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Abstract: In retina, an ischemic injury-resistant condition (ischemic tolerance) can be induced by a sub-lethal
ischemic treatment (preconditioning) prior to an otherwise injurious ischemic insult. In this work, we compared reti-
nal proteomic changes under three different ischemic conditions, as a means to identify the effector mechanisms
that underlie retinal ischemic tolerance. Transient retinal ischemia was induced by elevating the intraocular pressure
(IOP) in three groups of adult rats as follows: Group 1, ischemic-preconditioned, 110 mmHg for 8 minutes followed by
48 hours reperfusion; Group 2, ischemic-injured, 110 mmHg for 60 minutes followed by 24 hours reperfusion; Group
3, ischemic-tolerant, preconditioning treatment followed by another 60 minutes of 110 mmHg and 24 hours reperfu-
sion. Protein quantities in retinas from each of the afore-mentioned retinal ischemic conditions, as determined by
quantitative mass spectrometry, were compared with that of the contralateral control eyes (sham-treated). As a re-
sult, a total of 328 proteins were identified and quantified; among them, 30-60% of proteins showed a change in
abundance under one or more retinal ischemic conditions. In particular, in ischemic-tolerant retinas, histone proteins
H2B, H3 and H4 demonstrated an increase in abundance, whereas histone H2A showed a decrease in abundance.
Further immunohistochemical analyses confirmed the results of proteomic analyses, and detected an up regulation
of tri-methylated histone H3, mono-ubiquitinated histone H2A and Polycomb group protein RING2. Together, these
results suggest a role of epigenetic regulation in the induction of retinal ischemic tolerance that involves histone and
polycomb proteins.
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Introduction

Retinal and optic nerve head ischemia, a condi-
tion that can be experimentally modeled by ele-
vating the intraocular pressure (IOP), may con-
tribute to the onset of multiple disorders in the
visual system including glaucomatous damage.
Studies have shown that retinal injury caused by
acute high IOP (HIOP) can be prevented by ex-
posing the retina to a brief preconditioning
ischemia or other forms of non-injurious
ischemic or hypoxic insults, prior to an other-
wise injurious ischemia - a condition termed
ischemic tolerance [1-3] (for simplicity, HIOP
conditions are referred as ischemic conditions
in this work). Hence, a preconditioning ischemia
in the retina produces an endogenous protec-
tion against ischemic injury. The effectors of this
inducible neuroprotective mechanism in the
retina are unknown. Work by Kamphuis et al.

[4, 5] and Thiersch et al. [6] have shown that
preconditioning ischemia in the retina results in
increased expression of genes involved in
amino acid transport, transcription regulation,
antioxidative pathways and cell death regula-
tion. In none of these studies, however, was the
ischemic-tolerant retina, the condition in which
the effectors of tolerance are at play, included.

In a recent study on ischemic-tolerant rodent
brains, we have found that a group of epigenetic
regulator proteins including several histone and
Polycomb group (PcG) proteins are up regu-
lated, and an alteration in the PcG protein level
has a profound impact on the outcome of
ischemic stroke [7]. PcG proteins are epigenetic
gene repressor proteins; they exert their roles in
epigenetic regulation by modifying histone pro-
teins.  Accordingly, in brain, a PcG protein-
mediated epigenetic mechanism that underlies
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preconditioning-induced neuroprotection
against ischemic brain injury has been eluci-
dated [7]. As the first step in understanding the
molecular mechanisms that underlie retinal
ischemic tolerance, we conducted an unbiased,
quantitative proteomic study on rat retinas un-
der different ischemic conditions including
ischemic-tolerant retinas. The proteomic results
revealed differential and condition-specific
changes of histone proteins, including changes
that are either similar to or different from those
found in brain. Results of follow-up immunohis-
tochemical analyses demonstrated increased
abundance of PcG protein RING2 in the
ischemic-tolerant retina. Thus an involvement of
histone and PcG proteins in the induction of
ischemic tolerance in retina is implicated by the
results of this study.

Matherials and methods
Retinal ischemia in rats

All animals were treated in accordance with the
National Institutes of Health Guide for the use
of animals in research, and all protocols were
approved by the local Institutional Animal Care
and Use Committee. Adult Sprague-Dawley rats
(250 g-300 g) were purchased from Charles
River Laboratories (Wilmington, MA). The ani-
mals were housed in a temperature- and humid-
ity-controlled room with a 12-hour light:12-hour
dark cycle and provided with food and water ad
libitum.

Retinal ischemia was induced by transiently and
manometrically increasing the IOP. Briefly, rats
were anesthetized with ketamine/xylazine
(55/5 mg/kg). A HIOP condition was achieved
by inserting a 30-gauge needle into the anterior
chamber. The needle was connected to a saline
-filled reservoir, which was positioned at a corre-
sponding height above the eye to achieve a sus-
tained IOP of 110 mmHg. Three groups of ani-
mals (n=4 each) were subjected to different
durations and levels of HIOP and reperfusion as
follows: (1) preconditioning - 8 minutes IOP at
110 mm Hg, 48 hours reperfusion; (2) injurious
- 60 minutes IOP at 110 mm Hg, 24 hours
reperfusion; (3) tolerant - 8 minutes IOP at 110
mm Hg, 48 hours reperfusion, followed by an-
other 60 minutes of IOP at 110 mm Hg and 24
hours reperfusion. All contralateral eyes were
treated as sham controls by setting the I0P at
20 mmHg for corresponding durations. At the
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termination of reperfusions, animals were anes-
thetized with ketamine/xylazine and euthanized
by an intracardiac injection of Euthasol®
(pentobarbital, 100 mg/kg). The eyes were enu-
cleated, and the entire retinas were collected
and kept at -80°C until further analyses.

Protein extraction and tryptic digestion

Retinal specimen were thawed on ice, boiled
directly into 250 uL pre-heated ddH-O for 10
minutes, chilled on ice, and then homogenized
with a hand-held homogenizer. After homogeni-
zation, an additional 250 pL of pre-chilled
ddH20 was added, and samples were centri-
fuged at 16,000 g for 30 minutes at 4°C. Pro-
tein concentrations in the cleared supernatants
were determined by Bradford Assay. Next, for
each IOP treatment group, samples from 4 ani-
mals were pooled. Twenty micrograms of pro-
tein from each pool were lyophilized and resus-
pended with 100 mM ammonium bicarbonate,
pH 8.0, to a final protein concentration of 1 pg/
uL. Proteins were denatured by incubation at
950°C for 10 minutes in the presence of 0.05%
RapiGest SF (Waters, Milford, MA) followed by
incubation at 60°C for 30 minutes with 20 mM
dithiothreitol, and a final incubation with 20 mM
iodoacetamide for 10 minutes in the dark at the
room temperature. The proteins were then di-
gested with sequencing grade trypsin (2.25x106
unit/uL; Promega, Madison, WI) at 37°C over-
night. The RapiGest SF in the digestion mixture
was precipitated by the addition of trifluoroace-
tic acid to pH 2-2.5 and incubation at 37°C for
10 minutes.

Mass spectrometry (MS) and bioinformatic
analyses

The tryptic digests from each pooled sample
were analyzed by a non-labeling, quantitative
MS method, as previously described [7], with 3
technical replications. Briefly, the MS system
consisted of a nanoflow ultra performance lig-
uid chromatography (UPLC) machine coupled in-
line to a Micromass Global Ultima Quadrupole-
Time-of-light mass spectrometer (Waters). The
UPLC included a 20 cm x 75 pm bridged-ethyl
hybrid C1g (1.7 um) analytical column. The sepa-
ration of tryptic peptides by UPLC and the sub-
sequent dual-energy MS identification and
quantification of detected peptides, as man-
aged by ProteinLynx Global Server version 2.3
(Waters) and with the use of a custom database
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of annotated, non-redundant rat proteins from
The Universal Protein Resource (Unitprot,
www.UniProt.org) were performed as previously
described [7]. The fmol amounts for each identi-
fied protein in a sample were determined by
comparison to an internal standard. For each
sample (treatment group), protein quantities
determined in each individual MS run were nor-
malized using the total fmol numbers for each
run. Proteins that were found in at least two of
the three runs for each pool of retina sample
were accepted as valid entries. For each ac-
cepted protein, a fmol ratio was established
between the ischemic eye and the contralateral
control eye, and a ratio of > 1.5 (increased) or <
-1.5 (decreased) was defined as a change in
ischemic eyes.

For all regulated proteins, their known Gene
Ontology (GO) terms were retrieved with the
assistance of the batch retrieval tool provided
by UniProt. An enriched presence of these pro-
teins in particular biological processes, meta-
bolic and signaling pathways were analyzed with
the assistance of the MetaCore program
(GeneGo, Inc. West Lothian, UK).

Antibodies

The following primary antibodies were pur-
chased from Santa Cruz Biotechnology (Santa
Cruz, CA): histone H2A - rabbit polyclonal; his-
tone H3 - rabbit polyclonal; histone H4 - mouse
monoclonal; RING2 (a.k.a RinglB) - mouse
monoclonal. Monoclonal antibody against mono
-ubiquitinated histone H2A was purchased from
Millipore (Billerica, MA), and monoclonal anti-
body against tri-methylated histone H3 at lysine
27 was from Abcam (Cambridge, MA). Fluo-
rescein isothiocyanate (FITC)- or Cy3-conjugated
secondary antibodies were from Jackson Immu-
noResearch (West Grove, PA).

Fluorojade-B staining and fluorescent immuno-
histochemistry (IHC)

Whole eye globes from rats that underwent the
HIOP and reperfusion procedures described
earlier were removed immediately after euthani-
zation, fixed in 4% paraformaldehyde in phos-
phate balanced saline (PBS) for 24 hours, and
then frozen in 2-methylbutane. Sections at 12-
Mm thickness were prepared. Fluorojade-B
staining was performed following standard pro-
tocols to reveal injury [8]. For immunohisto-
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chemical analyses, retinal sections were incu-
bated with appropriate primary antibodies
(dilutions are specified in figure legends) at 4°C
overnight. The next day, the sections were
washed three times with PBS, incubated for 1
hour with an appropriate secondary antibody,
washed with ddH20, dried and mounted with a
4' 6-diamidino-2-phenylindole (DAPI)-containing
mounting media to counterstain nuclei. The
fluorescent images were examined and docu-
mented with an epifluorescence microscope
(Leica Microsystems, Inc. Bannockburn, IL) at-
tached to a Magnifire digital color camera
(ChipCoolers, Warwick, RI), with the assistance
of the BIOQUANT program (Bioquant Image
Analysis, Nashville, TN).

Results and discussion
Modeling retinal ischemic tolerance in rats

Preconditioning treatment with a brief or mild
insult has been shown to have a protective ef-
fect against a subsequent, more severe insult in
both the brain and in the retina. In retina, a de-
crease in ischemia-induced injury of multiple
retinal cell layers has been reported for chemi-
cal-, HIOP (ischemic)- or hypoxic-preconditioned
conditions [1-5, 9-15]. For ischemic precondi-
tioning in rats, 130 - 170 mmHg IOPs have been
used to produce tolerance in published studies
[4, 5, 16] . Though effective in producing retinal
insults, such IOP levels are very high relative to
what is observed under various pathophysiologi-
cal conditions in human eyes. We attempted to
apply an IOP level that is lower than 130 mmHg,
but would still produce detectable retinal inju-
ries by neuroanatomical means and at a rela-
tively early time point, and would still be effec-
tive at inducing ischemic tolerance within a con-
trolled period of time. Figure 1 and Table 1 pre-
sent the experimental paradigm and HIOP con-
ditions used in the present work. As demon-
strated by the results of fluorojade-B staining
shown in Figure 2, a 60-minute 110 mmHg
HIOP produced injuries across multiple cell lay-
ers in the retina, when examined 24 hours after
the HIOP treatment, and such injuries were
greatly reduced in the eyes treated with a pre-
conditioning HIOP (8 minutes of 110 mmHg at
48 hours prior to the injurious 110 mmHg).
Therefore, these results verified the establish-
ment of a HIOP (ischemic)-tolerant paradigm in
rats using 110 mmHg. The exact retinal cell
types that were protected in this experimental
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Preconditioning Injurious
HIOP HIOP
| Recovery Recovery | HIOP/ischemic
(48 hours) (24 hours) tolerant
110 mmHg 110 mmHg
8 minutes 60 minutes

Figure 1. Experimental paradigm of HIOP treatments. Ipsilateral eyes of rats were subjected to the following HIOP
conditions with reperfusions: Preconditioning HIOP - 110 mmHg for 8 minutes followed by 24 hours reperfusion; Inju-
rious HIOP - 110 mmHg for 60 minutes followed by 24 hours reperfusion; For the tolerant condition: - 8 minutes
preconditioning HIOP with 48 hours of reperfusion, followed by another 60 minutes of HIOP and 24 hours reperfu-
sion. Retina samples were collected at the end of reperfusions (for the tolerant conditions, at the end of the second
reperfusion). In each group, the IOP of contralateral eyes was sustained at 20 mmHg for the same duration as that of
the HIOP treatment of the ipsilateral eyes followed by the same duration of reperfusions.

Table 1. Retinal HIOP conditions (IOP (mmHg)/duration (minutes))

Conditions n Day 1 Day 2 Day 3 Day 4
Preconditioned 4 110/8 Harvest
Contralateral to Preconditioned 4 20/8 Harvest
Injured 4 110/60 Harvest
Contralateral to Injured 4 20/60 Harvest
Tolerant 4 110/8 110/60 Harvest
Contralateral to Tolerant 4 20/8 20/60 Harvest

paradigm remain to be further defined with de-
tailed IHC analyses for appropriate cell markers.
It is apparent that the retinal ganglion cell (RGC)
layer and the outer nuclear layer (ONL) are pro-
tected.

Next, we proceeded to analyzing proteomes of
ischemic-preconditioned, ischemic-injured and
ischemic-tolerant retinas, as a means to identify
potential effector proteins of retinal ischemic
tolerance.

Retinal proteomic changes under different
ischemic conditions

Table 2 provides the numbers of proteins that
were identified and quantified in each group of
eyes, and the numbers of proteins that were
increased or decreased in abundance by at
least 1.5 fold in ischemia-treated eyes when
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compared to that in their contralateral control
eyes. A complete list of the proteins that were
detected and quantified in each sample is pro-
vided in Supplemental Table 1.

Using a simple, one-step protein extraction pro-
tocol in this study, a total of 328 retinal proteins
were identified and quantified; this number in-
cludes proteins that were detected only in one
or few groups of eyes but not in others. While
this number is far less than the predicted num-
bers of translated proteins in eukaryotic cells, it
is comparable to the numbers reported in a lim-
ited number of published proteomic studies on
retinas of different species, in which similar or
even more comprehensive pre-MS preparation
steps were involved [17-25]. Obviously, these
proteins cannot possibly provide us a thorough
description of the retinal proteome, which can
only be achieved through more comprehensive
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Figure 2. Examination of HIOP-induced retinal injury by fluorojade B staining. Top: fluorojade B staining of retina sec-
tions. Bottom: DAPI staining of consecutive retinal sections to reveal nuclei. The scale bar represents 50 ym. SH:
sham-treated (contralateral to HIOP-treated); PC: HIOP-preconditioned; INJ: HIOP-injured; TOL: HIOP-tolerant; RGC:
retina ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer. Images in this figure and figures below
are representative results of analyses of at least three animals under each HIOP treatment condition, and at least

two sections from each eye.

Table 2. Numbers of identified and quantified retinal proteins under each HIOP condition

Preconditioned Injured Tolerant
HIOP-treated 176 181 165
Contralateral control 200 168 161
Total for both* 239 240 210

> 1.5 fold change in abundance**

Increased
Decreased

83 (47.2%)
80 (40.0%)

99 (60.0%)
74 (46.0%)

92 (50.8%)
52 (31.0%)

*The numbers include proteins that were detected either in both eyes or only in one eye. **Proteins that were de-
tected only in the HIOP-treated eyes are considered increased in abundance relevant to contralateral control eyes;
likewise, proteins that were detected only in the control eyes are considered decreased in the HIOP-treated eyes.

proteomic studies in the future by employing
additional protein enrichment protocols and MS
procedures. Rather, the present proteomic
data, as described below, provide an initial view
of the most readily detectable proteomic
changes in rat retinas under different ischemic
conditions.

First, in the present study, relatively high per-
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centages of retinal proteins showed a change in
abundance in ischemia-treated eyes (Table 2).
In the literature for retina and other tissues, the
extent of ischemia-induced changes or changes
induced by other forms of insults in gene tran-
scripts or proteins, as determined by high
throughput approaches such as cDNA microar-
rays and quantitative MS, respectively, varies
greatly, from just a few to several tens of per-

Int J Physiol Pathophysiol Pharmacol 2010;2(2):148-160
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Table 3. Biological processes associated with up-regulated proteins*

Preconditioned

Injured

Tolerant

Up-regulated

1 organelle organization

2 cellular macromolecular complex assembly

3 cellular component organization

4 cellular macromolecular complex subunit organization

5 cellular component assembly

6 cellular component biogenesis

7 anatomical structure formation

8 macromolecular complex assembly

9 macromolecular complex subunit organization

10 nucleosome assembly

glycolysis

glucose catabolic process
hexose catabolic process

monosaccharide catabolic

process

cellular carbohydrate catabolic
process

alcohol catabolic process
carbohydrate catabolic process

glucose metabolic process

generation of precursor me-
tabolites and energy

hexose metabolic process

glycolysis

glucose catabolic process
hexose catabolic process
monosaccharide catabolic

process

cellular carbohydrate cata-
bolic process

alcohol catabolic process

carbohydrate catabolic proc-
ess

glucose metabolic process

hexose metabolic process

monosaccharide metabolic
process

Up-regulated only under specific conditions

1 muscle thin filament assembly

2 skeletal myofibril assembly

3 cardiac myofibril assembly

4 protein polymerization

5 cardiac cell development

6 cardiac muscle cell development
7 cytoskeleton organization

8 cellular component assembly

9 microtubule-based process

10 cellular component organization

gluconeogenesis

hexose biosynthetic process

response to misfolded protein

monosaccharide biosynthetic
process

glycolysis

pyruvate metabolic process
acute inflammatory response
alcohol biosynthetic process
glucose catabolic process

hexose catabolic process

anti-apoptosis

respiratory burst during
acute inflammatory re-
sponse

regulation of protein folding
in endoplasmic reticulum

production of molecular
mediator of acute inflamma-
tory response

negative regulation of apop-
tosis

negative regulation of pro-
grammed cell death
negative regulation of cell
death

oxygen transport
regulation of apoptosis

gas transport

* All listed processes were significantly regulated with p values < 0.01, as a result of bioinformatic analyses of up-regulated pro-
teins with the MetaCore program. Please see Table S2 for down-regulated biological processes.

centages [7, 26-31]. Besides variations in
ischemic models and post-ischemia time points
at which samples are harvested, the choice of
controls also differs (for example, contralateral
tissue of the same animal versus ipsilateral tis-
sue of a different animal) [27]. Another impor-
tant but often overlooked issue in high through-
put proteomic studies is how to report proteins
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detected only in one or more but not all condi-
tions, since no ratio numbers could be estab-
lished for these proteins. The protein lists that
we report in Table 2 include such proteins. This
may explain, at least partially, the relatively high
percentages of regulated proteins that we re-

port here.

Int J Physiol Pathophysiol Pharmacol 2010;2(2):148-160
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Table 4. HIOP condition-specific changes in the abundance of select nuclear proteins

Protein Name Gene Name Preconditioned Injured Tolerant
COP9 signalosome complex subunit 2 Cops2 ND ND Up (1)
Heterogeneous nuclear ribonucleoprotein DO Hnrnpd Up (1) UC (1) uc (1)
Histone H1 Hist1lh1t/1c Up (2) uc (2) UC (1), Up (1)
Histone H2A H2afz, H2afj Down (8) UC (1), Up (7) Down (8)
Histone H2B Hist1h2ba uC (1), Up (1) uc (2) Up (2)
Histone H3 H3f3b Up (2) UcC (2) Up (2)
Histone H4 Hist1h4b uc (1) Up (1) Up (1)
Host cell factor 2 Hcfc2 Up (1) ND ND
Methyl CpG binding protein 2 Mecp2 ucC (1) ND ND
Non-histone chromosomal protein HMG-17 Hmgn2 Up (1) ND ND
Nuclear protein Hce-1 Heel uc (1) Up (1) Down (1)
Nucleosome assembly protein 1-like 4 Napll4 Down (1) Up (1) ND

The numbers in the parentheses designate the numbers of isoforms that were detected under each HIOP condition.

UC: unchanged; ND: not detected.

Table 3 reports the most significant biological
processes (by GO terms) that are associated
with up-regulated retinal proteins under differ-
ent retinal ischemic conditions. In both ischemic
-injured and ischemic-tolerant retinas, the most
significantly up-regulated biological processes
are those of glucose or hexose metabolism, with
little difference between the two conditions,
whereas in ischemic-preconditioned retinas, the
top ten up-regulated biological processes are
those of macromolecule and organelle organiza-
tion. A possible increase in glucose and carbo-
hydrate metabolism processes in ischemic-
tolerant retinas, as noted above, is somehow a
surprising result that is different from what is
observed in ischemic tolerant brains, in which
decreased energy metabolism processes has
been suggested [7, 32]. At this time, the exact
metabolic condition in the ischemic-tolerant
retina is unknown. It is an important issue to be
addressed in future studies using both bio-
chemical and physiological approaches, and at
different reperfusion time points following
retinal ischemia.

When proteins that were uniquely up-regulated
under each of the three retinal ischemic condi-
tions (that is, after excluding proteins that also
changed in other conditions) were analyzed for
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their bioinformatics, an up regulation of anti-cell
death processes was recognized in the ischemic
-tolerant retina (Table 3). In light of our recent
description of a gene repressor protein-
mediated mechanism for ischemic tolerance in
brain [7], and to consider the mechanism(s)
that underlie the increased anti-cell death proc-
esses in ischemic-tolerant retinas, we paid at-
tention to changes of histone proteins that were
detected in our present proteomic datasets. We
found an increase of variants of histone pro-
teins H1, H2B, H3 and H4, and a decrease of
histone H2A in the ischemic-tolerant retina
(Table 4). The abundance of a post-
translationally modified form of histone H2A (an
epigenetic mark), however, as demonstrated
next by results of immunohistochemical analy-
ses, showed an increase in the ischemic-
tolerant retina.

Little is known about how expression levels and
modifications of histone proteins are regulated
in ischemic retinas. Recently, Crosson et al
have reported that inhibition of histone deacety-
lase (HDAC) protects retinas from ischemia
(HIOP)-induced injury in rats [33], whereas work
by Chen and Cepko shows that, in mice, HDAC4
activity is beneficial in retinal neuronal survival
with the involvement of hypoxia-inducible factor

Int J Physiol Pathophysiol Pharmacol 2010;2(2):148-160
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Figure 3. Histone protein immunohistochemistry. Retinal
sections prepared from the same eyes described in Figure
2 were analyzed by immunohistochemical staining for his-
tones H2A (A, rabbit polyclonal antibody), H3 (B, rabbit
polyclonal antibody) and H4 (C, mouse monoclonal anti-
body) (all antibodies were used at 1:50 dilution). Abbrevia-
tions are the same as those indicated in Figure 2.
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Figure 4. Immunohistochemical analyses of modified histone H2A and H3 proteins. The analyses were performed
using mouse monoclonal antibodies against mono-uniquitinated H2A (A, 1:100) and tri-methylated H3 at lysine 27
(B, 1:50), respectively, and with appropriate Cy3-conjugated secondary antibodies (1:760).

1a [34]. Histones H2A, H2B, H3 and H4 are all
subject to acetylation. While the results of these
studies do not include direct analyses of histone
protein levels, they support a critical role of his-
tones in retinal disorders through an epigenetic
mechanism. Our current proteomic finding - the
increased levels of several histone proteins in
the ischemic-tolerant retina, points in the direc-
tion that a preconditioning ischemia in retina
may induce an endogenous neuroprotective
mechanism that includes an epigenetic compo-
nent.
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Enriched presence of epigenetic gene repressor
proteins in ischemic-tolerant retinas

The results of the above-introduced proteomic
characterization of ischemic-tolerant retinas
prompted us to further examine changes of se-
lected histone proteins and PcG proteins under
different ischemic conditions by IHC, as a
means to determine whether or not an epige-
netic mechanism that is revealed in our recent
studies on ischemic-tolerant brains [7] may also
be at play in retinal ischemic tolerance.

Int J Physiol Pathophysiol Pharmacol 2010;2(2):148-160
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Figure 5. Immunohistochemical analyses of PcG proteins. The analyses were performed using a mouse monoclonal
antibody against RING2 (A, 1:100) or a rabbit polyclonal antibody against EZH1 (B, 1:500) and with appropriate Cy3-

conjugated secondary antibodies, respectively, at 1:760.

Figure 3 shows the changes in immunoreactivity
for histone proteins H2A, H3 and H4; the results
were essentially in agreement with the results of
MS analyses (Table 4), hence validating our
proteomic results. Specifically, in ischemic -
tolerant retinas, the immunoreactivity of histone
H2A was greatly diminished, whereas the immu-
noreactivity of histone H3 and H4 was robustly
up regulated.
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As introduced earlier, histone H2A and H3 are
subject to mono-ubiquitination (at lysine 119)
and tri-methylation (at lysine 27), respectively,
by the action of PcG proteins. A concerted H2A
mono-ubiquitination and H3 methylation are
critical for epigenetic transcriptional suppres-
sion (for review, see Bantignies and Cavalli,
2006 [35]). While a decreased level of H2A
seen in the ischemic-tolerant retina, as revealed

Int J Physiol Pathophysiol Pharmacol 2010;2(2):148-160
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Figure 6. Immunohistochemical analyses of CSN2/TRIP15. The analyses were performed on retinal sections pre-
pared from the same eyes used in Figures. 2-5. A goat polyclonal antibody against CSN2/TRIP15 was used (1:50).

by IHC using an antibody that does not distin-
guish modified forms of H2A, does not seem to
support a role of neuroprotection against
ischemic retinal injury for H2A, it is possible that
there may be an increase in the abundance of
mono-ubiquitinated H2A, especially if in the
ischemic-tolerant retina there is an increase of
PcG proteins. Indeed, results of IHC analyses for
mono-ubiquitinated H2A demonstrate an in-
crease of its abundance in the tolerant retina
(Figure 4A). The mechanism that underlies an
overall decrease in the level of histone H2A in
the ischemic-tolerant retina is unknown. One
possible explanation is that there is an in-
creased rate of conversion of H2A to its mono-
ubiquitinated form and/or a change in H2A
metabolic rate. This will be an issue to be ad-
dressed in future studies. Interestingly, the
abundance of tri-methylated H3 was also in-
creased in the ischemic-tolerant retina (Figure
4B). In other words, in ischemic-tolerant retinas,
the abundance of both mono-ubiquitinated H2A
and tri-methylated H3 was increased. This sug-
gests a possible involvement of PcG proteins in
the induction of the retinal ischemic-tolerance.

Figure 5 presents the results of IHC analyses for
PcG proteins RING2 (a.k.a. Ringl1B), an E3 li-
gase that mediates H2A mono-ubiquitination,
and EZH1, a PcG protein mediating tri-
methylation for histone H3 at lysine 27. RING2
has been shown to play a role in retinal develop-
ment [36]. Similar to the results of our previous
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studies on ischemic-tolerant brains, the immu-
noreactivity of RING2 was increased in the
ischemic-tolerant retina (Figure 5A). Unlike the
changes in tri-methylated H3, the abundance of
EZH1 did not show an increase in the ischemic-
tolerant retina. Instead, an overall decrease
across the retina was observed (Figure 5B). This
observation does not seem to correspond to the
increase of tri-methylated H3 in the ischemic-
tolerant retina. In literature, elevated levels of
EZH1 has been reported for cancer cells, and
an anti-apoptotic role has been proposed for it
[37]. It remains to be examined whether or not
there may be a change in EZH1 biosynthesis or
metabolism. Ischemia-induced changes in reti-
nal levels of EZH1 and tri-methylated H3 may
also exhibit different temporal orders.

A histone and PcG protein-mediated mecha-
nism in retinal ischemic tolerance was further
implicated by an up regulation of COPS9 sig-
nalosome complex subunit 2 (CSN2, a.k.a.
TRIP15 in humans and Alien in drosophilia) that
was detected in ischemic-tolerant (Table 4) and
ischemic-preconditioned retinas (Figure 6) in
the present study. Recently, CSN2 has been
shown to interact with E3 ubiquitin ligases, and
Alien was shown to be a chromatin-associated
protein that binds specifically to histones H3
and H4 and participates in gene repression [38,
39], although it is not known at this time
whether or not CSN2/TRIP15 may interact with
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PcG proteins directly.

Taken together, the results of the present study
revealed ischemic condition-specific changes of
the retinal proteome, with marked increase in
anti-cell death processes and the abundance of
several histone proteins and a PcG protein in
the ischemic-tolerant retina. Future studies are
needed to establish the retinal cell populations
in which histone and PcG proteins are endoge-
nously expressed and regulated by ischemic
stress. A possible essential role of these gene
repressor proteins in the retinal neuroprotection
against ischemic insults remains to be demon-
strated by approaches such as gene knockdown
or over-expression.
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