane. The levels of full-length APP were
reduced in the hypertensive retinas when compared to the
control retinas. Densitometry of these 115 kDa bands
confirmed a statistically significant decrease in full-length
APP in the hypertensive retinas when compared to the
control retinas (p<0.02, paired t-test). The reduction of full-
length APP provides direct evidence of abnormal
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Figure 7. Amyloid-beta ELISA of rat retinal protein taken
from five pairs of glaucoma and control eyes. A) Amyloid-
beta;_4, and B) amyloid-beta; 4, levels were elevated in
retinas from eyes exposed to chronically elevated IOP.
There is no detectable amyloid-beta; 4 in 4 out of 5
controls. Amyloid-beta, 4 elevation is approximately
double that of amyloid-beta, 4, in the glaucoma retinas.

processing of APP in rat ocular hypertension. When the
same immunoblot was re-probed with 4G8, proteolytic
fragments of APP containing amyloid-beta epitopes were
identified in ocular hypertensive and control retinas.
Densitometry of these 22 kDa bands quantified a
statistically significant increase in amyloid-beta epitopes in
hypertensive retinas when compared to control retinas (P =
0.0001, paired t-test). Using the 4G8 antibody we have thus
demonstrated upregulation of amyloid-beta-containing
fragments in rat ocular hypertension, and have provided
further direct evidence that APP is abnormally processed in
glaucoma.

Cryopreserved retinas sectioned from rat ocular
hypertension and control eyes were then immunolabeled
using an antibody directed against amyloid-beta epitopes
(R1282, kindly furnished by Dennis Selkoe, Brigham &
Women’s; 1:250 dilution). Control RGCs showed little
labeling; ocular hypertensive retinas showed strong RGC
labeling. A masked reading of slides showed striking and
statistically ~significant elevation (chi®, p<0.0001) of
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amyloid-beta immunolabeling in ocular hypertensive eyes
(22/23 or 96%) when compared to control eyes (0/23 or
0%) (83). We then used ELISA to measure both amyloid-
beta; 4o and amyloid-beta; 4, levels in total retinal protein
extracted from retinas of five rats with unilateral elevation
of intraocular pressure. Amyloid-beta; 4o was significantly
elevated (P = 0.023) in ocular hypertensive retinas (Figure
7A), going from undetectable levels in four out of five
control eyes. The only control retina that had measurable
amyloid-beta; 4o was rat 14, with the highest level of IOP
exposure (359 mmHg-days), well above the 200 mmHg-
days threshold others (88) and we have independently
observed for RGC axon loss. Amyloid-beta; 4, undergoes
an approximate doubling in ocular hypertensive retinas
when compared to controls (Figure 7B), but the elevations
are below that seen with amyloid-beta; 4.

Exposure of cortical neurons to 1 microgram/ml
of monoclonal antibody 22c¢11 (Chemicon), which binds to
the N-terminal extracellular domain of APP, has been
shown to induce morphological changes including neurite
degeneration, nuclear condensation, and DNA cleavage
consistent with apoptosis (89). We have employed a similar
strategy to determine whether rat RGCs can be induced to
undergo apoptosis in vivo. Before use, 22c11 stock (50
microgram/ml) was purified using Micro Bio-spin
chromatography columns (BioRad, Hercules, CA) Given an
estimated vitreous volume in the rat of 40 microliters, 2
microliters of a 20 microgram/ml solution was injected into
the vitreous space (taking care to avoid the lens), giving a
final intravitreal concentration of 1 microgram/ml. A
similar control group received intravitreal injections of an
equal amount of IgG. The retinas were assayed at three
different timepoints (2 days, 5 days, and 12 days post-
injection) for DNA fragmentation using TUNEL (90).
Examination of retinas taken at day 12 post-injection
showed no DNA fragmentation by TUNEL in IgG-treated
controls, while numerous TUNEL-positive RGCs were
seen in the 22cll-treated retinas (Figure 8). Negative
control retinas omitting TdT displayed no labeling, and
positive control retinas pre-treated with DNase displayed
extensive TUNEL positivity in RGCs. These preliminary
qualitative results indicate that disruption of APP
processing using intravitreal injection of a monoclonal
antibody to the extracellular domain of APP causes DNA
fragmentation consistent with apoptosis.

5. DELAYED APOPTOSIS IN RAT GLAUCOMA

Alpha-fodrin is an  important neuronal
cytoskeletal protein and a target for caspase-3 degradation
during the initiation phase of apoptosis, contributing to
structural rearrangements including membrane blebbing
(91). Alpha-fodrin and caspase-3 colocalize with
neurofibrillary tangles (NFTs) and amyloid-containing
plaques in AD brains (92, 93). Recent research has shown
extensive accumulation of abnormal deposits of caspase-3
cleaved alpha-fodrin in a large number of viable AD
neurons (92-94). This suggests that caspase activation may
not immediately lead to cell death, which indicates an
extended apoptotic-like degenerative process that is
profoundly different from the classical view of rapid
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Figure 8. Rat RGCs exposed to intravitreal injection of
22c11 antibody were assayed using TUNEL. A) The TdT
(-) control showed no DNA fragmentation in RGCs. B) The
DNAse (+) control showed TUNEL labeling in RGCs. C)
The IgG-treated RGCs showed no DNA fragmentation. D)
After 12 days, the 22c11-treated RGCs showed numerous
TUNEL (+) RGCs. Magnification = 20x.
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apoptosis (92). Given these findings, we determined that
caspase-3 cleaves alpha-fodrin in a similar fashion as that
detected in AD neuronal tissue (95). We induced chronic
ocular hypertension in five adult brown Norway rats, and
monitored IOP exposure for five weeks. Retinal protein from
both eyes of each rat was immunoblotted with a mouse
monoclonal antibody recognizing full-length alpha-fodrin
(Chemicon International, Inc., Temecula, CA, 1:2000 in
TBST). Densitometry (ImageQuant, Molecular Dynamics,
Piscataway, NJ) was performed and tested for significance
using the paired Student’s t-test to determine differences in
caspase-3 specific alpha-fodrin cleavage between ocular
hypertensive and control retinas. Densitometry confirmed a
statistically significant increase in caspase-3 cleaved alpha-
fodrin in ocular hypertensive retinas compared to paired
controls (P = 0.01, paired t-test). We assumed that the basal
level of caspase-3 activity in each control eye was similar. We
then normalized caspase-3 activity for each COH retina by
taking the ratio of densitometries of the COH vs. control
retinas and determined if caspase-3 activity, as measured by
alpha-fodrin cleavage, correlated with IOP exposure. Linear
regression showed a high degree of correlation between
caspase-3 activity and IOP exposure (R? = 0.915, P = 0.011)
To show this relationship, we took the ratio of COH versus
paired control bands for each eye. Caspase-3 activity seems to
increase linearly with low IOP exposures that are not expected
to cause RGC loss.

5.1. Caspase inhibition in rat glaucoma using AAV-
mediated gene therapy

Adeno-associated viral (AAV) vectors have
proven to be more effective at delivery of genes to the
retina, due to the virus’s ability to stably integrate DNA
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into the genome and lack of host immune response to the
virus. For example, long-term expression of the marker
lacZ was seen in the optic nerve 1 year after AAV-
mediated intravitreal gene delivery (96). Given that
caspases are activated in rat ocular hypertension, we
determined that AAV-directed retinal ganglion cell
expression of baculovirus repeat-containing 4 (BIRC4, also
known as XIAP), a potent inhibitor of the apoptosis
effector caspase-3, prevented optic nerve axon loss in the
chronic ocular hypertensive rat glaucoma model (97). 57
adult Norway brown rats (225-250 gm) were randomized
into three groups, and received a masked unilateral
intravitreal injection of 2 microliters of one of three
constructs: 1) AAV linked to the chicken beta-actin (CBA)
promoter and the coding region of BIRC4
(AAV:CBA:BIRC4; n=18), 2) control reporter construct
AAV:CBA:GFP (n=19), or 3) balanced salt solution (BSS,
n=20). After one month to allow ganglion cell expression,
glaucoma was induced in the treated eye by the method of
limbal injection of hypertonic saline (2.0 M). IOP was
recorded weekly for 12 weeks with a calibrated Tonopen.
After sedation, treated and control eyes were enucleated,
and optic nerves cross-sections stained with toluidine blue.
Axon counts were obtained using the KS400 imaging
system (Zeiss). After exclusion of animals with prolonged
hypotony or no documented IOP rise, axon counts and
percent axon survival between treated and control eyes for
the three treatment groups were averaged and compared
(Table 1). The percentage of axons surviving (glaucoma vs.
control) in the BIRC4 group was significantly higher than
both the GFP and BSS groups. Expression of GFP protein
in the retina did not appear to have a deleterious effect on
optic nerve axons in hypertensive rat eyes.

6. CONCLUSIONS AND PERSPECTIVES

6.1. Similarities between glaucoma and Alzheimer’s
disease

Glaucoma and Alzheimer’s disease are chronic
neurodegenerative  conditions, and similarities in
neuropathology have been noted. Optic nerves from AD
patients show loss of large magnocellular RGCs, the cell
type that dies earliest in glaucoma (98). Neurofilament
triplet proteins that are components of pathological
neurofibrillary tangles also show localization to large
RGCs (99, 100). Excitotoxic triggers such as elevated
glutamate (12, 101) and nitric oxide synthase upregulation
with reactive oxygen species formation (16) have been
implicated in glaucoma, as they have in Alzheimer’s
disease (102). Synaptic dysfunction in AD is associated
with deficient glutamate transport function (103, 104) and
caspase activity (105), leading to increased susceptibility to
excitotoxic injuries. Most recently, a study of nursing home
patients in Germany found a statistically significant
increase in the prevalence of glaucoma (as defined by
characteristic optic nerve or visual field changes) in
patients diagnosed with AD (29/112 or 25.9%) compared
with a matched control group without AD (6/116 or 5.2%)
(106). A separate study measured automated visual fields
from mildly affected AD patients (107). Significant loss
was most pronounced in the inferonasal and inferotemporal
arcuate regions, in a pattern that is very similar to
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Table 1. Optic nerve axon counts and survivals for experimental groups in the BIRC4 gene therapy glaucoma experiment

(mean s SD). BIRC4 GFP BSS 5 Axon Survivals_ANOVA
Treated 44,982 + 36,066 18,750 + 22,509 18,823 + 16,962 | BIRC4 vs. GFP P<0.05
Control 86,746 £ 12,229 86,863 + 15,685 85,117 +8,176 BIRC4 vs. BSS P<0.05
% Survival 49.7+374 223+274 21.8+18.6 GFP vs. BSS P<0.93
Number 12 11 14

glaucomatous visual field loss. Visual field loss has
recently been shown to occur at a greater rate in AD
patients when compared to open-angle glaucoma patients
(108). Allelic forms of apoE (i.e. the epsilon4 allele),
lipoproteins important in lipid metabolism, are known to be
major risk factors for AD (109). In human glaucoma
patients, a single-nucleotide polymorphism (SNP) in the
promoter region of apoE has been shown to amplify the
primary open-angle (POAG) phenotype of increased optic
nerve cup-to-disk ratio and visual field loss. Increased IOP
and resistance to IOP-lowering medication was noted in
patients with the interaction of another apoE promoter SNP
with a SNP in the promoter of myocilin, a protein noted to
be upregulated in trabecular meshwork after exposure to
steroids and mutated in juvenile OAG (110). These
findings point to the exciting possibility of a functional link
in basic apoptotic cell death mechanisms between
glaucoma and Alzheimer’s disease.

Caspase activation with cleavage of APP has
been shown to upregulate amyloid-beta production in
cultured hippocampal neurons and in brains of Alzheimer’s
patients (52). Glaucoma is a chronic neurodegeneration
involving apoptosis and we have detected abnormal APP
processing, upregulation of amyloid-beta, and the caspase-
3-mediated C-terminal cleavage product of APP in RGCs
in an ocular hypertensive rat model of glaucoma. We have
also demonstrated the activation of caspase-8 in our rat
glaucoma model, and it appears to be an early event in the
process (83). Our findings of caspase-8 activation directly
implicate the extrinsic pathway, involving TNF receptor
superfamily members, in RGC apoptosis due to exposure to
elevated IOP. This family includes TNFR1 (p55), Fas, and
the low-affinity neurotrophin receptor (p75NTR). Other
groups have found increased expression of TNFR1 and
ligand TNF-alpha in retinas and optic nerves from human
glaucoma patients, when compared to age-matched controls
(111, 112). Mutations in a recently identified gene,
optineurin, were found in 16.7% of families with hereditary
POAG, including individuals with normal intraocular
pressure. The optineurin gene codes for a protein of
unknown function that is implicated in the TNF-alpha
signaling pathway (113). Also of interest is p75SNTR, which
acts a “dependence” receptor. Dependence receptors such
as p75NTR, DCC (deleted in colorectal cancer) and the
androgen receptor inhibit apoptosis when bound by their
obligate ligand, but induce apoptosis when the receptor is
unbound (114). Nerve growth factor (NGR) normally binds
to p75NTR, but amyloid-beta has been shown to bind to
p7SNTR and induce apoptosis in vitro. In glaucoma,
amyloid-beta may displace NGF from p75NTR, initiating
the apoptotic cascade and resulting in RGC death.
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The “intrinsic” pathway of apoptosis involves
disruption of electron transport and energy metabolism at
the level of the mitochondria. Changes in mitochondrial
membrane  potential cause cytochrome-c  release.
Cytochrome c, Apaf-1 and procaspase-9 assemble to form a
complex, causing activation of caspase-9. We have not
observed caspase-9 activity in RGCs in our rat glaucoma
model, nor are there any published reports of caspase-9
activation in glaucoma, so the involvement of the intrinsic
pathway in glaucoma has yet to be demonstrated. An
alternative caspase pathway that operates in parallel with
caspase-9 is one involving caspase-2. Caspase-2 is
interesting in that it shares sequence homology with
initiator caspases caspase-9 and -1, but also has cleavage
specificity similar to effector caspases-3 and -7 (115).
When endogenous inhibitor of apoptosis proteins (IAPs)
such as BIRC4 suppress caspase-9 activity, caspase-2 is
required for neuronal death induced by growth factor
deprivation (116). Caspase-2 is localized to the Golgi (117)
and mediates neuronal apoptosis induced by amyloid-beta.
In a study by Troy (118), neurons derived from caspase-2
knockout mice were totally resistant to amyloid-beta-
induced toxicity. They also showed that nitric oxide
inhibitors did not protect wild-type neurons from amyloid-
beta; 4, toxicity, whereas nitric oxide generators were
completely protective. It has been postulated that caspase
activity is inhibited by nitrosylation (119). Caspase-2 has
been localized to RGCs and amacrine cells after transient
retinal ischemia (120). Our RPA data (see Section 4.1)
show that caspase-2 mRNA expression is present in rat
retinas and is upregulated in chronic ocular hypertension
(83), although not to the same extent as caspase-3. Given
that caspase-2 is necessary in amyloid-beta-induced
neurotoxicity, we are currently investigating the role of
caspase-2 in glaucomatous RGC apoptosis.

To our knowledge, fibrillar amyloid-beta has not
been detected in the retinas of human glaucoma patients. A
high ratio of amyloid-beta;4, to amyloid-beta; 4o
predisposes toward amyloid plaque formation (121), but
our results (see above) show that this ratio is low. This may
explain why plaques have not been observed in retinas
from glaucoma patients. Because fibrillar amyloid-beta can
kill neurons in vitro, it is assumed that fibrils initiate the
neurodegeneration in AD. Previous work by Jen showed
that single intravitreal injections of fibrillar amyloid-beta;.
40 or amyloid-beta; 4, produced cell death primarily in
photoreceptors, with only scattered cell death seen in RGCs
after 4 days (122). They further noted that after 5 months,
intravitreal exposure of retinas to amyloid-beta; 4, produced
a significant reduction in large RGCs with a concomitant
significant increase in medium and small RGCs, with
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marked Muller cell and microglial activation (123). It
appears that a chronic exposure of RGCs to amyloid
species is necessary to cause RGC death, and we believe
that the chronic nature of glaucoma parallels this
observation closely. Interestingly, in AD there is only a
weak correlation between fibrillar amyloid-beta load and
neurological dysfunction (124). An emerging and different
view, however, is that fibrils are not the only toxic form of
amyloid-beta relevant to AD. Small oligomeric forms of
amyloid-beta known as amyloid-beta-derived diffusible
ligands or “ADDLs” also have potent neurotoxic activity,
and appear to better explain the amyloidogenic hypothesis
in AD (125). Given that caspase-3 activation with
subsequent cleavage of APP has been associated with
apoptosis of hippocampal neurons in brains of Alzheimer’s
disease (52), it is likely that exposure of RGCs to similar
soluble fragments of APP contributes to RGC apoptosis in
glaucoma. Supporting this hypothesis is that amyloid-beta
appears in an intracellular location in rat RGCs subjected to
elevated IOP (83), implying that amyloid-beta exists in a
soluble form in glaucoma.

6.2. Vascular pathology in glaucoma and Alzheimer’s
disease

Vascular deposits of amyloid-beta in AD are known
to contribute to cerebral amyloid angiopathy (CAA), which
results in degeneration of vascular endothelial and smooth
muscle cells (126, 127) and hemorrhagic stroke (128).
Amyloid-betal-40 is reported to be more abundant in
vasculature of AD patients, whereas amyloid-betal-42 is more
abundant in senile plaques (129). Ultrastructural studies of
mutant APP mouse brain vasculature by electron microscopy
(EM) and immunogold EM using antibodies directed against
amyloid-betal-40 and amyloid-betal-42 showed higher levels
of amyloid-betal-40 deposited in vessel walls than amyloid-
betal-42. Amyloid-beta deposition was prominent in pial
arterioles of leptomeninges, suggesting a particular
vulnerability of this type of blood vessel to apoptosis (130). Of
note is that pial vessels of this type also supply the laminar
optic nerve. Vascular amyloid-beta deposition has also been
shown to negatively affect the blood-brain barrier (131). These
data support the hypothesis that amyloid-beta plays an
important role in the damage to endothelial cells observed in
AD brains (132). C-terminal fragments of APP of 22 kDa in
length have also been noted to be upregulated in cerebral
vasculature in AD and Down’s syndrome brains (133, 134).
These findings raise the intriguing possibility that vascular
amyloid deposition may occur in glaucoma. We believe that
elevated levels of amyloid-betal-40 and other APP fragments
cause a form of CAA that damages retinal and optic nerve
head blood vessels, contributing to the pathology of glaucoma.
This may also provide a mechanism for optic disk “splinter
hemorrhages” sometimes noted in glaucoma patients. We
intend to further study the expression of APP and in the
microvasculature of the retina and optic nerve head in the rat
ocular hypertension model of glaucoma.

Our findings also parallel the pathology seen in
other chronic neurodegenerations such as AD, in which
neurons undergo chronic caspase activation, slow build-up of
cleavage products, and a delayed course of apoptosis (135).
The accumulation of caspase-3 cleaved alpha-fodrin in what
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appear to be viable RGCs suggests that caspase activation may
not immediately lead to RGC cell death. This indicates that
RGCs undergo an extended, slow, apoptotic-like degenerative
process that is profoundly different from the rapid, classical
apoptotic pathway found in many cell lines (92). The
advantage of this theory is of importance in finding successful
approaches for neuroprotection of RGCs. If caspase activation
in glaucoma leads to protracted rather than rapid apoptosis of
RGCs, a much longer therapeutic window exists for achieving
inhibition of various steps of apoptosis with caspase inhibitors.
Indeed, in a chronic ocular hypertensive rat model of
glaucoma, we have documented activation of caspase-8 and
caspase-3, both of which are inhibited by BIRC4. Expression
of BIRC4 before induction of ocular hypertension significantly
protected approximately 50% of optic nerve axons. Adeno-
associated virus, with its excellent safety profile and stable
integration, is a promising vector for gene delivery to retinal
ganglion cells. Gene therapy by intravitreal delivery of caspase
inhibitors has demonstrated potential as a neuroprotective
therapy for glaucoma.

Our data suggest a novel hypothesis for RGC
death in glaucoma involving chronic amyloid-beta
neurotoxicity, in a manner that mimics AD at the molecular
level. With the loss of the protective effect of APP and the
upregulation of toxic APP fragments that include amyloid-
beta, RGCs ultimately die from chronic caspase activation,
loss of synaptic homeostasis, amyloid-beta cytotoxicity and
other excitotoxic events. The potential benefits from this
work are that treatments contemplated for AD could be
used to treat glaucoma. Conversely, novel neuroprotective
strategies developed to treat glaucoma could be used to
treat other chronic neurodegenerations as well.
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