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Abstract

Purpose—Neuroretinal ischemic injury contributes to several degenerative diseases in the eye

and the resulting pathogenic processes involving a series of necrotic and apoptotic events. This

study investigates the time and extent of changes in acetylation, and whether this influences

function and survival of neuroretinal cells following injury.

Methods—Studies evaluated the time course of changes in histone deacetylase (HDAC) activity,

histone-H3 acetylation and caspase-3 activation levels as well as retinal morphology and function

(electroretinography) following ischemia. In addition, the effect of two HDAC inhibitors,

trichostatin-A and valproic acid were also investigated.

Results—In normal eyes, retinal ischemia produced a significant increase in HDAC activity

within 2 hours that was followed by a corresponding significant decrease in protein acetylation by

4 hours. Activated caspase-3 levels were significantly elevated by 24 hours. Treatment with

HDAC inhibitors blocked the early decrease in protein acetylation and activation of caspase-3.

Retinal immunohistochemistry demonstrated that systemic administration of trichostatin-A or

valproic acid, resulted in hyperacetylation of all retinal layers after systemic treatment. In addition,

HDAC inhibitors provided a significant functional and structural neuroprtection at seven days

following injury relative to vehicle-treated eyes.

Conclusions—These results provide evidence that increases in HDAC activity is an early event

following retinal ischemia, and are accompanied by corresponding decreases in acetylation in

advance of caspase-3 activation. In addition to preserving acetylation status, the administration of

HDAC inhibitors suppressed caspase activation and provided structural and functional

neuroprotection in model of ischemic retinal injury. Taken together these data provide evidence

that decrease in retinal acetylation status is a central event in ischemic retinal injury, and the

hyperacetylation induced by HDAC inhibition can provide acute neuroprotection.
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1. INTRODUCTION

Retinal ischemia is associated with a number of vision impairing degenerative diseases

including glaucoma, diabetic retinopathy, and retinopathy of prematurity. Knowledge of the

cellular events occurring in retinal neurons after ischemic injury is important in

understanding the pathophysiological response to ischemia and searching for new treatments

for blinding diseases. Protein acetylation, like phosphorylation, plays a significant role in

regulation of cellular activity and is controlled by the competing actions of two enzyme

families, histone acetyltransferases and histone deacetylases (HDACs) (Crosson et al.,

2010). The balance between the actions of these enzymes serves as a key regulatory

mechanism for gene expression by modulating chromatin condensation, as well as several

signaling events within cells (Haberland et al., 2009).

Dysregulation of acetylation contributes to the pathogenesis of a myriad of diseases,

including oncogenic, cardiovascular, and inflammatory disorders (Zhang, McKinsey et al.,

2002; Huang, 2006). In the central nervous system, in vitro studies have shown that the

inhibition of HDACs can protect neurons from oxidative and nitrosative stress, and

glutamate-induced excitotoxicity, as well as promote neuronal growth and prolong neuronal

lifespan (Zhong and Kowluru, 2010; Hao et al., 2004; Kanai et al., 2004). In vivo studies

have provided evidence that HDAC inhibition protected neurons exposed to intracerebral

hemorrhage, ischemic injury and stroke (Kim et al., 2007; Sinn et al., 2007). These effects

involve regulation of gene expression at the molecular level through epigenetic mechanisms,

particularly in chromatin remodeling, via direct inhibition of HDACs preventing histone

hypoacetylation of specific regions of the chromatin (Phiel et al., 2001).

This article focuses on how protein acetylation is an early event in the post-ischemic

environment. Specifically, a rodent model of retinal ischemia was utilized to address

changes in the acetylation state of histone-H3 at different time intervals following ischemic

injury and to provide a direct comparison to changes in HDAC enzymatic activity levels as

well as changes in an apoptotic marker, retinal cleaved caspase-3. This study expanded on

previous studies from this laboratory, and evaluated how pharmacologically inhibiting these

changes, using two structurally distinct HDAC inhibitors, trichostatin-A (TSA) and valproic

acid (VPA), may provide similar structural and functional neuroprotection.

2. MATERIAL and METHODS

2.1 Animals

Adult male or female brown Norway rats (3-5 months of age, 150-200 grams; Charles River

Laboratories, Inc., Wilmington, MA) were used in this study. Rats were maintained in an

environmental cycle of 12-hours light and 12-hours dark. Animal handling was performed in

accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision
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Research; and the study protocol was approved by the Animal Care and Use Committee at

the Medical University of South Carolina. Previous studies from this laboratory have

demonstrated effectiveness of TSA at a dose of 2.5 mg/kg i.p. (Crosson et al., 2010). Studies

on VPA have shown neuroprotective effects at 200 mg/kg/day (Dou et al., 2003); however

in the current study animals developed motor defects immediately after treatment with 200

mg/kg VPA. Subsequent preliminary dosing studies found that control animal treated twice

daily with 100 mg/kg, did not exhibit any motor defects, and hyperacetylation was noted in

the retina. Therefore, for neuroprotection studies, trichostatin-A (TSA) (2.5 mg/kg), valproic

acid (VPA) (100 mg/kg), or vehicle (0.9% sodium chloride) was administered by

intraperitoneal (i.p.) injection one hour prior and 3 hours following ischemic injury on the

day studies were initiated. On post-ischemic days 1, 2, and 3, TSA, VPA or vehicle was

administered twice daily. In animals receiving any i.p. treatment, functional and

morphological results from contralateral eyes were used as control comparisons. For timing

experiments, ischemic injury was induced in identical fashion, and retinal lysates were

obtained at several early time points within the initial 24 hours after ischemia induction to

analyze levels of acetylated histone-H3 and cleaved caspase-3 using Western blotting, and

histone deacetylase (HDAC) activity using a fluorometric enzymatic assay.

2.2 Retinal Ischemia

Prior to the induction of retinal ischemia, rats were anesthetized by i.p. injection of ketamine

(75 mg/kg) and xylazine (8 mg/kg) (Ben Venue Laboratories, Bedford, OH), and corneal

analgesia created by the application of proparacaine (0.5%; 5 L; Akorn, Inc., Buffalo Grove,

IL). Body temperature was maintained at 37°C by means of a heating pad (Harvard

Apparatus; Holliston, MA). Retinal ischemia was created using methods previously

described by Whitlock and colleagues (Whitlock et al., 2005). Briefly, the anterior chamber

was cannulated with a 30-G needle that was connected to a container of sterile normal saline

via polyethylene tubing (PE-50; Fischer, Atlanta, GA). To induce retina ischemia, the

reservoir was elevated to raise the intraocular pressure (IOP) above systolic blood pressure

to 160 mmHg for 45 minutes. The IOP was monitored by an in-line pressure transducer

connected to a computer. Each pressure then returned to normal and the eye was examined

to ensure that retinal blood flow was reestablished. The contralateral eye was left untreated,

serving as control.

2.3 Electroretinograms

To quantitate baseline and post-ischemic neuroretinal function, electroretinograms (ERGs)

were performed. Baseline values were obtained one day prior to ischemic injury and seven

days post-injury. For these studies, rats were dark-adapted overnight. On the following day,

rats were anesthetized with i.p. ketamine and xylazine administration as described above,

and pupils dilated with a 10 L drop of a solution containing phenylephrine HCl (2.5%) and

tropicamide (1%) (Akorn, Inc., Buffalo Grove, IL). A needle ground-electrode was placed

subcutaneously in the back of the animal and a reference electrode on the tongue. A contact

lens gold-ring electrode was held in place on the cornea with a drop of methylcellulose. A

stimulus-intensity series of ERGs was recorded in response to single-flash intensities, from

40 dB attenuation (low-intensity flash), to no attenuation (high-intensity flash). Responses

were an average of 2 flashes with an inter-stimulus interval of 2 minutes. Electroretinograms
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were recorded by means of an UTAS-2000 system (LKC Technologies, Gaithersburg, MD).

Amplitudes of ERG a- and b-waves from ischemic eyes of VPA-treated animals were

compared to contralateral control responses and corresponding responses from vehicle-

treated animals.

2.4 Morphometric Analysis

For histological examination, rats were euthanized by an overdose of pentobarbital. Eyes

were then enucleated and fixed for 1 hour in 4% paraformaldehyde in 0.1 M phosphate-

buffered saline (PBS) at 4°C. The eyes were opened at the ora serrata and fixation continued

for 24 hours. Following fixation, the anterior segment was removed and the posterior eyecup

dehydrated and embedded in paraffin. Retina cross-sections (5 m thick were then cut and

stained with hematoxylin and eosin (Sigma Chemical Co., St. Louis, MO). Retina sections

were photographed and measured 450 to 550 μm from the edge of the optic nerve head by

means of a Zeiss Axioplan-2 fluorescent microscope (Maple Grove, MN).

For immunohistochemical analysis, selected eyes were fixed in 4% paraformaldehyde for 1

hour. Globes were washed in PBS and transferred into 15% sucrose solution for 1 hour,

followed by 30% sucrose solution overnight at 4°C. Tissues were embedded in optimal

cutting temperature (OCT) compound (Tissue Tek; Sakura Finetech, Torrance, CA) and 10

μm slices sectioned at -26°C. The sections were washed in PBS to remove OCT and blocked

with 5% normal donkey serum, 3% bovine serum albumin, and 0.1% Triton X-100 in PBS

for 1 hour at room temperature. Sections were incubated in primary antibody specific to

acetyl histone-H3 (1:500 dilution) (Cell-Signaling Technologies) at 4°C overnight. Sections

were then washed and incubated for two hours at room temperature with FITC-labeled

secondary antibody (1:100 dilution) (Invitrogen). For negative controls, the staining with

primary antibody was omitted and sections were stained with only FITC-labeled secondary

antibody. Retina sections were observed and photographed by means of a Zeiss Axioplan-2

fluorescence microscope (Maple Grove, MN).

2.5 Western Blot Analysis

Western blot analysis was performed after homogenization of whole retina in lysis buffer

(50 mM Tris-base; 10 mM EDTA; 0.5 mM sodium orthovanadate; 0.5% sodium

deoxycholic acid; 1% Triton X-100) and protease inhibitors. Equivalent amounts of protein

were loaded onto 10% SDS polyacrylamide gels; proteins were separated by PAGE and

transferred to nitrocellulose paper. The membranes were blocked in 5% nonfat dry milk

followed by incubation for 24 hours at 4°C with appropriate primary antibodies selective for

acetyl histone-H3 (K9) (1:1000 dilution) (Cell-Signaling Technologies), β-actin (1:1000

dilution) (Cell-Signaling Technologies), cleaved caspase-3 (1:500) (Cell-Signaling

Technologies), and the following HDAC isoforms: HDAC1 (1:500) (Millipore), HDAC2

(1:1000) (Invitrogen), HDAC3 (1:500) (Cell-Signaling Technologies) and HDAC6 (1:500)

(Cell-Signaling Technologies). After washing, membranes were incubated for 1 hour at

room temperature with appropriate secondary antibodies (horseradish peroxidase [HRP]-

conjugated; 1:1000 dilution) (Sigma). Prestained molecular weight markers were run in

parallel to identify the molecular weight of the proteins of interest. For chemiluminescent

detection, the membranes were treated with enhanced chemiluminescence reagents, and the
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densitometric signal monitored using a Biorad Versadoc imaging system (Biorad, Hercules,

CA).

2.6 HDAC Activity Assay

The deacetylase activities of Class-I and Class-II HDACs were measured by assaying

enzyme activity using the peptidase, trypsin, and the fluorophore-conjugated synthetic

substrate, t-butoxyacetyl-lysine aminomethoxy-cumarin (Boc-Lys(Ac)-AMC), as previously

described (Wegener et al., 2003). Retinal lysates were obtained by sonicating whole retina in

400 L lysis buffer (50 mM Tris-base; 10 mM EDTA; 0.5 mM sodium orthovanadate; 0.5%

sodium deoxycholic acid; 1% Triton X-100). Lysates were then centrifuged at 10,000 rpm

for 10 minutes and the pellet discarded. All samples were were normalized to a protein

concentration of 1.0 g/ L by addition of standard HDAC buffer (50 mM Tris-Cl pH 8.0, 137

mM NaCl, 2.7 mM KCl, 1 mM MgCl2 and 0.1 mg/mL bovine serum albumin) and

incubated with the conjugated-fluorophore acetylated lysine substrate Boc-Lys(Ac)-AMC in

96-well non-binding plates (Greiner Bio-one, NC) at room temperature for 2 hours. Baseline

fluorescence was measured followed by treatment with the peptidase enzyme trypsin,

freeing the fluorogenic 4-methylcoumarin-7-amide (AMC). The amount of fluorogenic

AMC generated was then measured using an excitation wavelength of 355 nm and emission

wavelength of 460 nm with a standard fluorospectrometer. The substrate for Class-I in this

assay is specific to HDAC1, 2, 3 and 6.

2.7 Statistical Analysis

For all experiments, data were expressed as mean ± SEM. For comparison between two

groups non-paired Student t-test was utilized. For comparing three or more treatment

groups, analysis of variance (ANOVA) using the Dunnett posttest (GraphPad Software, Inc.,

San Diego, CA) was utilized. A P <0.05 was considered significant.

3. RESULTS

3.1 HDAC Activity Increases Early Following an Ischemic Event

Total enzymatic activity for HDAC1, 2, 3, and 6 are summarized in Figure 1A. Significant

increases in HDAC activity in ischemic eyes were observed as early as 2 hours following

neuroretinal injury (11.9 ± 4.9%) (P <0.05). Furthermore, activity levels continued to rise

reaching 31.0 ± 6.1% (P <0.05) at 24 hours following injury, demonstrating significant

increases in HDAC activity relative to all earlier time periods. Figure 1B shows presence of

retinal protein from the four HDACs evaluated by the assay. Class-II HDAC activity and

HDAC8 activity demonstrated no changes relative to control values, and HDAC protein

levels at 24 hours showed no change (data not shown). These results indicated that increased

HDAC activity is an early event following retinal cell injury.

3.2 Changes in Acetylation Following Ischemic Retinal Injury

Global histone acetylation changes in ischemic eyes relative to contralateral control eyes

were evaluated by comparison of acetyl histone-H3 protein. Figure 2 shows qualitative and

quantitative changes in acetyl histone-H3 (K9) levels in ischemic eyes relative to control

eyes of the same animal. While a trend toward lower acetylation levels were noted at 2 hours
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post-ischemic injury these changes were not significant. At 4 hours post-ischemic injury,

acetyl histone-H3 levels were significantly reduced to 51.6 ± 5.7% compared to control

contralateral eyes. These acetylation levels remained significantly reduced through 24 hours.

3.3 Activated Caspase-3 in the Ischemic Injury Process

An estimation of apoptotic activity in ischemic eyes relative to contralateral control eyes

was evaluated by comparing levels of cleaved caspase-3 protein. Figure 3 shows the levels

of cleaved caspase-3 at 2, 4, 8, and 24 hours post-initiation of ischemia. No significant

change in activated caspase-3 was measured at 2, 4, or 8 hours post-ischemic injury.

However, at 24 hours post-ischemia, activated caspase-3 levels were elevated by 229% (P

<0.05), when compared to contralateral eyes.

3.4 HDAC Inhibition and Retinal Acetylation

In order to assess if systemic administration of HDAC inhibitors can prevent the

hypoacetylation of retinal chromatin, rats were treated with TSA (2.5 mg/kg), VPA (100

mg/kg), or vehicle and the levels of acetylated histone-H3 in the retina were evaluated by

immunohistochemistry 24 hours later. As presented in Figure 4, labeled nuclei were

observed in all retinal nuclear layers as well as the cell bodies of the RPE in animals treated

with either HDAC inhibitor. Vehicle-treated animals showed some autofluorescence of the

photoreceptor layer, but otherwise no detectable staining of other retinal layers. These

observations indicate that both TSA and VPA have retinal bioavailability 24 hours post-i.p.

administration.

3.5 HDAC Inhibition and Neuroprotection

In animals that received HDAC inhibitors TSA or VPA one hour prior to injury, ischemic

eyes showed no significant change in acetyl histone-H3 protein at 24 hours (Fig. 5A). The

administration of TSA or VPA also blocked the elevation in activated caspase-3 at 24 hours

in ischemic eyes when compared to contralateral control eyes (Fig. 5B). These results

provide additional evidence that pharmacologically preventing early hypoacetylation

changes can also inhibit levels of cleaved caspase-3. Values of control eyes did not change

with drug treatment.

In vehicle-treated control animals at seven days following unilateral ischemic injury, there

was a significant reduction in both a-wave and b-wave amplitudes of 58% and 76%,

respectively in ischemic eyes when compared to contralateral eyes (Fig. 6). Direct

comparison between ischemic eyes from vehicle- and VPA- treated animals demonstrated

that a- and b-wave amplitudes were significantly preserved (P <0.05) by VPA treatment. In

contralateral control eyes no significant difference between mean a- and b-wave amplitudes

were measured between the VPA- and vehicle-treated animals.

Morphological changes induced by retinal ischemia were evaluated seven days later (Fig. 7

and Table 1). In vehicle-treated rats, eyes that received ischemic injury demonstrated a

significant reduction of 28% in overall retina thickness (Fig. 7A and Table 1). This

reduction in thickness was primarily due to significant thinning of the inner plexiform and

inner nuclear layers and the degeneration of cell bodies in the ganglion cell layer. In
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addition, mild loss and disorganization of the outer nuclear layers and photoreceptors were

noted. In contrast, retinas from ischemic eyes that received VPA treatment displayed only

limited thinning of the inner plexiform, and loss of retinal ganglion cells. No significant

thinning of the deeper retinal layers was measured (Fig. 7B and Table 1). Contralateral eyes

from both vehicle- and VPA-treated animals were normal in appearance.

4. DISCUSSION

Ischemic retinal injury depends on several factors including the vascular bed affected and

the duration of ischemia, but perhaps of greatest consequence is the manner that cells

respond to the ischemic and immediate post-ischemic environment. In the current study,

there is a significant relationship between the extent of histone acetylation and the time after

ischemia exposure. In fact, the acetylation state of histone-H3 (K9), which is found at active

gene promoters and enhancers (Whyte et al., 2012), showed a 15% reduction at two hours

after initiation of ischemia, rapidly followed by a 48% reduction at 4 hours, and decreasing

to 59% of control levels at 24 hours. As acetylation of cytoplasmic proteins and histones

have been proposed as neuroprotective strategies (Crosson et al., 2010; Majumdar et al.,

2012), this study provides evidence that hypoacetylation is an early event in the

pathogenesis of ischemic injury in the retina.

Studies related to the process of protein acetylation are in the midst of rapid evolution due to

intimate association with epigenetic regulation, a process that has been linked to numerous

high profile diseases including cancers, heart disease and inflammatory disorders (Huang,

2006). Recently, two histone deacetylase (HDAC) inhibitors, Vorinostat [suberoylanilide

hydroxamic acid (SAHA)] and Romidepsin (Istodax, FK228), have been clinically approved

for the treatment of cutaneous T-cell lymphoma (New et al., 2012). To date, 18 HDACs in

four general classes have been identified in humans. These enzymes have been shown to

modulate transcription (Walkinshaw et al., 2008), cell cycle progression (Zhang, Davies et

al., 2002), differentiation (Kim et al., 1999), and apoptosis (Luo et al., 2000). Class-I

HDACs (HDAC1, 2, 3, and 8) are found in all tissues, while Class-II HDACs (HDAC4, 5, 6,

7, 9, and 10) have a restricted tissue distribution. Class-III HDACs are homologous to yeast

silent information regulator 2 (Sir2), are NAD+ dependent, and include SIRT1 – SIRT7.

HDAC11 alone represents Class-IV HDACs. Both Class-I and Class-II HDACs are found in

the nucleus and the cytosol (Yang et al., 2002). Although association of HDACs is

commonly assumed to correlate with the repression of gene expression (McKinsey and

Olson, 2005), a recent study shows that HDACs play a direct role in the activation of many

of these genes reiterating the importance of cellular regulatory mechanisms between the

processes of acetylation and deacetylation (Chandrasekaran et al., 2009).

The use of HDAC inhibitors is a reliable method for promoting acetylation in pathology,

generally associated with neuroprotection (Fleiss et al., 2012; Petri et al., 2006). Despite

some evidence that HDAC inhibitors are neuroprotective in the brain, their potential in

improving outcomes of retinal degenerative changes has yet to receive much consideration.

In fact, a previous study from this laboratory (Crosson et al., 2010) demonstrated that TSA,

a pan-HDAC inhibitor (Majumdar et al., 2012), provided functional and structural protection

to retinal neurons after ischemia. One of the goals of the current study was to determine if
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changes in histone acetylation contributed to the sequelae of events in ischemic retinal

degeneration and the relative timing of these changes, when compared to other degenerative

processes. This study provided the first evidence that increases in HDAC activity (Fig. 1) is

an early event after retinal ischemia and continues to increase throughout the initial 24 hours

of the post-ischemic period. The increase in Class-I HDAC activity appeared to be a primary

contributor to the eventual hypoacetylated state found in retinal tissue following ischemic

injury. However, a reduction to histone acetyltransferase activity could not be ruled out as

an additional contributor.

Ischemia, similar to direct optic nerve injury, contributes to retinal cell damage primarily

through apoptosis (Agudo et al., 2008). The main executioner molecule common to the

intrinsic and extrinsic pathways in the apoptotic process is caspase-3, which is cleaved into

the active 17 kDa moiety following proteolytic degradation. Studies have demonstrated that

levels of cleaved caspase-3, which is also a direct measurement of apoptotic activity (Cor et

al., 2004), are not significantly increased until 24 hours post ischemic injury (Produit-

Zengaffinen et al., 2009). The process of apoptosis occurs through transcriptional alterations

that favor the activity of proapoptotic genes and repression of neuroprotective genes

(Boutillier et al., 2002). In the current study, apoptotic activity in ischemic eyes requires 24

hours in order to become significantly different (229.4 ± 51.1%) from control eyes (set at

100%) post-ischemic insult (Fig. 3). Since significant acetylation changes are noticeable

within four hours, this study highlights the concept that apoptotic activity occurs

downstream to initial deacetylation after injury. Furthermore, treatment with each HDAC

inhibitor, VPA or TSA, prevented not only retinal hypoacetylation but also elevations in

cleaved caspase-3 levels following ischemic injury (Fig. 5B). Together these data support

the idea that the processes leading to retinal apoptosis are HDAC-dependent. Although

HDAC inhibition is generally associated with promotion of gene expression, as observed

here, many genes may actually be down regulated, partly due to variable changes in

acetylation state of different transcription factors (Chandrasekaran et al., 2009). Further

investigation is required to fully evaluate the mechanisms and pathways connecting

deacetylation with apoptosis and hyperacetylation with neuronal survival.

In the developing retina, histone deacetylation is essential for the normal expression of

photoreceptor and apoptotic genes (Chen and Cepko, 2007). However, in the mature retina

HDAC inhibition does not lead to upregulation of genes in the apoptotic pathway (Wallace

et al., 2006). Nevertheless, after ischemic reperfusion injury, results from this study and

others demonstrate increases in cleaved caspase-3 and hence apoptotic activity (Produit-

Zengaffinen et al., 2009). In opposition to apoptosis, acetylation contributes to

differentiation and neuritogenesis of retinal cells, preserving retinal structure and function

(Schwechter et al., 2007). Together, this evidence further pointed to the importance of

protein acetylation playing a central role in regulating retina development and homeostasis.

Valproic acid, is an HDAC inhibitor (Santini et al., 2007) with multiple actions that can

influence its efficacy in vivo. To support the concept that hyperacetylation can protect the

retina from acute ischemic injury, we compared the in vivo responses in the retina of VPA to

TSA. We have previously published that TSA can protect the retina from ischemic injury

(Crosson et al., 2010) using the same model described in current study. The data presented
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in Figures 6 and 7, and Table 1 demonstrates that VPA treatment can provide functional and

structural protection to the retina after severe acute ischemic retinal degeneration. The

protection afforded by VPA pretreatment was not significantly different from our previously

published data on TSA (Crosson et al., 2010). As a result, this study supported and expanded

previous studies from this laboratory that inhibition of HDAC activity can ameliorate

ischemic injury to both the outer and inner retinal segments, and supports the idea that VPA

as an effective HDAC inhibitor and neuroprotective agent in the retina.

5. CONCLUSIONS

In untreated control animals, retinal ischemia induces a rapid increase in retinal HDAC

activity leading to a sustained deacetylation in the neuroretina. Previous studies have

demonstrated that HDAC inhibitors are neuroprotective. This study consolidated this idea,

by demonstrating that two structurally distinct HDAC inhibitors, VPA and TSA, reverse not

only the ischemic-induced retinal hypoacetylation but also the activation of caspase-3. In

addition, comparison of the in vivo neuroprotective actions found that pretreatment with

either inhibitor suppressed the retinal degeneration and functional loss associated with

ischemic retinal injury. Taken together these data form the rational basis for developing

HDAC inhibitors for the treatment of ischemic-related retinal degenerations. Future

investigations need to address the mechanisms involved in the progression from ischemia to

deacetylation to apoptosis, and whether these changes are due purely to an increase in

HDAC activity, or whether there is a concurrent decrease in the activity of histone

acetyltransferase enzymes.
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HIGHLIGHTS

Retinal hypoacetylation is an early event after ischemic injury.

Retinal hypoacetylation precedes increases in apoptotic activity after ischemia.

HDAC inhibition prevents early hypoacetylation changes associated with ischemia.

HDAC inhibition provides structural and functional neuroprotection in the retina.
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Figure 1.
Effect of 45 minutes of acute ischemia on retinal Class-I HDAC enzymatic activity. (A)

Extent of HDAC activity was examined by fluorescent detection of aminomethoxy-cumarin

(AMC) following cleavage from enzymatically-deacetylated lysines at different time points

following ischemic injury. Using Student t-test, significant percentage increases (* P <0.05)

in HDAC activity were observed as early as 2 hours (11.9 ± 4.9; n=4) post-ischemia

initiation, and remained elevated at later time points when compared to contralateral control

eyes (set at 100%): 4 hours (12.3 ± 6.6; n=5), 8 hours (17.4 ± 3.0; n=7), 24 hours (31.0 ±

6.1; n=10). The 24-hour data were also significantly elevated when compared to all lesser

time periods. No significant changes were observed at 1 hour (-5.8 ± 6.0; n=4). (B)

Representative Western blots indicating retinal presence of each of the four HDACs

evaluated by the assay. Abbreviations: Hours post-ischemia initiation (hrs).
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Figure 2.
Effect of 45 minutes of acute ischemia on early changes in acetylation status of histone-H3.

Contralateral eyes that did not receive ischemia were designated as controls and were set to

100%. (A) Representative Western blots of retinal lysates for acetyl histone-H3 and β-actin

at 24 hours after initiation of ischemic injury. (B) Ratio of acetyl histone-H3/β-actin

measured at 2, 4, 8, and 24 hours from the initiation of 45 minutes of ischemia. Ratios are

expressed as a mean percentage of the ischemic eyes relative to the control eyes (2 hours,

85.0 ± 11.6 (n=4); 4 hours, 51.6 ± 5.7 (n=5); 8 hours, 51.3 ± 7.9 (n=7); 24 hours, 41.0 ± 9.8

(n=9)). Student t-test was utilized (* P <0.05). Abbreviations: Acetyl histone-H3 (Ac-H3);

Control eyes (Ctrl); Hours post-ischemia initiation (hrs); Ischemic eyes (Isch).
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Figure 3.
Effect of 45 minutes of acute ischemia on retinal cleaved caspase-3 levels 2, 4, 8, and 24

hours from ischemia initiation. (A) Representative Western blot of retinal lysates for cleaved

caspase-3 and β-actin at 2, 4, 8, and 24 hours after initiation of ischemic injury. (B) Levels

are expressed as a mean percentage of the ischemic eyes relative to the control eyes with no

significant changes at 2 hours (85.9 ± 13.6; n=4), 4 hours (100.8 ± 8.2; n=5), and 8 hours

(96.8 ± 17.2; n=7). Significant increases (* P <0.05) in cleaved caspase-3 occurred at 24

hours (229.4 ± 51.1; n=9) after initiation of ischemia (Student t-test). Abbreviations:

Cleaved caspase-3 (Casp-3); Control eyes (Ctrl); Hours post-ischemia initiation (hrs);

Ischemic eyes (Isch).
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Figure 4.
Effect of HDAC inhibition on retinal histone-H3 acetylation. Animals were treated with

vehicle, TSA (2.5 mg/kg; i.p) or VPA (100 mg/kg; i.p.) 24 hours prior to tissue analysis.

Immunohistochemical staining for retina acetylated histone-H3 from (A) negative-control

(no primary antibody), (B) vehicle-treated, (C) TSA-treated, and (D) VPA-treated animals,

with corresponding DAPI staining of cell bodies. Abbreviations: ganglion cell layer (GCL);

inner nuclear layer (INL); outer nuclear layer (ONL); photoreceptor layer (PhL); retinal

pigment epithelium (RPE). Scale bar = 20 μm.
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Figure 5.
Effect of HDAC inhibition on acetylation levels of histone-H3 and cleaved caspase-3, 24

hours after ischemia induction, using two structurally distinct HDAC inhibitors, TSA (2.5

mg/kg; i.p) and VPA (100 mg/kg; i.p.). (A) Ratio of acetyl histone-H3/β-actin measured at

24 hours from the initiation of 45-minutes acute ischemia and expressed as a mean

percentage of the ischemic eyes relative to the control eyes. Significant differences (* P

<0.05) were noted in both treatment groups, TSA (118.8 ± 8.6; n=4) and VPA (109.3 ± 10.6;

n=4) when compared to the corresponding time point (24 hours, 41.0 ± 9.8; n=9) that did not

receive HDAC inhibitor treatment (Student t-test). (B) Ratio of cleaved caspase-3/β-actin

measured at 24 hours from the initiation of 45-minutes acute ischemia and expressed as a

mean percentage of the ischemic eyes relative to the control eyes. Significant differences

were noted in both treatment groups, TSA (67.1 ± 21.9; n=4) and VPA (93.7 ± 8.0; n=5)

when compared to the corresponding time point (24 hours, 229.4 ± 51.1; n=9) that did not

receive HDAC inhibitor treatment (* P <0.05) (Student t-test). Abbreviations: Hours post

ischemia initiation (hrs); trichostatin-A (TSA); Valproic Acid (VPA).
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Figure 6.
Effect of HDAC inhibition on functional neuroprotection using electroretinography.

Animals were treated with vehicle or VPA (100 mg/kg; i.p.) twice-daily on days 0, 1, 2, and

3. ERGs were obtained by averaging two responses to full-intensity flashes with an inter-

stimulus interval of two minutes. (A) Schematic representation of experimental procedure.

(B) Representative ipsilateral and contralateral electroretinograms (ERGs) seven days

following unilateral ischemic retinal injury. (C, D) Mean a- and b-wave amplitudes seven

days following unilateral ischemic retina injury. Data are expressed as mean ± SEM.

Asterisks denote a significant difference (* P <0.05) between ipsilateral ischemic responses

in the vehicle- (n=9), and VPA-treated (n=5) animals. No significant differences in

contralateral responses were measured. Abbreviations: intraperitoneal (i.p.); microvolts ( V);

milliseconds (msec); twice-daily (BID).
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Figure 7.
Effect of HDAC inhibition on retinal, morphological changes seven days following

unilateral ischemia. Animals were treated with vehicle or VPA (100 mg/kg; i.p.) twice-daily

on days 0, 1, 2, and 3. Photomicrographs of retina cross-sections of contralateral and

ischemic eyes from (A) vehicle-treated, and (B) VPA-treated animals. All micrographs were

taken 500 μm from the edge of the optic nerve head. Abbreviations: ganglion cell layer

(GCL); inner nuclear layer (INL); outer nuclear layer (ONL); photoreceptor layer (PhL).

Scale bar = 20 μm.
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Table 1

Thickness of retina and individual layers measured seven days post-ischemia.

Retina (μm) ONL (μm) OPL (μm) INL (μm) IPL (μm) RGCs
(cells/200 μm)

Control 186 ± 7.8 54.9 ± 2.6 10.9 ± 1.4 31.7 ± 1.2 39.8 ± 2.7 18.4 ± 1.0

Ischemia 133 ± 6.6 * 51.9 ± 3.7 * 9.2 ± 0.8 * 20.4 ± 1.4 * 15.3 ± 0.4 * 11 ± 0.5 *

VPA 184 ± 3.0 55.2 ± 2.5 11.3 ± 1.1 33.0 ± 0.7 40.9 ± 1.2 18.6 ± 0.7

VPA +
Ischemia

163 ± 7.4 * 53.4 ± 2.6 9.9 ± 0.8 29.1 ± 2.3 29.9 ± 1.5 * 15.4 ± 0.5 *

Values are (mean ± SEM); n = 9. (Values were compared between groups using one-way ANOVA with Dunnett post-test.

*
indicates significant difference from control eye (P <0.05)).

Abbreviations: ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; RGCs, retinal ganglion
cells; VPA, valproic acid.
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