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Glaucoma is a group of genetically heterogeneous neuro-
degenerative disorders causing the degeneration of the gan-
glion neurons of the retina. Increased intraocular pressure (IOP)
is a hallmark risk factor promoting the death of ganglion
neurons of the retina in glaucoma. Yet, the molecular processes
underlying the degeneration of these neurons by increased IOP
are not understood. To gain insight into the early molecular
events and discover biomarkers induced by IOP, we performed
gene and protein expression profiling to compare retinas of
eyes with and without high IOP in a rodent model of
experimental glaucoma. This pilot study found that the I0P-
mediated changes in the transcription levels of a restricted set
of genes implicated in peroxisomal and mitochondrial function,
modulation of neuron survival and inflammatory processes,
were also accompanied by changes in the levels of proteins
encoded by the same genes. With the exception of the
inflammatory markers, serum amyloid-A1 (SAA1) and serum
amyloid-A2 (SAA2), the IOP-induced changes in protein ex-
pression were restricted to ganglion neurons of the retina and
they were detected also in the vitreous, thus suggesting an early
I0P-mediated loss of ganglion cell integrity. Interestingly, SAA1
and SAA2 were induced in retinal microglia cells, whereas they
were reduced in sera of IOP-responsive mice. Hence, this study
defines novel I0P-induced molecular processes, biomarkers
and sources thereof, and it further validates the extension of the
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analyses herein reported to other genes modulated by IOP. Exp
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Introduction

Glaucoma is the leading cause of irreversible blindness,
affecting 66 million people worldwide (1). Glaucoma is a
genetically heterogeneous visual and neurodegenerative
disorder, which is characterized by progressive optic nerve
head cupping and selective loss of retinal ganglion cell
bodies and their axons (2, 3). In about 60% of glaucoma
patients, glaucoma is triggered by an increase of outflow
resistance at the anterior eye that promotes the elevation of
intraocular pressure (IOP), which is clinically silent (4-6).
This stress insult is a determinant risk factor in inducing the
death of ganglion neurons of the retinal tissue lining the
posterior eye and ultimately, blindness (2, 3, 7, 8). Hence,
the stress insult of IOP sustained by the ganglion neurons
likely compromises molecular and subcellular processes that
are paramount to the function and survival of these neurons
).

Despite the high prevalence of glaucoma, little is
known about the molecular and subcellular mechanisms
triggering the death of ganglion cells and the pathogenesis
of glaucoma. Likewise, the lack of biomarkers of glaucoma
severely hinders the stratification and molecular diagnosis of
glaucoma before clinical symptoms ensue. Several com-
pounding and confounding factors seem to contribute to the
pathogenesis of glaucoma. To this effect, i) to this date very
few genes causing glaucoma have been identified (10-16);
ii) genetic lesions (mutations) isolated in glaucoma patients
do not always cosegregate with disease manifestations in
family pedigrees (17-20); iii) a pharmacologically induced
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decrease of IOP does not prevent always glaucoma and
blindness (21); iv) the spatiotemporal segregation between
the IOP insult and damage to the ganglion neurons is likely
to trigger an array of heterogeneous stress responses by
these neurons, as a result of the diversity in genetic
background among patients. Collectively, these factors
support the idea that phenotypic manifestations linked to
glaucoma have variable expressivity and may outlast the
stress insult.

Experimental elevation of IOP in animal models
(experimental glaucoma), which is known to recapitulate
pathological features linked to the development and
progression of glaucoma in the human, ultimately causes
glaucomatous degeneration of ganglion neurons of the
retina (9, 22, 23). In an attempt to understand the molecular
processes modulating the expression of glaucoma, gene
expression profiling with microarrays was performed in
monkey (24) and rodent models of experimental and
inherited glaucoma (4, 25-27). Yet, no consensus exists
among such studies as to what genes are modulated by IOP.
These apparent disparate outcomes may have arisen from
the employment of different experimental parameters that
are likely to contribute to confounding outcomes. They
include the assessment of genetically distinct forms of
glaucoma (e.g. DBA2J vs POAG) (26), the species, age,
genetic background, the length and number of experimental
procedures to induce IOP, and importantly, the timing of the
assays to examine the effect of IOP on ganglion neurons of
the retina (e.g., before and after ganglion cell death ensues).
The objectives of this pilot study are: i) to circumvent many
of these limitations by employing a stringent experimental
procedure of inducing IOP in an experimental mouse model
of glaucoma, i7) to determine differences in gene expression
profile between retinas of eyes with and without IOP, iii) to
validate some of such changes at protein level with a
restricted set of genes and mapping of these changes to
ganglion neurons. Collectively, our study provides proof-of-
concept that the approaches employed allow the identifica-
tion of IOP-induced pathobiological signaling pathways as
well as of subclinical ocular and systemic biomarkers that
may be used also as potential surrogates and stratifiers of
disease expression among glaucoma patients.

Materials and Methods

Generation of Mice with Elevated Intraocular
Pressure. All animal experiments were performed in
accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research and were
approved by the Duke University Animal Care and Use
Committee. IOP elevation (experimental glaucoma) was
created in 10 week-old inbred C57B16/J mice (Jackson
Laboratories) by a single and unilateral episcleral vein
injection of hypertonic saline in the right eye (22). Non-
responders refractory to the single injection treatment were
kept through the duration of the study under identical

conditions. IOP was measured once a week between 10—12
AM with a handheld TonoLab in mice (28) who were
sedated with ketamine/xylazine (ketamine 80 mg/kg and
xylazine 4 mg/kg) as described elsewhere (29). Under this
experimental procedure, IOP of responders began to rise at
week 4 post-injection and remained high through week 7. At
the end of week 7, all non- and responder mice were
sacrificed between 10—12 AM and ocular tissues and serum
were collected for various analyses.

Retinal Ganglion Cell Counts and TUNEL
Assays. Whole eyecups were fixed for 4 h in 4%
paraformaldehyde/phosphate-buffered saline (PBS), pH
7.4. Eyes were transferred to PBS, pH 7.4, and vitreous
was removed. Retinas were dissected and immersed in PBS
in 24-well tissue culture plates and washed with PBS, pH
7.4. Retinas were permeabilized with 0.3% Triton X-100/
PBS, pH 7.4, incubated with Hoechst (1:1000) and washed
with PBS, pH 7.4. All retinas were flattened on Superfrost
Plus microscope slide (VWR) with the ganglion cell layer
upwards, mounted with Prolong Gold Anti-Fade reagent
(Invitrogen) and coverslipped (Fisher Scientific). Pictures of
the Hoechst-stained nuclei of ganglion cells layer were
acquired with X20-objective using Nikon C90i upright
microscope equipped with epifluorescence. Four image
fields of 10,000 um? each from each quadrant of the retina
were used for analysis of nuclei count. The Metamorph
software (Molecular Devices) was used to count the
Hoechst-labeled nuclei in each image. TUNEL assays on
at least eight sections of the whole eyecup were performed
as described elsewhere (30).

Total RNA Isolation. After the intraocular pressures
became elevated for 3 weeks, the retinas of treated right and
untreated left eyes were isolated, singly placed in RNA/ater
solution (Ambion) and total RNA was purified with RNeasy
mini kit (Qiagen). To remove traces of genomic DNA, all
sample extracts were subjected to a DNasel in-column
treatment according to the manufacturer’s instructions
(Qiagen). RNA purity and concentration was analyzed
spectrophometrically (260/280 nm), by electrophoresis on
an agarose gel, and by microcapillary electrophoresis on an
RNA 6000 Nano LabChip kit using an Agilent 2100
bioanalyzer (Agilent Technologies, Palo Alto, CA; IGSP
core facility, Duke University).

Microarray Analysis. Microarray data were collect-
ed at Expression Analysis, Inc. (www.expressionanalysis.
com; Durham, NC) using the Affymetrix GeneChip® Mouse
430 2.0 array which contain approximately 39,000 tran-
scripts and variants, including over 34,000 well-character-
ized mouse genes. The probe sets were selected from
sequences derived from GenBank, dbEST, and RefSeq. The
sequence clusters were created from the UniGene database
(Build 107, June 2002) and then refined by analysis and
comparison with the publicly available draft assembly of the
mouse genome from the Whitehead Institute Center for
Genome Research (MSCG, April 2002).

Target was prepared from mRNA amplified using the
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NuGEN Ovation® RNA Amplification System V2 follow-
ing the manufacturer’s specified protocol. In brief, first
strand cDNA was prepared from 40 ng of total RNA using
a unique first strand DNA/RNA chimeric primer and a
reverse transcriptase. The primer has a DNA portion that
hybridizes to the 5" portion of the poly (A) sequence. The
resulting cDNA/mRNA hybrid molecule contains a unique
RNA sequence at the 5" end of the cDNA strand.
Fragmentation of the mRNA within the cDNA/mRNA
complex creates priming sites for DNA polymerase to
synthesize a second strand, which includes DNA comple-
mentary to the 5’ unique sequence from the first strand
chimeric primer. The result is a double stranded cDNA with
a unique DNA/RNA heteroduplex at one end. RNase H is
used to degrade RNA in the DNA/RNA heteroduplex at the
5" end of the first cDNA strand. This results in the exposure
of a DNA sequence that is available for hybridizing a
second DNA/RNA chimeric primer. DNA polymerase then
initiates replication at the 3’ end of the primer, displacing
the existing strand. The RNA portion at the 5’ end of the
newly synthesized strand is again removed by RNase H,
exposing part of the unique priming site for initiation of the
next round of cDNA synthesis. The process of DNA/RNA
primer hybridization, DNA replication, strand displacement
and RNA cleavage is repeated, resulting in rapid accumu-
lation of cDNA with sequence complementary to the
mRNA. The resultant cDNA product was purified with the
Affymetrix cDNA cleanup module (Affymetrix) and 3.75
ug was fragmented and labeled using the NuGEN FL-
Ovation™ cDNA Biotin Module V2 following the
manufacturer’s specified protocol. The fragmented cDNA
was diluted in hybridization buffer (MES, NaCl, EDTA,
Tween-20, Herring Sperm DNA, Acetylated BSA) con-
taining biotin-labeled OligoB2 and Eukaryotic Hybrid-
ization Controls (Affymetrix). The hybridization cocktail
was denatured at 99°C for 5 min, incubated at 45°C for 5
min and then injected into a GeneChip cartridge. The
GeneChip array was incubated at 42°C for at least 16 h in a
rotating oven at 60 rpm. GeneChips were washed with a
series of nonstringent (25°C) and stringent (50°C) solutions
containing variable amounts of MES, Tween20 and SSPE.
The microarrays were then stained with Streptavidin
Phycoerythrin and the fluorescent signal was amplified
using a biotinylated antibody solution. Fluorescent images
were detected in a GeneChip® Scanner 3000 and expression
data was extracted using the GeneChip Operating System v
1.1 (Affymetrix). The expression intensities for all genes
across the samples were normalized using robust multi-
array analysis (RMA) (31), including probe-level quantile
normalization and probe summarization, as implemented in
the Genespring GX 7.3.1. Differentially expressed genes of
retinas from treated and untreated eyes were selected with
Volcano (group-wise analysis) with a P value cutoff of 0.1
and fold change cutoff of 1.5 (Genespring GX 7.3.1) and
paired ¢ test (pair-wise analysis) with a P value cutoff of
0.05. (Partek 6.3). Hierarchical clustering was performed

using Average Linkage with Pearson Correlation as the
similarity measure (Genespring GX 7.3.1).

Western Blot Analyses. Retina and vitreous sam-
ples were homogenized in NP-40 buffer (50 mM Tris-HCI,
pH 8, 150 mM NaCl, 1% Nonidet P-40 (NP-40)), and
Complete protease inhibitor cocktail (Roche Applied
Science, Indianapolis, IN, USA). Samples were centrifuged
at 10,000 g for 15 min and supernatants collected. Protein
concentration was measured by Bradford method using
BSA as standard. Protein extracts (60 g unless otherwise
noted) were resolved by sodium dodecyl sulfate-polyacry-
lamide gel electrophoresis (SDS-PAGE) on a 10.5-14%
Bio-Rad Criterion gradient gel and Western blotting was
carried out as described elsewhere (32). Blots were
developed with a SuperSignal chemiluminescence substrate
(Pierce, Rockford, IL). Primary antibodies used: Mouse
anti-Bcl2 (1 pg/mL; MBL, Woburn, MA), rabbit anti-
catalase (1:8000; Calbiochem), rabbit anti-XIAP (1 pg/mL;
AnaSpec, San Jose, CA), mouse anti-acetylated tubulin (25
ng/mL; Sigma, St. Louis, MO), rabbit anti-Hsc70 (1:3000;
Stressgen, Ann Arbor, MI), rabbit anti-rhodopsin (1:20,000;
Affinity Bioreagents, Golden, CO).

Semi-Quantitative RT-PCR. Reverse transcription
was carried out with 0.5 pg of total RNA from each retina
sample using SuperScript II Reverse Transcriptase (Invi-
trogen). Five percent of each resulting cDNA was used for a
50 ul PCR reaction. Differential expression of serum
amyloid Al and A2 (Saal/Saa2) was validated by semi-
quantitative RT-PCR as Western blotting failed to detect
them. Saal and Saa2 gene-specific primers were designed
to yield amplicons of 161 bp in length for both SAA1 and
SAA2. A common reverse primer (5'-TCAGC-
CATGGTGTCCTCGTGT) is used for both SAAI and
SAA2 amplification, and specific forward primers were
designed to discriminate SAA1 (5'-AAG CTA ACT GGA
AAA ACT CA) and SAA2 (5'-AAG CTG GCT GGA AAG
ATG GA). The identities of Saal and Saa2 amplicons were
further confirmed by restriction digestion of these with
Hae III, which digests selectively 46 bp from the Saal
amplicon (Supplemental Fig. 1, which is available in the
online journal). B-actin was used as a loading control.

Immunhistochemistry. Bilateral eyes of three
C57BI6 mice with unilateral pressure elevation of the right
eye exactly under the same conditions described previously
underwent enucleation. Eyes were then fixed for 4 h in 4%
paraformaldehyde/PBS, pH 7.4, followed by several rinses
with PBS, pH 7.4. Tissues were then embedded in OCT
compound in cryomolds and stored in —80°C. Ten pm-thick
sections were then cut in a cryostat (Microm HM 5550,
Walldorf, Germany), mounted on superfrost slides (Fisher
Scientific) and washed in PBS three times. Immunochem-
istry was performed essentially as described elsewhere (29,
33). Briefly, sections were blocked with 5% normal goat
serum for 30 min at room temperature, incubated with a
primary antibody (rabbit anti catalase 1:100, Calbiochem;
rabbit anti XIAP, 1:100, AnaSpec, San Jose, CA; mouse
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Figure 1. Induction of high intraocular pressure (IOP) in a mouse model of experimental glaucoma without neuronal cell loss. A. IOPs begin to
increase in injected eyes as compared with the control eyes at week 4 and sustained elevated pressures continue through week 7. Week 0
represents the baseline intraocular pressures just before the hypertonic saline injections were performed. Initially, there were similar pressures
in both the injected and control eyes during weeks 0-3. IOPs reached maximal elevation as well as statistical significance at week 5 and they
remained elevated throughout the duration of the study (week 7). Data are means of three independent experiments = SD. B. No significant
neuronal cell loss of the ganglion cell layer of the retina was present in injected eyes at week-7 post-injection (time of sacrifice) and non-injected
eyes. Cell loss was measured by comparing Hoechst-positive nuclei of cells of the ganglion cell layer between retinas of non-injected and
injected eyes. Data are presented as means of sample nuclei counts from all four quadrants of three retinas =+ standard deviation. C. TUNEL
staining (nucleosomal DNA fragmentation) of retinal sections of eyecups showed no apoptotic cell death in the ganglion cell layer (arrows) or
any other nuclear layers of the retina in non-injected (Ctrl, left image) and injected (Inj, right image) eyes. Retinal sections were counterstained

with DAPI (blue). Scale bar: 400 um

anti Bcl2, 1:10, MBL, Woburn, MA; and rat anti SAA,
1:20, R&D Systems, Minneapolis, MN) overnight at 4°C,
rinsed three times and 5 min each in PBS, incubated in
secondary antibody for 1 h at room temperature (goat anti-
rabbit Alexa-594, goat anti-mouse Alexa-594, goat anti-rat
Alexa-594; Molecular Probes). Then, they were rinsed three
times in PBS, stained with Hoechst (1:1000) for 10 min
followed by three rinses in PBS for 2 min each. The laser
confocal Nikon C90i microscope with software EZ-C1.3.1
(Nikon, Garden City, NY) was then used to examine and
capture immunostained images of retinas of treated and

untreated eyes with the same laser power and average
number of passes.

Hydrogen Peroxide Measurement. Retinas were
homogenized in 50 pl de-ionized water per retina on ice
with a motorized Kontes Microtube Pellet Pestle Rod.
Samples were centrifuged at 10,000 g for 15 min at 4°C and
supernatants collected for hydrogen peroxide measurement.
Pellets were dissolved in 50 pl SDS buffer (50 mM Tris-
HCL, pH 6.7, 2% SDS, 10% glycerol) and protein contents
were measured by BCA method. The hydrogen peroxide
levels were assayed using the Amplex Red Hydrogen
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Peroxide/Peroxidase Assay Kit (Invitrogen) as per manu-
facturer’s instructions.

Statistical Analyses. Whenever applicable, statisti-
cal analysis was performed with two-tailed equal or unequal
variance f test.

Results

Generation of Mouse Models with Unilateral
Increase of Intraocular Pressure. Experimental glau-
coma by episcleral vein injection of hypertonic saline leads
to the obstruction of the outflow of aqueous humor and
elevation of intraocular pressure (IOP) (22, 28). To mitigate
the generation of procedural and temporal variations among
mice and experimental injection procedures, a batch of age-
matched (10 week-old) inbred C57Bl6 mice underwent a
single episcleral vein injection of hypertonic saline between
10-12 AM. IOPs were subsequently recorded weekly
around the same time of the day. Retinas of mice subjected
to similar temporal elevation of sustained IOP (3 weeks), in
comparison to non-injected retinas, were selected for
analyses. As shown in Figure 1A, the elevation of IOP in
injected eyes began to rise at week-4 post-injection and the
pressure remained significantly elevated between week 5
and 7. At week 7 (Fig. 1A), mice were sacrificed for
isolation of RNA from injected and non-injected retinas and
microarray analysis. Retinas of independent set of mice
subjected to identical experimental and temporal procedures
of induction of IOP were also subjected to further analyses.
We were particularly interested in determining changes in
gene and protein expression prior to any significant retinal
ganglion cell death. Once death has ensued, changes in gene
and protein expression related to cell death would skew the
data and prevent a clear interpretation of results caused by
elevated IOP; instead of comparing similar populations of
retinal neurons (the goal of this study), substantially
different populations of neurons would be compared. To
assess whether our experimental procedure and its timing
resulted in cell death, we tallied the number of neurons in
the ganglion cell layer and determined if apoptotic nuclei
could be observed by the sustained elevation of IOP for 3
weeks. There was not a significant change in the number of
neurons of the ganglion cell layer encompassing all four
quadrants of the retina (Fig. 1B) and no cell death of
neurons of the ganglion cell layer was observed in retinas of
eyes with or without elevated IOP (Fig. 1C). Collectively,
these procedures help to ensure that IOP-induced changes of
gene and protein expression in retinas were derived from a
similar number of neurons from which early indicators of
changes in biological activity and generation of novel
biomarkers by IOP could be discerned and identified.

Analyses of Changes in Gene and Protein
Expression Profile of Retinas Induced by IOP. In
an effort to define changes in gene expression induced by
elevated intraocular pressure, microarray analysis was
utilized to analyze the transcriptional expression patterns

of retinas of three mice subjected to a single episcleral vein
injection of hypertonic saline and three weeks of signifi-
cantly elevated intraocular pressure in their right eyes, and
baseline pressure in their left and untreated eyes (Fig. 1A).
Pairwise and volcano (group wise) statistical analyses were
performed to compare these two groups. We employed a
two-tier statistical criteria based on the cut-off of P values
and median ratio of fold-change of gene expression between
retinas subjected to normal and elevated IOP found in the
pairwise and volcano analyses. This approach identified 10
(fold change > 2; P < 0.05) and ~50 genes (fold change >
1.5; P < 0.1) up-regulated and ~140 genes down-regulated
(fold change > 1.5; P < 0.1) in the volcano analyses,
whereas in the pairwise analyses there were 17 and 2 genes
down- and up-regulated (fold change > 1.5; P < 0.01),
respectively, and 94 and 40 genes down- and up-regulated
(fold change > 1.4; P < 0.05), respectively (unpublished
data). The overlap of volcano and pairwise analyses
represented 71 genes that were modulated by IOP (Fig. 2).

To establish that the outcome of our experimental
approach can be employed to identify early indicators of
selective IOP-induced changes in protein levels, biological
activity, and biomarkers, we focused our pilot analyses on
four genes, whose changes in mRNAsS or proteins are critical
for cell survival or are commonly designated disease
biomarkers, but have not been yet reported to be modulated
by IOP in the retina (Table 1). These genes were the B-cell
leukemia/lymphoma 2 (Bcl2), baculoviral IAP repeat-
containing-4 (Birc4/XIAP), catalase (Cat), and serum
amyloid Al (SAA1). Cat, Bcl2, Birc4/XIAP, and SAALI
mediate, respectively, critical peroxisomal, mitochondrial,
cell survival, and inflammatory processes. Since changes in
the activity of transcriptional expression of the genes
identified must lead largely to changes in the levels of
proteins encoded by the cognate genes to promote the
activation of pathophysiological pathways prior to the onset
of clinical glaucoma (ganglion cell death), we probed by
immunoblot analysis whether the levels of Bcl2, Birc4/
XIAP, Cat, and SAAI1, were changed between retinas of
eyes with and without elevated IOP. As shown in Figures
3A and B, Bcl2 was down-regulated by approximately 50%
in injected eyes with IOP, whereas Cat and XIAP were up-
regulated by approximately 4.5- and 3-fold, respectively, in
the same eyes. The housekeeping protein, tubulin, remained
unchanged upon injection, indicating the selective effect of
IOP in the modulation of Bcl2, Birc4/XIAP, and Cat of the
injected eyes (Fig. 3A, lower panel). In contrast, such
changes in Bcl2, Birc4/XIAP and Cat, were not found in the
non-responsive injected eyes (Fig. 3C, lower panel). These
observations support that the changes observed were
independent of the injection procedure itself and solely
dependent on the rise of IOP (Fig. 3A and C). On the other
hand, we were not able to detect changes in the protein
levels of SAA1 in the retina by immunoblot analysis. As
subsequently described, this observation may reflect
changes in protein expression to a very restricted population
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Figure 2. Overall changes of gene expression by elevated IOP.
Hierarchical clustering (heat plot) of 71 retinal genes whose
modulation of expression by IOP was shared by volcano and
pairwise analyses of untreated (control) left (L) and contralateral
treated (injected) right (R) eyes (n = 3). Branch lengths of dendro-
gram on the left depict the relatedness of expression patterns. Genes
with higher expression are depicted in red; genes with lower
expression are shown in green.

of neurons or glial cells of the retina. Regardless, we
examined whether transcriptional changes occurred between
retinas with and without exposure to IOP by semi-
quantitative RT-PCR. Serum amyloid Al and A2 are highly
homologous with 90% nucleotide identity (34, 35). Closer
inspection of the microarray employed found that the
changes in the Saal may reflect changes in Saal and Saa2,
since probes unique and common to both transcripts are
spotted in the array. As shown in Figure 3D, both Saal and
Saa2 were induced in retinas of injected eyes, but the
induction of the latter was more prominent. These results
further support that IOP promotes the up-regulation of Saal
and Saa? in the retina.

Table 1. List of Selected Genes with Altered Ex-
pression Between Retinas With and Without Exposure
to Elevated Intraocular Pressure

Analysis Fold-
Gene Probe set ID method  change P value
Saatl 1419075_s_at  Pairwise 6.80 0.006
Catalase  1416430_at Volcano 1.60 0.080
1416429 _a_at Volcano 1.54 0.087
XIAP 1450231_a_at Pairwise 0.57 0.005
1421394_a_at  Pairwise 0.55 0.018
1450231_a_at  Volcano 0.57 0.002
1421394_a_at  Volcano 0.55 0.020
Bcel2 1422938_at Volcano 0.66 0.081
1427819_at Volcano 0.63 0.097

IOP Modulates Localized Changes in Protein
Expression Levels in Ganglion Neurons and Micro-
glial Cells of the Retina. Neurodegeneration of ganglion
neurons underlying glaucoma and inflammatory processes
are associated to various stages of glaucoma (2, 3, 36, 37).
Hence, we examined whether the changes in expression of
Cat, Bcl2, Birc4/XIAP, and SAA1 were localized and
restricted to ganglion neurons or microglial cells of the
retina. As shown in Figure 4, changes in expression of Cat,
Bcl2, and Birc4/XIAP were localized by immunocytochem-
istry to the cell bodies of ganglion neurons or processes
thereof (Fig. 4A—C), while changes in SAA1/SAA2 were
highly restricted to small cell bodies of microglial cells of
the retina (Fig. 4D2, arrows). In particular, decreased levels
of Bcl2 were localized to the retinal ganglion cell bodies of
injected eyes as compared to the control eyes. In contrast,
catalase (Fig. 4B1 and B2) and XIAP (Fig. 4C1 and C2)
were prominently increased in the inner plexiform layer and,
ganglion cell and inner plexiform layers, of retinas exposed
to elevated IOP. SAA1/SAA2 was the only protein without
altered protein expression in ganglion neurons, since its
expression was induced in either residential or migrating
proinflammatory microglial cells of the retina (Fig. 4D1 and
D2).

Elevation of Intraocular Pressure Produces
Biomarkers in Non-Retinal Ocular Tissues and
Extraocularly. Another goal of this study was to
determine whether changes in the protein levels of retinal
cells may be detected in extra-retinal tissues and fluids and
thus, employed as potential biomarkers of processes linked
to glaucoma. To this effect, we examined whether some of
the protein changes observed in the retina could be also
detected in the vitreous of the eye chamber due to its
juxtaposed location to the retina. One of the rationales to
this hypothesis was that the vitreous may act as a reservoir
of proteins leaked from ganglion neurons due to transitional
changes of membrane permeability and leakage of some of
their contents as a result of high IOP. We therefore
performed Western blots of the vitreous and compared the
levels of catalase and XIAP between the injected and
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Figure 3. Elevated IOP promotes altered expression of proteins in the retina encoded by the genes with IOP-induced change of transcription
(as noted in Table 1). A. Western blot analysis of extracts of retinas with (injected, Inj) and without (control, Ctrl) exposure to elevated IOP. When
compared to control retinas, Bcl2 levels were decreased in retinas of contralateral injected eyes, whereas the levels of catalase (Cat) and XIAP
were increased. Tubulin serves as a loading control. Retinas were exposed to 3 weeks of elevated IOP during the 7-week post-injection
treatment as those shown in Figure 1A. B. Fold change of protein expression in retinas of injected eyes compared to control eyes (n = 3).
Quantitation of protein levels ascertained by Western blot showed an almost 50% reduction in Bcl2 expression, a 4.5-fold increase in catalase
expression, and a 3-fold increase in XIAP expression in the eyes with elevated intraocular pressure as compared with the controls. C. Western
blot of retinas of injected eyes of non-responders, which were refractory to the single injection treatment (without IOP elevation), and control
(non-injected) eyes. The protein expression levels of Bcl2, Cat, and XIAP are comparable in the retinas of both the injected and control eyes.
Tubulin served as a loading control. Retinas were collected 7 weeks after the injection treatment. D. Induction of Saa? and Saa2 gene
expression in retinas of eyes with elevated intraocular pressure versus controls using semi-quantitative RT-PCR. Aliquots of RT-PCR reactions
were taken at 24, 29 and 34 cycles. Saat and Saa2 were increased in retinas of eyes exposed to IOP as compared with that of controls with the
expression of Saa2 being the most prominent. Retinas were exposed to 3 weeks of elevated IOP during the 7-week post-injection treatment as
those shown in Figure 1A. B-actin serves as the loading control.

control eyes. As shown in Figures 5A and B, elevated IOP
resulted in a 25-fold increase of catalase content in the
vitreous compared to that of the non-treated eye, whereas
XIAP content increased by 9-fold. There were no significant

differences in BCI2 content between the injected and control
eyes (data not shown). Interestingly, the increases in the
levels of proteins in the vitreous of the injected eyes versus
the control eyes seemed greater than those observed in the
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Figure 4. Immunohistochemistry showing localization of proteins with IOP-induced altered gene expression in retinas of non-injected (A1-D1)
and contralateral injected (A2—-D2) eyes. Bcl2 expression level in the retina is decreased in the injected eyes (A2), whereas catalase (B2) and
XIAP (C2) are increased. These changes in protein expression are localized to the ganglion cells of retinas of injected eyes. In particular,
changes in expression of Bcl2, catalase and XIAP, are localized respectively, to the soma, dendritic processes (inner plexiform layer, IPL), and
soma and dendritic processes, of ganglion neurons. In contrast, the serum amyloid A1/A2 (SAA1/SAA2) expression was present in scarce
microglial cells spread throughout the retina (D2). These SAA1/SAA2-positive cells were not observed in retinas of non-injected eyes (D1).
Retinas of injected eyes were exposed to 3 weeks of elevated IOP during the 7-week post-injection treatment as those shown in Figure 1A.
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Figure 5. Detection of altered protein content in the vitreous of eyes with elevated IOP. A. Western blots of catalase (Cat) and XIAP protein
levels in the vitreous of injected (Inj) and non-injected (Ctrl) contralateral eyes showed that these are increased only in eyes with elevated IOP.
Hsc70 levels (lower panel) are comparable between the two groups of eyes and serve as a loading control. Injected eyes presented 3 weeks of
elevated IOP during the 7-week post-injection treatment as those shown in Figure 1A. B. Densitometry analysis of changes in the protein levels
of catalase and XIAP in the vitreous of injected eye as compared with the control (shown in A). A 25-fold and a 15-fold average increase in the
levels of catalase and XIAP were observed in the vitreous of injected eyes as compared with the controls (n=3). C. The vitreous presents no
contamination with retina tissue. Western blot analysis of rhodopsin protein levels in the vitreous of injected and control contralateral eyes. The
vitreous of injected (Inj) and non-injected (Ctrl) eyes present traces or no detectable rhodopsin, whereas this protein is highly abundant in the
retina. Note protein content of vitreous extracts loaded is 10-fold higher than the retina. D. Elevated IOP induces a significant decrease of the
level of SAA in the serum. Data are presented as mean *+ standard deviation (n = 6).

retina, thus supporting an accumulation of such proteins in
the vitreous. This accumulation was not due to contami-
nation of the vitreous with retinal tissue, since reprobing of
the vitreous with an antibody against rhodopsin, an
extremely abundant protein expressed in the photosensory
cells comprising 70% of retinal neurons, did not or just
detected traces of this protein (Fig. 5C).

SAA1 and SAA2 are hallmark proinflammatory
markers generated in response to acute inflammatory stimuli
and infection (38—40). In light of the presence of SAA1/
SAA2-positive microglial cells in retinas exposed to IOP,
we examined whether IOP promotes a change in the
circulating levels of SAA1/SAA2 of the serum. Surpris-

ingly, we found that mice with unilateral elevation of IOP
presented a substantial decrease of the levels of SAA1/
SAAZ2 in the serum (Fig. 5D).

Increased Intraocular Pressure Results in a
Significant Reduction in H,O, in the Retina. As
described previously, we observed an increase of the levels
of catalase with increased intraocular pressure. Catalase is
critical to the conversion of hydrogen peroxide (H,O,) into
H,0 and O, and reactive oxygen species have implicated in
processes causing cellular damage in neurodegenerative
diseases, such as glaucoma (41, 42). Hence, we examined
whether this IOP-induced increase of catalase promotes
changes in hydrogen peroxide levels as a result of oxidative
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Figure 6. The elevation of IOP is associated with a significant
decrease in H>O, in the retina. Elevated IOP induces a significant
decrease of the level of H,O, in the retina of injected eyes (Inj)
compared to contralateral non-injected (Ctrl) eyes. Retinas of
injected eyes were exposed to 3 weeks of elevated IOP during the
7-week post-injection treatment as those shown in Figure 1A. Data
are presented as means *+ standard deviation (n= 3).

stress to the retina. We performed ELISA assays to quantify
the levels of hydrogen peroxide in retinas with and without
exposure to IOP. We found that increased levels of catalase
of retinas exposed to high IOP correlated with significantly
lower levels of H,O,. Compared to control eyes, there was a
decrease in H,O, levels by almost 50% (P < 0.05) in eyes
under elevated IOP (Fig. 6). These observations support that
increased levels of catalase in high IOP eyes counteract
efficiently any changes in reactive oxygen species poten-
tially produced by elevated 10P.

Discussion

The microarray analyses herein reported provide
evidence of IOP-induced changes in transcriptional gene
expression (Figs. 2 and 3, Supplemental Fig. 1) that is
reflected and validated by changes in expression of proteins
encoded by these genes in the retina (Fig. 3). With the
exception of SAA1/SAAZ2, all changes in protein expression
were also localized to ganglion neurons (Fig. 4), thus
supporting that IOP has a prominent and selective effect in
various facets of ganglion cell function. Furthermore, these
protein changes (e.g. catalase) correlated with biological
changes in the concentration of their substrates (e.g. H>,O,)
(Fig. 6). Collectively, these observations validate our
experimental approaches to examine (by microarray and
related analyses) changes in gene expression modulated by
IOP as a tool to identify pathobiological pathways and
biomarkers of glaucoma linked to elevated IOP.

Although we limited the scope of this study to the
extended analyses of a restricted and novel set of genes
selectively modulated by IOP, several important implica-
tions and insights into the pathogenesis of glaucoma can be
already inferred from this study. First, we observed a

positive correlation between a decrease of the transcriptional
and protein levels of Bcl2. Bel2 is a key apoptotic regulator
blocking the pore channel opening of mitochondria and
cytochrome c release (43). This biological property confers
anti-apoptotic activity to Bcl2. In ganglion neurons, such
biological activity of Bcl2 confers neuroprotection to
ganglion neurons upon axotomy of their axons (44). Our
study supports that IOP down-regulates Bcl2 levels, thus
hinting toward the down-modulation of anti-apoptotic
activity by the ganglion neurons early on after exposure of
these neurons to the IOP stress insult and before cell death
ensues. We also found that the transcriptional levels of a
member of an inhibitor of apoptosis (IAP) gene family,
XIAP (45), to be down-regulated by IOP. In this case
however, there was a negative correlation between the
transcriptional and protein levels of XIAP upon IOP,
supporting the IOP-dependent induction of a post-transcrip-
tional regulatory mechanism in the modulation of XIAP.
Similar post-transcriptional regulatory mechanisms have
been found in other disorders (46). XIAP is a potent caspase
inhibitor (47, 48). The increased levels of XIAP by IOP
suggest the stimulation of an intrinsic pathway to prevent
the maturation and activation of executioner phase of cell
death by apoptotic caspases and that may counteract the
effects of decreased protein levels of Bcl2. To this end,
ectopic expression of XIAP is known to promote the
survival of axons of optic nerve in ganglion neurons to
chronic exposure of IOP (49). It is interesting to observe that
while changes in Bcl2 expression were confined to the soma
of ganglion neurons, changes in XIAP appear limited to
dendritic processes of the neurons localized to sublaminar
layers of the inner plexiform layer. These observations
support a distinct spatial regulation of apoptotic and survival
pathways in ganglion neurons. Finally, we observed a
strong increase of the levels of catalase with IOP suggesting
that IOP promotes the formation of reactive oxygen species
(ROS). Instead, we found that the level of the ROS, H,0,,
was significantly decreased in retinas exposed to IOP.
Although the direct role of oxidative stress in the patho-
genesis of the cell death of ganglion neurons upon IOP
remains unclear (42, 50-52), the data support that the IOP-
induced increase of catalase levels not only counteracts
effectively any increase of the steady-state levels of H,O,,
but it also promotes a decrease of H,O, when compared to
retinas of normotensive eyes. The impact of low levels of
H,0, on the survival of ganglion neurons exposed to IOP is
unclear, but emerging observations suggest that a decline of
H,0, in response to apoptotic stimuli on photoreceptor and
ganglion neurons in culture signals cell death (53).

We found the transcriptional levels of SAA1 and SAA2
to be significantly up-regulated in the retina, with SAA2
being most prominently expressed in the retina. Although
immunoblots did not detect these proteins in extracts of the
retina, immunocytochemistry of retinal sections supports
that SAA1/SAA2 expression is confined to a scarce
population of small microgial cells typically found through-
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out the retina. In light of the known robust production and
detection in the plasma of SAAI/SAA2 upon acute
inflammatory stimuli (38—40), these protein reactants
commonly serve as biomarkers of inflammation, but other
signaling roles may be associated with the production of
SAA1/SAA2, namely in cholesterol metabolism and
secretion of pro-inflammatory cytokines (38, 39, 54-56).
These events are of significance to glaucoma because
inflammatory processes have been linked to glaucoma (57—
59). Regardless, it is interesting to note that the induction of
SAA?2 also occurs in the trabecular meshwork of glaucom-
atous eyes (60). Altogether, these results suggest that
regardless of the function of SAA1/SAA2 in the patho-
genesis of glaucoma, these pro-inflammatory reactants are
strong candidates for biomarkers of hypertensive glaucoma
and stratification of patients with this disorder. To this
effect, we extended our analysis of the levels of SAA to the
serum of non- and responsive mice to IOP to find
surprisingly that these were decreased in mice with
unilateral high IOP. It is possible that stimulation of
migration of SAA-positive microgial cell to the retina
promotes a systemic down-regulation of SAA to prevent the
mounting of an immunoresponse toward inflammatory
processes focally and restricted to glaucoma. Prior micro-
array studies in various glaucoma models have demon-
strated that neuroinflammatory genes likely play a
significant role in the pathophysiology of glaucoma.
Microglia, in particular, have been implicated in this
process (59) and inflammatory markers such as ceruloplas-
min, glial fibrillary acidic protein, vimentin, and chitinase 3-
like 1, were found to be up-regulated in several studies (24—
27).

To identify additional sources of biomarkers of
glaucoma from tissues accessible to potential biopsies in
the human, we focused the analyses on the vitreous
chamber. The vitreous is found juxtaposed to the retina
and it presents low turnover of its contents (61-63); thus,
the vitreous may accumulate selective retinal metabolites
(64). We postulated the vitreous chamber may act as a
reservoir for factors released over time by ganglion cells as a
result of transient loss of the membrane permeability or
death of these cells. Indeed, when we examined the levels in
the vitreous of IOP-modulated proteins previously found in
ganglion neurons (e.g. catalase and XIAP), we discovered
that these were also significantly increased in the vitreous.
The levels of Bcl2 in the vitreous were inconclusive (data
not shown) and this outcome may reflect the differential
extrusion of factors by ganglion neurons to the vitreous
chamber upon stress stimuli. Hence, the data support that
the vitreous is an amenable source of biomarkers of
glaucoma and the extension of such much needed biopsy
procedure to all forms of glaucoma may significantly help to
diagnose and stratify the expression of the disease in
glaucomatous patients.

Altogether, the outcome of this study and approaches
employed provide novel leads to better diagnose and

understand the pathogenesis of glaucoma. Further, it
validates the extension of similar analyses to the ones
herein reported to other changes in gene expression not
examined in this study. These changes are likely to identify
additional and novel biomarkers and pathogenic processes
underlying hypertensive glaucoma and pave the way to
comparative studies of the impact of other factors, such as
age and various phases of the disease, in the expression of
glaucoma and stratification of its patients.
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