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Inhibition of Histone Deacetylase Protects the Retina
from Ischemic Injury
Craig E. Crosson,1 Santhosh K. Mani,2 Shahid Husain,1 Oday Alsarraf,1 and
Donald R. Menick2
PURPOSE. The pathogenesis of retinal ischemia results from a
series of events involving changes in gene expression and
inflammatory cytokines. Protein acetylation is an essential
mechanism in regulating transcriptional and inflammatory
events. The purpose of this study was to investigate the neuroprotective action of the histone deacetylase (HDAC) inhibitor trichostatin A (TSA) in a retinal ischemic model.
METHODS. To investigate whether HDAC inhibition can reduce
ischemic injury, rats were treated with TSA (2.5 mg/kg intraperitoneally) twice daily on days 0, 1, 2, and 3. Seven days after
ischemic injury, morphometric and electroretinographic (ERG)
analyses were used to assess retinal structure and function.
Western blot and immunohistochemical analyses were used to
evaluate TSA-induced changes in histone-H3 acetylation and
MMP secretion.
RESULTS. In vehicle-treated animals, ERG a- and b-waves from
ischemic eyes were significantly reduced compared with contralateral responses. In addition, histologic examination of
these eyes revealed significant degeneration of inner retinal
layers. In rats treated with TSA, amplitudes of ERG a- and
b-waves from ischemic eyes were significantly increased, and
normal inner retina morphology was preserved. Ischemia also
increased the levels of retinal TNF-␣, which was blocked by
TSA treatment. In astrocyte cultures, the addition of TNF-␣ (10
ng/mL) stimulated the secretion of MMP-1 and MMP-3, which
were blocked by TSA (100 nM).
CONCLUSIONS. These studies provide the first evidence that
suppressing HDAC activity can protect the retina from ischemic injury. This neuroprotective response is associated with
the suppression of retinal TNF-␣ expression and signaling. The
use of HDAC inhibitors may provide a novel treatment for
ischemic retinal injury. (Invest Ophthalmol Vis Sci. 2010;51:
3639 –3645) DOI:10.1167/iovs.09-4538

R

etinal ischemia plays a central role in a number of retinal
degenerative diseases, such as diabetic retinopathy, glaucoma, and retinal artery occlusion. These blinding diseases
likely involve both necrotic and apoptotic processes, and a
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variety of cellular events are thought to contribute to the
degenerative response in affected persons, among them excessive accumulation of extracellular glutamate, ionic imbalance,
generation of reactive oxidative and nitrosative species, release
of proinflammatory cytokines, and secretion of active matrix
metalloproteinases (MMPs).1 Studies have also provided evidence that these destructive events can be ameliorated by the
activation of adenosine and opioid receptors, the upregulation
of heat shock proteins and growth factors, and the modulation
of proapoptotic and antiapoptotic proteins.2–7
In recent years, protein acetylation, like phosphorylation,
has been recognized as playing a significant role in the regulation of cellular activity. In this system, protein acetylation is
regulated by histone acetyltransferases (HATs) and protein
deacetylation by histone deacetylases (HDACs). Initial studies
identified that acetylation of nuclear histones mediates change
in gene expression by modulating chromatin condensation.
However, a growing list of nonhistone nuclear and cytoplasmic
proteins have also been identified as substrates for both HATs
and HDACs.8,9 As a result, increases in histone acetylation can
enhance or repress gene expression and can alter downstream
signaling events associated with receptor activation.
Acetylation imbalance within tissues has been shown to contribute to the pathogenesis of cancer, cardiovascular disease, and
inflammatory disorders.10,11 In the brain, studies have provided
evidence that hyperacetylation induced by HDAC inhibition is
neuroprotective in models of Huntington disease,12–14 amyotrophic lateral sclerosis,15 spinal muscular atrophy,16 ischemic injury, and stroke.17 Cellular studies have shown that the administration of HDAC inhibitor can limit microglial activation, reduce
TNF-␣ secretion, and upregulate neuroprotective proteins such as
heat shock protein 70. Histone deacetylase inhibitors have also
been shown to limit the cellular response to these inflammatory
cytokines by suppressing the activation of NFB and JAK/STAT
and the secretion of MMPs.18 –22
In the eye, studies have shown that histone deacetylation by
HDACs is critical for the expression of several photoreceptors
and the apoptotic genes in the developing retina.23,24 However, in the adult retina, hyperacetylation induced by HDAC
inhibition did not lead to the upregulation of genes in the
apoptotic pathway.24 Other retinal studies have shown that
acetylation may also play a role in the differentiation of retinal
ganglion cells.25 Taken together, these studies provide evidence that protein acetylation plays a central role in regulating
retina development; however, events modulated by protein
acetylation in the adult retina have not been investigated. The
present study was designed to assess the neuroprotective action of the nonselective HDAC inhibitor trichostatin A (TSA) in
an adult rodent model of retinal ischemia.

MATERIALS

AND

METHODS

Adult male and female Brown Norway rats (age range, 3–5 months;
weight range, 150 –200 g; Charles River Laboratories, Inc.; Wilmington,
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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 Research; and the study protocol was approved by the Animal Care and Use Committee at the Medical University of South Carolina. For neuroprotection studies, TSA (2.5 mg/kg) or
vehicle (0.1% dimethyl sulfoxide [DMSO]) was administered by intraperitoneal injection 1 hour before and 4 hours after ischemic injury on
the day studies were initiated. On postischemic days 1, 2, and 3, TSA
or vehicle was administered between 8:00 and 9:00 am and again
between 3:00 and 4:00 pm.

Retinal Ischemia
Before the induction of retinal ischemia, rats were anesthetized by
intraperitoneal injection of ketamine (75 mg/kg) and xylazine (8 mg/
kg) (Ben Venue Laboratories, Bedford, OH), and corneal analgesia was
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 et al.26
Briefly, the anterior chamber was cannulated with a 30-gauge needle
that was connected to a container of sterile normal saline by polyethylene tubing. To induce retinal ischemia, the reservoir was elevated to
raise the intraocular pressure (IOP) above systolic blood pressure
(155–160 mm Hg) for 45 minutes. Each pressure then returned to
normal, and the eye was examined to ensure that retinal blood flow
was reestablished. The IOP was monitored by an in-line pressure
transducer connected to a computer. The contralateral eye was left
untreated to serve as the control.

Electroretinography
To quantitate baseline and postischemic retinal function, electroretinography was performed. Baseline values were obtained 1 day before
ischemic injury and 7 days after injury. For these studies, rats were
dark-adapted overnight. The following day, rats were anesthetized with
intraperitoneal ketamine and xylazine administration, as described, and
pupils were dilated with a 10-L drop of a solution containing phenylephrine HCl (2.5%) and tropicamide (1%; Akorn, Inc.). A needle
ground-electrode was placed subcutaneously in the animal’s back, and
a reference electrode was placed on the animal’s tongue. A contact
lens gold-ring electrode was held in place on the cornea with a drop of
methylcellulose. A stimulus-intensity series of electroretinograms was
recorded in response to single-flash intensities, using 40-dB attenuation
(low-intensity flash), through no attenuation (high-intensity flash). Responses were an average of two flashes with an interstimulus interval
of 2 minutes. Electroretinograms were recorded by means of a universal testing and electrophysiologic system (UTAS-2000; LKC Technologies, Gaithersburg, MD). Amplitudes of ERG a- and b-waves from
ischemic eyes of TSA-treated animals were compared with contralateral control responses and corresponding responses from vehicletreated animals.

Histology
For morphometric analyses, rats were euthanatized by overdoses of
pentobarbital. Eyes were then enucleated and fixed for 1 hour in 4%
paraformaldehyde in 0.1 M phosphate-buffered saline at 4°C. The eyes
were opened at the ora serrata, and fixation continued for 24 hours.
After fixation, the anterior segment was removed, and the posterior
eyecup was dehydrated and embedded in paraffin. Retinal cross-sections (5-m thick) were then cut and stained with hematoxylin and
eosin (Sigma Chemical Co., St. Louis, MO). Retinal sections were
photographed and measured approximately 2 to 3 disc diameters from
the optic nerve by means of a fluorescence microscope (Axioplan-2;
Zeiss; Maple Grove, MN).

Retinal TNF-␣ Assay
To determine whether HDAC inhibition alters the expression of the
proinflammatory cytokine TNF-␣ in the ischemic retina, rats were
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treated with TSA (2.5 mg/kg, administered intraperitoneally) or vehicle
(0.1% DMSO) 1 hour before unilateral retinal ischemia. Animals were
allowed to reperfuse for 4 hours. After euthanatization, the retinas
were dissected free, placed in lysis buffer containing protease inhibitors, and stored at ⫺80°C for subsequent determination of TNF-␣.
Retinal extracts were then centrifuged, and the supernatant was analyzed for TNF-␣ by means of enzyme-linked immunosorbent assay
(eBiosciences, San Diego, CA; R&D Systems; Minneapolis, MN). Samples for TNF-␣ concentration were calculated from a standard curve
and normalized to total retinal protein, as determined by Bradford
protein assay (Bio-Rad, Hercules, CA).

Retinal HDAC Activity
To assess changes in overall retinal HDAC activity induced by TSA, rats
were euthanatized with overdoses of pentobarbital 2 hours after the
administration of TSA (2.5 mg/kg) or vehicle (0.1% DMSO). Retinas
were then dissected free and placed in lysis buffer containing protease
inhibitors and TSA (100 M). Western blot analysis was performed on
equivalent amounts of proteins. Protein acetylation was detected by
overnight incubation of membranes at 4°C with primary polyclonal
acetyl-lysine histone-H3 antibody (no. 7677; Cell Signaling Technology,
Beverly, MA) followed by washing and 2-hour incubation with horseradish peroxidase (HRP)-conjugated secondary antibody. Membranes
were treated with chemiluminescent reagent, and band intensity was
measured with an imaging system (Versadoc; Bio-Rad). Membranes
were then stripped and probed for total histone-H3 levels using monoclonal anti– histone-H3 (no. 05– 499; Upstate, Lake Placid, NY) and
HRP-conjugated secondary antibody. After this, band densities were
again measured using chemiluminescent protocol.
Selected eyes were fixed in 4% paraformaldehyde and embedded in
paraffin, and 5-m retinal cross-sections were cut. Sections were
blocked with 4% bovine serum albumin for 2 hours at room temperature, washed, and incubated with primary polyclonal acetyl-lysine
histone-H3 antibody overnight at 4°C. Sections were then washed and
incubated for 2 hours at room temperature with an FITC-labeled
secondary antibody. For negative controls, staining with primary antibody was omitted, and sections were stained only with FITC-labeled
secondary antibody. Retinal sections were observed and photographed
by means of a fluorescence microscope (Axioplan-2; Zeiss, Maple
Grove, MN).

MMP Analysis
To assess whether TSA can influence receptor-signaling events that are
associated with ischemia, primary cultures of purified human astrocytes were evaluated. Postmortem donor eyes were obtained from
Life-Point Ocular Tissue Division (Charleston, SC), and astrocytes were
purified from human optic nerve head explants as described by Yang
et al.27 The purity of the astrocyte culture was determined by positive
immunostaining for the astrocyte markers glial fibrillary acidic protein
and NCAM, a cell surface adhesion molecule, in each culture. Confluent astrocyte cultures were treated with TNF-␣ (10 ng/mL) for 24
hours in the presence or absence of TSA (100 nM). At the end of the
incubation period, the media were collected (Amicon Ultra Concentrator; Millipore, Billerica, MA), and the secretion of MMP-1 and MMP-3
was determined by Western blot analysis. Levels of MMP-1 and -3 were
detected after overnight incubation at 4°C with primary polyclonal
antibody (no. M4177 or M5052; Sigma). Blots were washed, incubated
with HRP-conjugated secondary antibody for 2 hours at room temperature, and treated with chemiluminescent reagent for detection. Band
intensity was measured with an imaging system (Versadoc; Bio-Rad).

Statistical Analysis
Statistical comparisons were made with the Student’s t-test for paired
data or with ANOVA using the Dunnett posttest (GraphPad Software,
Inc., San Diego, CA). P ⱕ 0.05 was considered significant.
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FIGURE 1. Representative ipsilateral and contralateral electroretinograms 7 days after unilateral ischemic retinal injury. Animals were
treated with vehicle or TSA (2.5 mg/kg) twice daily on days 0, 1, 2, and
3. Electroretinograms were obtained by averaging two responses to
full-intensity flashes with an interstimulus interval of 2 minutes.

RESULTS
As shown in Figures 1 and 2, retinal ischemia in vehicle-treated
rats produced significant reductions of 47% in the mean b-wave
amplitudes when compared with the contralateral control eyes
(ischemic eyes 444 ⫾ 44 V vs. contralateral control eyes
842 ⫾ 38 V; P ⬍ 0.05). A smaller, but significant, decline of
25% in a-wave amplitudes was also measured in these eyes
(ischemic eyes 278 ⫾ 20 V vs. contralateral control eyes
372 ⫾ 18 V; P ⬍ 0.05). As shown in Figure 1, reduction in the
amplitude of oscillatory potentials was also observed in the
electroretinograms from ischemic eyes when compared to the
contralateral control eye. In animals that received TSA, mean aand b-wave amplitudes from ischemic eyes were significantly
greater (P ⬍ 0.05) than in the corresponding ischemic eyes of
vehicle-treated animals. In the ischemic eye from animals
treated with TSA, oscillatory potentials were also larger in
amplitude than in the corresponding vehicle-treated eye. No
significant difference between mean a- and b-wave amplitudes
from contralateral (nonischemic) eyes was measured between
the TSA and the vehicle-treated animals. Although a trend
toward reduced implicit time in the control eye of TSA-treated
animals was measured, these changes were not significant
(data not shown).
Morphologic changes induced by 45 minutes of ischemia in
each group were also evaluated 7 days after ischemic injury
(Fig. 3; Table 1). In control (vehicle-treated) rats, eyes that
received ischemic injury showed a significant decrease in overall retinal thickness of 30%. This reduction in thickness was
attributed primarily to significant thinning of the inner plexiform and inner nuclear layers and to degeneration of the cell
bodies in the ganglion cell layer. Mild disorganization of the
outer nuclear layer and photoreceptors was also observed. In
contrast, retinas from animals that received ischemic injury and
were treated with TSA exhibited no significant thinning of the
inner plexiform and inner nuclear layers or significant loss of
cell bodies within the ganglion cell layer. The outer nuclear
and plexiform layers showed normal patterns of organization;
however, photoreceptors often exhibited signs of misalignment. Contralateral (nonischemic) eyes from both vehicle- and
TSA-treated rats were normal in appearance.
In the present study, TSA was administered by intraperitoneal injection. Hence, the amelioration of ischemic retinal
injury as measured in this study may reflect retinal or systemic
responses to TSA. To begin to assess whether systemic administration of TSA could result in the hyperacetylation of retinal
proteins, rats were treated with TSA (2.5 mg/kg) or vehicle,
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and the levels of acetylated histone-H3 in the retina was examined by Western blot analysis and immunohistochemistry 2
hours after administration. Western blot analysis revealed relatively low levels of acetylated histone-H3 in the retinas of
vehicle-treated animals; however, 2 hours after intraperitoneal
administration of TSA, the level of retina histone-H3 acetylation
was increased more than 10-fold (Fig. 4A). Immunohistochemical staining for histone-H3 acetylation in nonischemic retinas
revealed staining of nuclei in the retinal pigment epithelium
and select cell bodies in the inner nuclear layer. No staining
was observed in cell bodies of the outer nuclear or ganglion
cell layers (Fig. 4C). In animals treated with TSA, labeled nuclei
were observed in all retinal nuclear layers and in the cell bodies
of the RPE (Fig. 4D).
Recent studies have provided evidence that TNF-␣ plays a
central role in the pathogenesis of a number of degenerative
retinal diseases, including retinal ischemia.28 –30 To assess
whether TSA administration alters ischemia-induced TNF-␣ retinal expression, animals were pretreated with vehicle or TSA
(2.5 mg/kg) 1 hour before ischemic injury. Rats were then
allowed to recover for 4 hours, and retinal TNF-␣ was determined. In vehicle-treated rats, the mean level of TNF-␣ in
control (nonischemic) retinas was 36 ⫾ 8.8 ng/mg protein;
however, 4 hours after ischemic/reperfusion, mean TNF-␣ levels in the retina were increased 16-fold (Fig. 5). This ischemiainduced increase in TNF-␣ was blocked by TSA pretreatment.

FIGURE 2. Effect of TSA or vehicle treatment on ERG a- and b-wave
amplitudes 7 days after unilateral ischemic retinal injury. Animals were
treated with vehicle or TSA (2.5 mg/kg) twice daily on days 0, 1, 2, and
3. Data are expressed as mean ⫾ SE. *P ⬍ 0.05, significant difference
between ipsilateral responses in the vehicle- and TSA-treated animals.
No significant differences in contralateral responses were measured.
n ⱖ 7.
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treated with TNF-␣ (10 ng/mL) for 24 hours in the presence or
absence of TSA (100 nM), and the secretion of MMP-1 and
MMP-3 was evaluated. As shown in Figure 6, the addition of
TNF-␣ produced a significant increase in both MMP-1 and
MMP-3 over control levels. Cotreatment with TSA blocked the
TNF-␣–induced increase in MMP-1 and MMP-3 levels. Treatment with TSA alone did not significantly alter the basal secretion of MMP-1 or MMP-3. Examination of cells after treatment
with TSA, alone or in combination with TNF-␣, did not produce any observable change in cellular morphology or number
(data not shown).

DISCUSSION

FIGURE 3. Effect of TSA on retinal morphologic changes 7 days after
unilateral ischemia. Animals were treated with vehicle or TSA (2.5
mg/kg) twice daily on days 0, 1, 2, and 3. (A, B) Photomicrographs of
retinal cross-sections of contralateral and ischemic eyes from vehicletreated animals. (C, D) Photomicrographs of retinal cross-sections of
contralateral and ischemic eyes from TSA-treated animals. All micrographs were taken 2 to 3 disc diameters from the optic nerve. GCL,
ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer.
Scale bar, 20 mm.

A trend toward lower TNF-␣ levels was also measured in the
control nonischemic eyes of TSA-treated animals. Immunohistochemical evaluation of ischemic eyes from vehicle- or TSAtreated animals 4 hours after ischemia/reperfusion did not
identify any ED-1–positive inflammatory cells within the posterior segment of these eyes (data not shown).
To examine whether TSA can also influence the cellular
responses of inflammatory cytokines, human astrocytes were

The complexity of ischemic retinal degeneration is underscored by the fact that the resultant retinal pathology depends
not only on the duration of ischemia but also on which vascular bed is affected (i.e., choroidal, retinal, or optic nerve head)
and by differences in retinal cell responses to the ischemic and
postischemic environments. However, retinal preconditioning
studies have shown that brief periods of noninjurious retinal
ischemia or hypoxia can provide robust retinal protection to
subsequent ischemic injury. Associated with this neuroprotective response is the upregulation and downregulation of several genes.2,31–35 Hence, the modulation of retinal gene expression can increase the retina’s resistance to ischemic injury.
The reversible acetylation of histones plays a critical role in
gene expression and in many other cellular events. Protein
acetylation of conserved lysine residues in the histone tail by
HATs enhances gene expression by neutralizing the positively
charged histones and relaxing the histone-histone and histoneDNA interactions that limit transcription factor access to the
DNA. However, deacetylation often accompanies the suppression of gene expression by promoting chromatin condensation
and limiting transcription factor access. Since the discovery
that p53 is a substrate for HATs and HDACs, there has been a
rapidly growing list of proteins other than histones that undergo reversible acetylation.8,9 These findings have established
that protein acetylation and deacetylation, like phosphorylation, have multiple roles in regulating cellular processes.
To date, 18 HDACs in four general classes have been identified in humans. These enzymes have been shown to modulate
transcription,36,37 cell cycle progression,38,39 differentiation,40
and apoptosis.41 Class I HDACs (HDAC1, 2, 3, and 8) are found
in almost all tissues, whereas 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 to SIRT7. HDAC11
alone represents class IV HDACs. Both class I and class II
HDACs are found in the nucleus and the cytosol and are
inhibited by TSA.
In the retina, organ culture studies using developing retina
explants (p2–p15) have demonstrated that inhibition of HDAC
activity by TSA results in hyperacetylation of retinal proteins,

TABLE 1. Thickness of Retina and Individual Layers Measured 7 Days after Ischemia

Control
Ischemia
TSA
TSA ⫹ ischemia

Retina (m)

IPL (m)

INL (m)

OPL (m)

ONL (m)

RGCs
(Cells/200 m)

185 ⫾ 8.0
131 ⫾ 7.1*
175 ⫾ 17.4
165 ⫾ 11.1

45.8 ⫾ 2.1
21.5 ⫾ 2.7*
40.5 ⫾ 1.3
35.9 ⫾ 4.8

24.5 ⫾ 2.4
19.1 ⫾ 1.2*
28.9 ⫾ 3.5
26.8 ⫾ 3.1

12.1 ⫾ 1.7
10.3 ⫾ 0.6
11.1 ⫾ 0.7
11.4 ⫾ 0.5

48.4 ⫾ 3.2
44.4 ⫾ 4.5
48.9 ⫾ 6.6
43.6 ⫾ 4.3

22 ⫾ 1.3
13 ⫾ 1.2*
19 ⫾ 1.2
18 ⫾ 1.2

Values are mean ⫾ SE (n ⫽ 4 –7). Values were compared between groups using one-way ANOVA with Dunnett’s posttest. IPL, inner plexiform
layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; RGC, retinal ganglion cell.
* P ⬍ 0.05; significant difference from control eye.
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FIGURE 4. Effect of TSA on retinal
acetylation of histone-H3. Animals
were treated with vehicle or TSA (2.5
mg/kg, administered intraperitoneally) 2 hours before tissue analysis.
(A) Western blot analysis of retinal
lysate for total and acetylated histone-H3. (B) DAPI staining of cell
bodies and negative control (no primary antibody) for immunohistochemical staining of retinal acetylated
histone-H3.
Note
the
autofluorescence of the photoreceptor layer. (C) DAPI staining of cell
bodies and immunohistochemical
staining for retinal acetylated histone-H3 from vehicle-treated animals. (D) DAPI staining of cell bodies
and immunohistochemical staining
for retinal acetylated histone-H3 from
TSA-treated animals. GC, ganglion
cell layer; INL, inner nuclear layer;
ONL, outer nuclear layer. Scale bar,
20 mm.

downregulation of transcription factors necessary for rod development, upregulation of apoptotic factors, and increased
cell death after 20 hours of exposure.23,24 However in adult
explants (p60), the TSA-induced upregulation of apoptotic
genes and cellular apoptosis was not observed.24 In the present
in vivo study, we found that 2 hours after systemic administration of TSA (2.5 mg/kg), adult rats increased their retinal
histone acetylation, and this increase in acetylation was observed in cell bodies throughout the retina. In normal (nonischemic) eyes, administration of TSA for 3 days did not produce any significant change in retinal function, as measured by

FIGURE 5. Effect of TSA or vehicle treatment on total retinal TNF-␣
levels after unilateral ischemic retinal injury. Animals were treated with
vehicle or TSA (2.5 mg/kg, administered intraperitoneally) and TNF-␣
measured 4 hours after ischemia. TNF-␣ levels were normalized to total
retinal protein. Data are expressed as mean ⫾ SE. *P ⬍ 0.05, significant
difference between ipsilateral responses in control and TSA-treated
animals. n ⱖ 3.
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electroretinography or morphology. These in vivo results are
consistent with previous organ culture studies that support the
idea that acute inhibition of retinal HDACs can be tolerated in
adult animals. In addition, these data provide the initial evidence that the retinal efficacy of systemically administered TSA
is not limited by the pharmacokinetic restrictions imposed by
the inner and outer blood-retina barriers.
Although studies in the brain have provided evidence that
HDAC inhibitors are neuroprotective, their potential usefulness in ameliorating retinal degenerative changes has received
little attention. As shown in Figures 2 and 3, treatment with
TSA starting 1 hour before ischemic injury provided significant
neuroprotection. This neuroprotective response was measured
by an improvement in both a- and b-wave amplitudes of the
electroretinogram and morphologic preservation of the retina.
These results support the idea that inhibition of HDAC activity
can ameliorate ischemic injury to both the outer and the inner
retinal regions.
Our understanding of the pathophysiologic events that lead
to ischemic retinal degeneration remain incomplete; however,
recent studies have shown that expression and secretion of the
inflammatory cytokine TNF-␣ play a central role in this process.42 This degenerative response to elevated TNF-␣ levels
likely involves the stimulation of TNFR1 and the downstream
activation of the intrinsic apoptotic pathway as well as caspaseindependent processes through the secretion of metalloproteinases and reactive-oxygen species.43– 45 Inhibition of HDAC
activity has been shown to suppress TNF-␣ expression induced
by LPS.23 In addition, HDAC inhibitors have been shown to
modulate downstream signaling associated with TNFR1 activation, such as caspases, NFB, and JAK/STAT.18,19 To investigate the neuroprotective actions associated with HDAC inhibition, we evaluated how pretreatment with TSA alters ischemiainduced expression of TNF-␣ in the retina. Previous studies42
have shown that in the normal rat retina, TNF-␣ levels are very
low but rise rapidly (3–12 hours) after ischemic injury. As
shown in Figure 5, we measured a significant rise in total
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FIGURE 6. Effects of HDAC inhibitor
TSA on TNF-␣–induced MMP-1 and
MMP-3 secretion from human optic
nerve astrocytes. Serum-deprived astrocytes were treated with vehicle or
TSA for 60 minutes, followed by incubation with TNF-␣ for 24 hours.
Media were then collected, concentrated, and analyzed by Western blot
analysis. Data shown are the mean ⫾
SE of densitometry measurements.
*P ⬍ 0.05, significant difference from
control. n ⱖ 4.

retinal TNF-␣ 4 hours after ischemic injury. This early increase
in TNF-␣ level was blocked by pretreatment with TSA. These
studies provided initial evidence that TSA administration produces a significant anti-inflammatory effect in the retina, similar
to that observed in other tissues. A variety of cell types, including activated macrophages, astrocytes, microglia, and neuronal
cells, under stress or ischemic conditions have been proposed
for the enhanced production of TNF-␣. To evaluate whether
invading macrophages are responsible for the elevated TNF-␣
levels in the ischemic retina, we stained retinal sections of
normal and ischemic eyes with ED-1 antibody (a marker for
activated-macrophages). No positive staining with ED-1 antibody 4 hours after ischemia was observed (data not shown).
We hypothesized that retinal and optic nerve head astrocytes
and microglial cells are the major sources of acute TNF-␣
production and the site of TSA actions in suppressing TNF-␣
expression.
In arthritis models, HDAC inhibitors have been shown to
suppress not only the expression of TNF-␣ but also the secretion of MMPs resulting from TNF-␣ receptor activation in these
cells.20 –22 Because the expression and secretion of MMPs have
also been linked to retinal degeneration,43,44 we evaluated
whether TSA administration could modulate MMP secretion
induced by TNF-␣. As shown in Figure 6, the addition of TSA
blocked TNF-␣–induced expression and secretion of both
MMP-1 and MMP-3 from cultured astrocytes. These studies
support the idea that inhibiting HDAC activity may provide
cytoprotection by stabilizing the extracellular matrix while
maintaining the blood retinal barrier. The silencing of MMPs
and TNF-␣ observed in this study may reflect the upregulation
of transcriptional repressors or the requirement for the inclusion of specific HDACs in the transcriptome for these proteins.
In summary, our study demonstrates that pretreatment with
the HDAC inhibitor TSA can significantly reduce retinal injury
initiated by ischemia/reperfusion. This retinal protective action
was associated with the suppression of retinal TNF-␣ expression. In vitro studies provided evidence that TSA can also
inhibit the downstream action of TNF-␣, suppressing the increases in MMPs associated with TNF-␣ receptor stimulation.
These findings support the idea that the regulation of acetylation in the retina provides a viable neuroprotective strategy for
the treatment of retinal diseases in which ischemia may play a
role in the etiology of the disease.
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