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Abstract

Excitotoxicity is known to modulate the nuclear accumulation, and thus activity state, of histone deacetylases (HDACs) in
pyramidal neurons. In the retina, deregulation in activity and expression of different HDACs has been linked to pathological
conditions such as retinitis pigmentosa, retinal ischemia, glaucoma, and acute optic nerve injury. Up to now, however, the
effects of in vivo excitotoxicity on the different HDACs in retinal ganglion cells (RGCs) have not been thoroughly
investigated. Here, we injected adult mice intravitreally with N-methyl-D-aspartate (NMDA) as a mean to trigger
excitotoxicity-mediated RGC degeneration and we detected time-dependent loss of RGCs at 1 and 7 days after the insult.
Further, we characterized the subcellular localization of HDACs belonging to class I (HDACI1, HDAC3), 1la (HDACH4,
HDACS5, HDAC7, HDAC9), IIb (HDAC6, HDACI10), and IV (HDACI11) in RGCs. Our analyses revealed a differential
pattern of HDACs nuclear distribution in RGCs following excitotoxicity. After 1 day, HDAC3, HDACS, HDAC6, HDAC?7,
and HDACI1 showed altered subcellular localization in RGCs while 7 days after the excitotoxic insult, HDAC4 and
HDAC9 were the only HDACs displaying changes in their subcellular distribution. Moreover, we found that in vivo
selective inhibition of HDAC1/3 or HDAC4/5 via MS-275 (entinostat) or LMK-235, respectively, could prevent ongoing
RGC degeneration. In conclusion, our results point towards a role of HDACs in RGC degeneration and identify HDAC1/3
and HDAC4/5 as potential therapeutic targets to treat degenerative retinal diseases.
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Introduction Lysine acetylation is one of such modifications and is a re-
versible process catalyzed by histone acetyltransferases
(HATs). Histone deacetylases (HDACs) mediate the removal
of acetyl groups, which results in a denser chromatin structure
generally associated with repression of gene transcription

[1-3]. In mammals, several HDACs have been identified that

Post-translational modifications of histone proteins can influ-
ence gene expression through different mechanisms [1].
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differ in structure, enzymatic function, subcellular localiza-
tion, phylogenetic properties, and expression patterns [4]. A
first distinction can be made between classical HDACs, which
are Zn**-dependent and subdivided into class I, IT and IV, and
the sirtuins family which represents class III and relies on
NAD™ [3]. The class I HDAC family consists of HDACI,
HDAC?2, HDAC3, and HDACS. They are localized predom-
inantly in the nucleus and possess a relatively simple structure
consisting of the conserved deacetylase domain with short
amino- and carboxy-terminal extensions. Class II is further
subdivided into class ITa, which includes HDAC4, HDACS,
HDAC7, and HDAC9, and class IIb comprising HDAC6 and
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HDACI0. Class [Ta HDACs have a large N-terminal domain
with multiple phosphorylation sites acting as binding sites for
chaperone protein 14-3-3 [5]. Class IIb HDACs are mainly
localized in the cytoplasm [6, 7], have a different structure,
and their function is less characterized. Up to now, the only
identified member of class IV is HDACI11, which features a
deacetylase domain homologous to class I and II with small
N- and C-terminal extensions [4]. The subcellular localization
of HDAC:s is not immutable. In non-neuronal cells, an export
from the nucleus to the cytoplasm has been shown for
HDACI1, HDAC3, and HDAC10 whereas a nuclear import
has been demonstrated for HDAC6 [8—11]. Class Ila
HDAC:s shuttling between the nucleus and cytoplasm is, how-
ever, the best characterized and takes place in a signal-
dependent manner in different cell types [4, 12]. In neurons,
nuclear-cytoplasmic shuttling of class Ila HDACs depends on
synaptic activity and nuclear calcium signaling [13, 14].

Excitotoxicity is a pathological phenomenon in which an
excess of calcium influx leads to neuronal death. N-Methyl-D-
aspartate (NMDA) receptors (NMDARSs) are the principal ini-
tiators of excitotoxic cell death induced either by high gluta-
mate levels or NMDA exposure. NMDAR-mediated
excitotoxicity has indeed been implicated in several neuro-
pathological conditions [15]. In the eye, excitotoxicity has
been linked to glaucoma, retinal ischemia, and diabetic reti-
nopathy [16-20].

NMDARSs can promote either neuronal survival or death
depending on their subcellular localization. Synaptic
NMDAR (sNMDAR) activation leads to synaptic plasticity
and neuroprotection, while stimulation of extrasynaptic
NMDARs (eNMDARs) causes cell death [15, 21]. At the
genomic level, SNMDARSs upregulate pro-survival genes
and downregulate pro-death genes while eNMDARs do the
opposite [22]. Further, shuttling between the cytosol and the
nucleus of class Ila HDACs is differentially influenced by
sNMDARs and eNMDARs; sNMDARs drive nuclear export
of class [la HDACs, while eNMDARs lead to their import into
the nucleus [13, 14, 23].

The nuclear-cytoplasmic shuttling of HDACs has been re-
ported under pathological conditions in different central ner-
vous system areas including the retina [24-30]. However, in
spite of the fact that HDACs have been identified as potential
therapeutic targets in retinal disorders, a detailed picture of the
subcellular localization of the different HDACs under patho-
logical conditions is still lacking. Here, we triggered NMDA -
induced excitotoxicity in vivo in the retina of adult mice and
thoroughly characterized the subcellular localization of clas-
sical HDAC:s belonging to class I, Ila, IIb, and IV during RGC
degeneration. Moreover, we investigated the capabilities of
selective HDAC inhibitors to spare RGCs from ongoing de-
generation. Our results reveal a role for HDACs during
excitotoxicity and the potential of selective HDAC inhibition
to protect RGCs from degeneration.

Methods
Animals

All experiments were performed in accordance with ethical
guidelines imposed by the local governing body
(Regierungsprésidium Karlsruhe, Germany). Adult 8-week-
old male and female mice of the strain C57BL/6J (Charles
River, Sulzfeld, Germany) were used in this study. Animals
were maintained with food and water ad libitum on a regular
12 h light/dark cycle. After intravitreal injections, mice were
kept under frequent observation to ensure animal welfare.

LMK-235 and MS-275 Synthesis

LMK-235 was prepared following synthetic procedures as
reported in [31], while MS-275 was synthesized accordingly
to the procedure described by our group [32], as follows.

Procedure for the synthesis of MS-275 (entinostat)

Triethylamine (1.93 mmol, 0.27 ml) and O-(Benzotriazol-1-yl)-
N,N,N',N'-tetramethyluronium tetrafluoroborate (0.58 mmol,
0.186 g) were added under nitrogen atmosphere to a solution
of 4-(((pyridin-3-ylmethoxy)carbonylamino)methyl)benzoic ac-
id (5) (0.48 mmol, 0.137 g) in dry N,N-dimethylformamide
(5 ml), and the resulting mixture was stirred for 15 min. After
this time, 1,2-phenylendiamine (0.48 mmol, 0.052 g) was added
and stirring was continued for further 30 min. The reaction was
quenched by water (20 ml), and the precipitate was filtered,
washed with water (3 x 20 ml), and dried. The solid residue
was purified by chromatography on silica gel 60 eluting with
ethyl acetate to provide MS-275 as a colorless solid, which was
recrystallized from acetonitrile: melting point 159-161 °C; yield
76.6%; 1TH NMR (DMSO-d6) & 4.24-4.25 (d, 2H, PhCH2), 4.85
(bs, 2H, NH2), 5.06 (s, 3-pyridyl-CH2), 6.54-6.56 (t, 1H, aniline
proton), 6.73—6.75 (d, 1H, aniline proton), 6.91-6.95 (t, 1H,
aniline proton), 7.12-7.14 (d, 1H, aniline proton), 7.32-7.7.39
(m, 3H, benzene protons and NHCOO), 7.74-7.76 (d, 1H, pyr-
idine proton), 7.88—7.95 (m, 3H, benzene protons and pyridine
proton), 8.50-8.51 (d, 1H, pyridine proton), 8.56 (s, 1H, pyridine
proton), 9.58 (bs, |H, PhCONH) ppm; 13C NMR (DMSO-d6) &
443,663, 1184, 123.5, 124.1, 124.5, 124.8, 126.6, 127.4 (2C),
127.8 (20), 133.2, 134.1, 135.6, 142.4, 143.9, 147.5, 148.2,
156.6, 167.0 ppm; MS (EI): m/z: 376.15 (M)+.

Intravitreal Injections

For intravitreal injections, mice were anesthetized by intraper-
itoneal injection of 0.3 mg/kg BW Medetomidine (Alvetra
und Werfft GmbH, Vienna, Austria), 3 mg/kg BW
Midazolam (Hameln Pharmaceuticals GmbH, Hameln,
Germany), and 0.03 mg/kg BW Fentanyl (Janssen
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Pharmaceutica, Beerse, Belgium) to induce deep anesthesia.
To induce excitotoxicity in the retina, 20 nmol NMDA
(Biotrend, Wangen/Zurich, Switzerland; 2 pl of 10 mM, dis-
solved in sterile 1xPBS), or 200 nmol glutamate (Sigma-
Aldrich, St. Louis, Missouri, USA; 2 pl of 100 mM, dissolved
in sterile 1xPBS) was injected in one eye with a 32-gauge
needle (Nanofil syringe, 10 pl; World Precision Instruments,
Sarasota, Florida, USA) under a stereomicroscope. The other
eye received the same volume of 1xPBS (vehicle) as a control.
After the injection, eyes were treated with eye ointment
(Bepanthen; Roche, Basel, Switzerland). Afterwards, anesthe-
sia was antagonized by 450 pg/kg BW Atipamezole (Prodivet
pharmaceuticals S.A.; Raeren, Belgium), 0.3 mg/kg BW
Flumazenil (Fresenius Kabi, Bad Homburg, Germany), and
0.7 mg/kg BW Narcanti/Naloxone (Inresa Arzneimittel
GmbH, Freiburg, Germany). For retinal inhibition of
HDACSs, Tubastatin A, LMK-235, or MS-275 dissolved in
DMSO were intravitreally co-injected with PBS or NMDA
in a total volume of 2 ul. PBS- and NMDA-injected eyes
received the same end-concentration of DMSO as vehicle
(0.0125%). For combined experiments, LMK-235 and MS-
275 were co-injected with PBS or NMDA in a total volume
of 2 ul. PBS- and NMDA-injected eyes received the same
end-concentration of DMSO as vehicle (0.025%). Studies car-
ried out on cell cultures showed that effective HDAC inhibi-
tion using LMK-235 and MS-275 occurs when the concentra-
tion of the inhibitors is around 100 nM [33, 34]. The eye of an
adult mouse has a volume of 4.4 + 0.7 ul [35], and we injected
2 ul of volume, bringing the total volume to circa 6.4 pl. Thus,
we injected 1 pmol of each inhibitor in order to achieve a
concentration range of 150 nM taking into consideration that,
most likely, the concentration of the inhibitors necessary to
achieve effective in vivo inhibition would be higher than what
is observed for cell culture (100 nM). For Tubastatin A, stud-
ies on cell cultures reported efficacy at 1 uM [36, 37]. We
aimed at reaching an intravitreal concentration of 1.5 puM,
which we achieved by injecting 9.6 pmol Tubastatin A in
2 ul of volume.

Tissue Preparation

Retinas were dissected 1 day (d1) or 7 days (d7) after intravit-
real injections. For western blot analysis, animals were eutha-
nized with CO,; heads were decapitated and cooled in iced
water. Eyes were enucleated, retinas were immediately dis-
sected under a stereomicroscope and shock-frozen in liquid
nitrogen. For histology, animals were euthanized by intraper-
itoneal injection with 400 mg/kg BW pentobarbital (Narcoren;
Merial GmbH, Hallbergmoos, Germany), followed by a
transcardial perfusion with ice-cold 1xPBS and 10% formalin
for 5 min. Eyes were enucleated and post-fixed for 15 min. In
order to dissect the retina, the cornea, iris, lens, and vitreous
body were removed under a stereomicroscope. For the
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preparation of sagittal retina sections, the retina was kept in
the surrounding sclera and pigment epithelium. Samples were
embedded in Tissue-Tek® (Leica, Wetzlar, Germany), frozen
and stored at — 80 °C until cryo-sectioning. For retina whole
mount immunostainings, the retina was isolated from the
sclera and pigment epithelium and transferred into PBS.

QRT-PCR Analysis

Total RNA was extracted from retinas using the RNeasy Mini
Kit (Qiagen, Hilden, Germany) including an optional DNase |
treatment at room temperature for 15 min according to the
manufacturer’s instructions (Qiagen, Hilden, Germany).
Extracted RNA was reverse transcribed into first strand
cDNA using High Capacity cDNA Reverse Transcription kit
(Applied Biosystems, Foster City, California, USA).
Quantitative reverse transcriptase PCR (QRT-PCR) was done
on a StepOne plus Real Time PCR system using TagMan
Gene Expression Assays for the indicated genes (Applied
Biosystems, Foster City, California, USA). The following
TagMan Gene Expression Assays were used in this study:
Thyl (MmO01174153 ml), Nefl (MmO01315666 ml), Ppia
(Mm02342430 gl), Vegf (Mm01281449 ml), ActB
(Mm00607939 s1), A#f3 (Mm00476032 ml), Bdnf
(Mm00432069 ml), Arc (Mm00479619 g1). Expression of
target genes was normalized against the expression of Gapdh
(Mm99999915 g1), which was used as an endogenous con-
trol gene.

Western Blot Analysis

Retinas were homogenized in RIPA buffer (150 mM NaCl, 1%
Triton X-100, 0.57% sodium deoxycholate, 0.1% SDS, 50 mM
Tris, pH 8, 1x Complete™ cocktail of protease inhibitors,
Roche). Homogenates were centrifuged with 13,000 rpm for
10 min. Supernatants were mixed with 4x Laemmli sample buft-
er (200 mM Tris/HCI pH 6.8, 8% SDS, 40% Glycerol, 50 mM
EDTA, 0.08% bromophenol blue) and 1% dithiothreitol. Lysates
were heated at 95 °C for 10 min. For SDS-PAGE, 20 ul of lysate
was loaded (3.75% stacking gel; 15% resolving gel for proteins
with molecular weight < 50 kDa, or 7% for molecular weights >
50 kDa). SDS-PAGE was performed at constant amperage
(30 mA for stacking, 100 mA for separation) in running buffer
(19 mM glycine, 2.5 mM Tris, 0.01% SDS). Protein transfer was
performed on nitrocellulose paper membranes in transfer buffer
(15 mM glycine, 2 mM Tris, 0.01% SDS, 20% methanol) at a
constant voltage of 18 V for 2.5 h for proteins with molecular
weight > 100 kDa, and for 1.5 h for molecular weights <
100 kDa. Membranes were blocked in 5% milk powder in
1xPBS-Tween 20 for 1 h at room temperature followed by an
overnight incubation with primary antibodies at 4 °C. The fol-
lowing primary antibodies were used: rabbit-anti-GAPDH
(1:20000 in 5% BSA, Cell Signaling Technology, 2118), goat-
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4 Fig. 1 NMDA-triggered excitotoxicity induces retinal ganglion cell
death. a Representative images of sagittal retina sections at d1 and d7
after intravitreal injection of NMDA or PBS. RGCs were immunolabeled
using Brn3a (green), and nuclei were labeled with Hoechst (blue). Scale
bar =40 pm. b Quantification of RGCs in retinas injected as indicated.
RGC numbers in the NMDA-treated eye were normalized to the PBS
control eye from the same animal. Unpaired ¢ test. n=4. PBS vs
NMDA (d1), p=0.0355; PBS vs NMDA (d7), p=0.0008. ¢
Quantification of RGCs in retinas injected as indicated. Unpaired ¢ test.
n=4.PBS vs NMDA (d1), p = 0.0064; PBS vs NMDA (d7), p <0.0001.
d Time course analysis of progressive RGC death between d1 and d7
injected as indicated. Two-way ANOVA with Bonferroni’s post hoc test
for multiple comparisons. #n =4. PBS d1 vs d7, p>0.9999; NMDA d1 vs
d7, p=0.0079. e Quantification of Hoechst-positive nuclei in the GCL
injected as indicated. Nuclear morphology was classified into score 0 =
healthy nuclei, score 1= fragmented nuclei, and score 2 = condensed
nuclei. Unpaired ¢ test. n=4. PBS vs NMDA (d1) score 0, p =0.0054;
PBS vs NMDA (d1) score 1, p=0.0008; PBS vs NMDA (d1) score 2,
p=0.0484; PBS vs NMDA (d7) score 0, p = 0.0005; PBS vs NMDA (d7)
score 1, p=0.4772; PBS vs NMDA (d7) score 2, p=0.1891. f
Representative images of Hoechst-positive nuclei scored on a scale of
0-2 as described in d. Scale bar =5 um. g QRT-PCR analysis of Thyl,
Nefl, Ppia, Vegf, Actb, Atf3, Arc, and Bdnf expression in the retinas of
adult mice 1 day after intravitreal injection of NMDA. Unpaired ¢ test. n =
6. Thyl, p=0.0025; Nefl, p=0.0029; Ppia, p =0.0714; Vegf, p = 0.0994;
Actb, p <0.0001; A#f3, p < 0.0001; Arc, p=0.0002; and Bdnf, p =0.0019.
h QRT-PCR analysis of Thyl, Nefl, Ppia, Vegf, Actb, Atf3, Arc, and Bdnf
expression in the retinas of adult mice 7 days after intravitreal injection of
NMDA. Unpaired ¢ test. n=6. Thyl, p=0.0249; Nefl, p = 0.0325; Ppia,
p=0.0675; Vegf, p=0.0781; Actb, p =0.6297; A#f3, p = 0.0942; Arc,p =
0.3862; and Bdnf, p=0.0964. Graphs represent mean + SEM.
*#ikkp <0.0001, ###p < 0.001, **p <0.01, *p <0.05

anti-Brn3a (1:1000 in 5% milk, Santa Cruz Biotechnology, sc-
31984), rabbit-anti-HDAC3 (1:1000 in 5% BSA, Cell Signaling
Technology, 2632), rabbit-anti-HDAC4 (1:6000 in 5% BSA,
Cell Signaling Technology, 7628), rabbit-anti-HDACS (1:1000
in 5% BSA, 20458), rabbit-anti-HDAC6 (1:1000 in 5% milk,
Abcam, ab1440). Secondary antibodies were incubated for 1 h at
room temperature. The following secondary antibodies were
used: peroxidase AffiniPure goat anti-rabbit IgG (H+L) (1:5000
in 5% milk, Jackson Immuno Research, Dlanova, 111-035-144)
and peroxidase AffiniPure donkey anti-goat IgG (H+L) (1:5000
in 5% milk, Jackson Immuno Research, Dlanova, 705-035-147).
Membranes were developed with enhanced chemiluminescence
(ECL) solution (GE Healthcare AmershamTM) and the
ChemiDoc Imaging System (BioRad).

For protein expression analysis in total retinal lysates, rel-
ative protein band densities were measured by using Imagel/
Fiji. Relative protein band densities were calculated by nor-
malizing to the loading control (GAPDH). For each time point
d1 and d7, relative protein levels of the NMDA-treated eyes
were further normalized to relative protein levels of the PBS
control eye of the same animal. Brn3a (RGCs marker) was
used to monitor effective NMDA treatment. For all image
analyses, backgrounds were subtracted. For each treatment,
3 animals were analyzed.
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Cryo-sectioning

Sagittal retina sections of 15 um thickness were obtained with
a Leica CM1950 cryostat (Leica, Wetzlar, Germany) and
mounted on superfrost plus slides (Thermo Scientific;
Waltham, Massachusetts, USA). Slides were stored at —
20 °C until immunofluorescence.

Immunohistochemistry

Retinal sections were immunostained directly on microscope
slides. Slides were incubated in 0.5% Triton-X100 and 10%
fetal calf serum in 1xPBS for 1.5 h at room temperature.
Primary antibodies were diluted in blocking solution and in-
cubated overnight at 4 °C in a humidified chamber. For retinal
whole mounts, free-floating immunostaining was performed.
Retinas were blocked in 1% Triton-X100 and 10% fetal calf
serum in 1xPBS overnight at 4 °C. Primary antibodies were
diluted in blocking solution and incubated overnight at room
temperature. The following antibodies were used: rabbit-anti-
histone H3 (1:100; 06-755, Merck Millipore, Darmstadt,
Germany), rabbit-anti-acetyl-histone H3 (Lys9) (1:500;
9649P, Cell Signaling Technology, Danvers, Massachusetts,
USA), rabbit-anti-HDAC1 (1:100; PA1-860, Sigma-Aldrich,
St. Louis, Missouri, USA), rabbit-anti-HDAC3 (1:100; 2632,
Cell Signaling Technology, Danvers, Massachusetts, USA),
rabbit-anti-HDAC4 (1:500; 7628S, Cell Signaling
Technology, Danvers, Massachusetts, USA), rabbit-anti-
HDACS (1:150; 20,458, Cell Signaling Technology,
Danvers, Massachusetts, USA), rabbit-anti-HDAC6 (1:150;
ab1440, Abcam, Cambridge, UK), rabbit-anti-HDAC7
(1:500; H2662, Sigma-Aldrich, St. Louis, Missouri, USA),
rabbit-anti-HDAC9 (1:500; ab18970, Abcam, Cambridge,
UK), rabbit-anti-HDAC10 (1:100; ab53096, Abcam,
Cambridge, UK), rabbit-anti-HDACI11 (1:100; ab18973,
Abcam, Cambridge, UK), and mouse-anti-Brn3a (1:500; sc-
8429, Santa Cruz Biotechnology, Dallas, Texas, USA). For
antibodies against H3 and HDACs HDAC3, HDACS,
HDAC6, HDAC7, HDAC9, HDAC10, and HDACI1, heat-
induced epitope retrieval was performed prior to blocking by
incubating the slides in pre-heated sodium citrate buffer
(10 mM sodium citrate, 0.05% Tween 20, pH 6.0) at 95 °C
for 10 min. After primary antibody incubation, the samples
were washed and incubated with secondary antibodies in
blocking solution for 1.5 h at room temperature (for sagittal
sections) or overnight at 4 °C (for whole mounts). The follow-
ing secondary antibodies were used: goat-anti-rabbit IgG (H+
L) Alexa Fluor 488 (1:1000; A11008, Life Technologies,
Carlsbad, California, USA) and goat-anti-mouse IgG (H+L)
Alexa Fluor 594 (1:1000; A11005, Life Technologies,
Carlsbad, California, USA). Nuclei were labeled with
Hoechst (1:6000 in 1xPBS, Serva Electrophoresis GmbH,
Heidelberg, Germany) for 10 min.
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<« Fig. 2 NMDA-triggered excitotoxicity mediates subcellular relocation of
histone deacetylases in retinal ganglion cells at d1. a Representative
images of sagittal retina sections at d1 after intravitreal injections of
NMDA or PBS. HDAC labeling is shown in green. Brn3a labeling,
indicative of RGCs, is shown in red. Nucleus labeling (Hoechst) is
shown in blue. Arrows indicate the location of nuclei of Brn3a-positive
RGCs. Scale bar =40 um. b Quantification of nuclear HDAC signals in
Brn3a-positive cells in retinas of mice injected as indicated. HDAC
values in the NMDA-treated eye were normalized to the PBS control
eye from the same animal. Unpaired ¢ test. n =3—-4. HDACI, p=
0.4868; HDAC3, p=0.0400; HDAC4, p=0.4657; HDACS, p=
0.0379; HDAC6, p=0.0015; HDAC7, p=0.0400; HDAC9, p=
0.9397; HDAC10, p=0.1740; HDACI11, p=0.0327. ¢ Quantification
of somatic HDACs signals in Brn3a-positive cells in retinas of mice
injected as indicated. HDAC values in the NMDA-treated eye were
normalized to the PBS control eye from the same animal. Unpaired ¢
test. n=3-4. HDACI, p=0.5386; HDAC3, p=0.6015; HDAC4, p=
0.9714; HDACS, p=0.1251; HDAC6, p=0.3288; HDAC7, p=
0.2207; HDAC9, p=0.7637; HDAC10, p=0.3026; HDACI11, p=
0.3641. d Quantification of HDAC signals in nuclei of cells located in
the INL in retinas of mice injected as indicated. HDAC values in the
NMDA-treated eye were normalized to the PBS control eye from the
same animal. Unpaired ¢ test. n=3. HDAC3, p=0.7030; HDAC7, p=
0.3342. e Quantification of protein levels of HDAC3, HDAC4, HDACS,
and HDACG in retinal lysates of mice injected as indicated. Protein levels
in the NMDA-treated eye were normalized to the PBS control eye from
the same animal. Unpaired ¢ test. n=4. HDAC3, p=0.3016; HDAC4,
p=0.6167; HDACS, p=0.2267; HDACG6, p = 0.0556. F) Representative
immunoblots of the quantifications displayed in e. Graphs represent mean
+ SEM. **p<0.01, *» < 0.05

Image Acquisition

For each analysis, images were acquired with constant micros-
copy settings (exposure time, pixel size, bit depth, binning)
across experiments. For each experiment, all images were ac-
quired on the same day to avoid possible variations in fluo-
rescence lamp excitation. Images of retinal sections were ac-
quired in the central part of the retina. Images of retinal sec-
tions and whole mounts were acquired with Leica DM IRBE
inverted fluorescent microscope with a x 40 oil immersion
objective (Leica, Wetzlar, Germany) and a Spot Insight
FireWire 2 camera with VisiView software (Visitron
Systems GmbH, Diagnostic Instruments, Puchheim,
Germany); with a Nikon A1R confocal laser scanning micro-
scope (at the Nikon Imaging Center of Heidelberg University,
Germany) with a x40 oil immersion objective (Nikon,
Minato, Tokyo, Japan); or with a Leica SP8 confocal laser
scanning microscope with a x 63 oil immersion objective
(Leica, Wetzlar, Germany).

Quantification of RGCs

For RGC number quantification in sagittal retina sections,
Brn3a-positive and Hoechst-labeled cells located in the gan-
glion cell layer (GCL) were manually counted in 8 images
using ImagelJ/Fiji. Each image corresponds to one individual
15 wm sagittal retina section. For RGC number quantification
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in retinal whole mounts, Brn3a-positive cells were manually
counted in 8 images per retina equally acquired in the central
and peripheral part of the retina using ImagelJ/Fiji. For each
eye, RGC number was summed and normalized to the ana-
lyzed area. Relative RGC numbers at d1 and d7 were calcu-
lated by normalizing RGC numbers in the NMDA-treated
eyes to the mean number of RGCs in the PBS-treated eyes
at d1. For each treatment, 4 animals were analyzed.

Scoring of Nuclear Morphology

Nuclear morphology of cells in the GCL was scored on a scale
of 0-2. Score 0 indicated cells with healthy euchromatic nu-
clei and normally formed nucleoli; score 1 indicated cells with
fragmented nuclei; score 2 indicated cells with completely
condensed pyknotic chromatin. For each score, nuclei were
manually counted in 8 images, each corresponding to one
individual 15 pum sagittal retina section using ImagelJ/Fiji.
For each eye, numbers of nuclei were summed and normalized
to the analyzed area. For each treatment, 4 animals were
analyzed.

Analysis of Fluorescence Intensity

Nuclear levels of H3, AcH3, and HDACs in sagittal retina
sections were analyzed as previously published [14, 23, 38].
Fluorescent signals were measured in manually drawn regions
of interest in single Brn3a-positive RGC nuclei in 5 images,
each corresponding to one individual 15 pum sagittal retina
section using Imagel/Fiji. Nuclear HDAC levels were addi-
tionally measured in cells located in the inner nuclear layer
(INL) as described above. Mean values were calculated from
single nuclei values for each NMDA-treated eye and normal-
ized to the mean value of the PBS-treated eye of the same
animal. For quantification of somatic levels of HDACs in
sagittal retina sections, fluorescent signals were measured in
manually drawn regions of interest in Brn3a-positive cells
located in the GCL using ImagelJ/Fiji. Mean values were cal-
culated for each NMDA-treated eye and normalized to the
mean value of the PBS-treated eye as well as to the number
of Brn3a-positive nuclei of the same animal. Background sub-
traction was performed prior to all analyses. Cells or nuclei
that were overlapping other cells/nuclei were excluded from
analyses to avoid hampering of results. For each treatment, 3—
4 animals were analyzed.

For quantification of nuclear AcH3 levels in retinal whole
mounts, integrated densities of fluorescent signals were mea-
sured in regions of interest of the same size in 8 pictures
equally acquired in the central and peripheral part of the retina
using ImagelJ/Fiji. For each analyzed time point (d1 and d7),
mean values were calculated for each NMDA-treated eye and
normalized to the mean value in the PBS-treated eyes at d1
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<« Fig. 3 NMDA-triggered excitotoxicity mediates subcellular relocation of
histone deacetylases in retinal ganglion cells at d7. a Representative
images of sagittal retina sections at d7 after intravitreal injections of
NMDA or PBS. HDAC labeling is shown in green. Brn3a labeling,
indicative of RGCs, is shown in red. Nuclei labeling (Hoechst) is
shown in blue. Arrows indicate the location of nuclei of Brn3a-positive
RGCs. Scale bar =40 um. b Quantification of nuclear HDAC signals in
Brn3a-positive cells in retinas of mice as indicated. HDAC values in the
NMDA-treated eye were normalized to the PBS control eye from the
same animal. Unpaired ¢ test. n=3—4. HDACI1, p=0.8635; HDAC3,
p=0.3755; HDAC4, p=0.0450; HDACS, p=0.5830; HDACO, p =
0.7985; HDAC7, p=0.8949; HDAC9, p=0.0317; HDACI10, p=
0.2590; HDACI11, p=0.4552. ¢ Quantification of somatic HDAC
signals in Brm3a-positive cells in retinas of mice injected as indicated.
HDAC values in the NMDA-treated eye were normalized to the PBS
control eye from the same animal. Unpaired ¢ test. n=3—4. HDACI,
p=0.6850; HDAC3, p=0.1758; HDAC4, p=0.5771; HDACS, p=
0.8698; HDAC6, p=0.5944; HDAC7, p=0.5586; HDAC9, p=
0.6421; HDACI10, p=0.7891; HDACI11, p=0.5449. d Quantification
of HDAC signals in nuclei of cells located in the INL in retinas of mice
injected as indicated. HDAC values in the NMDA-treated eye were
normalized to the PBS control eye from the same animal. Unpaired ¢
test. n=3. HDAC4, p=0.5313; HDAC9, p=0.9498. e Quantification
of protein levels of HDAC3, HDAC4, HDACS5, and HDACG6 in retinal
lysates of mice injected as indicated. Protein levels in the NMDA-treated
eye were normalized to the PBS control eye from the same animal.
Unpaired ¢ test. n=4. HDAC3, p=0.6563; HDAC4, p=0.6845;
HDACS, p=0.4953; HDACG6, p=0.4157. f Representative
immunoblots of the quantifications displayed in e. Graphs represent
mean + SEM. *p <0.05

and d7, respectively. Background subtraction was performed
prior to analysis. For each treatment, 4 animals were analyzed.

Statistical Analysis

Mean values and standard error of the mean (SEM) were
calculated in Excel (Microsoft), and plotted and analyzed in
GraphPad Prism 7 software (GraphPad Software, Inc.). Values
were tested for normal distribution by performing a Shapiro-
Wilk normality test. Unpaired ¢ test and one-way or two-way
analysis of variance (ANOVA) with Bonferroni’s post hoc test
for multiple comparisons were used. Details on the test used
and N of each experiment are indicated in the respective figure
legends. Bars represent mean values. Error bars indicate SEM.
Asterisks indicate significant differences (****p <0.0001,
*#%p <0.001, **p <0.01, *p <0.05).

Results

NMDA-Triggered Excitotoxicity Induces Retinal
Ganglion Cell Death

Retinal ganglion cells (RGCs) are particularly sensitive to
high glutamate and NMDA exposure in vitro and in vivo
[39-43]. We employed a single intravitreal injection of
20 nmol NMDA in adult mice to trigger RGC degeneration
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(Fig. 1) and analyzed NMDA-induced excitotoxic RGC death
at two different time points (day 1 (d1) and day 7 (d7)) after
NMDA intravitreal delivery. Brn3a was used as a marker to
identify RGCs [44]. Loss of RGCs occurred quickly; 1 day
after NMDA intravitreal injection, the number of RGCs was
significantly decreased in comparison with the control PBS-
injected eyes (Fig. 1la—c; d1). At this time point, a significantly
higher number of fragmented and condensed nuclei were pres-
ent (Fig. le, f; d1, score 1-2) [30, 45]. RGC degeneration
significantly worsened over time as observed 7 days after
the NMDAR-mediated insult (Fig. 1a—d; d7). The remaining
surviving cells in the GCL mainly exhibited healthy euchro-
matic nuclei with normally formed nucleoli (Fig. 1¢e; d7, score
0). We analyzed the mRNA level of a panel of 8 genes on
retina homogenates at 1 and 7 days after NMDA intravitreal
injection. At both d1 and d7, we detected a significant reduc-
tion in the mRNA level of the RGCs markers 7hy! and Nefl
(Fig. 1g, h). We additionally analyzed expression levels of
Ppla (housekeeping), Vegf (marker for potential injury-
induced angiogenesis), Actb (cytoskeleton), A#f3 (transcrip-
tion factor), and Arc and Bdnf (activity-regulated immediately
early genes). At d1 after NMDA-induced toxicity, Actb and
Atf3 mRNA levels were increased while mRNA levels of Arc
and Bdnf were reduced (Fig. 1g). At d7, the only affected
genes by NMDA-mediated injury remained the RGC markers
Thyl and Nefl (Fig. 1h). None of the other analyzed genes
showed statistically significant changes in their mRNA levels
(Fig. 1h). Collectively, these data confirm that NMDA causes
robust and time-dependent degeneration of RGCs in vivo.

NMDA-Triggered Excitotoxicity Differentially
Modulates the Nuclear Content of HDACs in Retinal
Ganglion Cells In Vivo

Excitotoxicity triggers nuclear accumulation of class Ila
HDACs in pyramidal neurons [13, 23]. In the retina,
activity of HDACs has been linked to pathological con-
ditions [46, 47]. We analyzed the subcellular localiza-
tion of HDAC1 and HDAC3 (class I); HDAC4,
HDACS5, HDAC7, and HDACY9 (class Ila); HDAC6
and HDACI10 (class IIb); and HDACI11 (class 1V) fol-
lowing NMDA-triggered excitotoxicity. The subcellular
localization of HDAC2 and HDACS8 was not analyzed
due to technical limitations and non-expression in the
retina [48], respectively. In control conditions,
HDAC3, HDAC9, and HDACI11 were localized to both
the nucleus and cytoplasm of RGCs (Figs. 2 and 3).
HDAC1 was mainly localized to the nucleus while
HDAC4, HDACS5, HDAC6, HDAC7, and HDACI10
displayed a predominant localization to the cytoplasm
of RGCs (Figs. 2 and 3). We specifically quantified
the nuclear levels of HDACs in Brn3a-positive RGCs.
At dl after intravitreal NMDA injections, we detected a
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Fig. 4 NMDA-triggered excitotoxicity does not change histone
acetylation in retinal ganglion cells. a Representative images of sagittal
retina sections at d7 after intravitreal injections of NMDA or PBS. AcH3
(left columns) or H3 (right columns) labeling is shown in green. Brn3a
labeling, indicative of RGCs, is shown in red. Nucleus labeling (Hoechst)
is shown in blue. Scale bar =40 um. b Quantification of AcH3 and H3
signals in RGCs at d1 injected as indicated. AcH3 and H3 levels in the

significant increase of nuclear levels of HDAC3,
HDACS, HDAC6, and HDAC7, as well as a significant
decrease of nuclear levels of HDACI11 (Fig. 2a, b). We
additionally quantified somatic levels of the different
HDACs in Brn3a-positive RGCs (Fig. 2c¢). These anal-
yses did not reveal any changes in the somatic expres-
sion of HDACs suggesting that the increased or de-
creased nuclear levels are most likely due to subcellular
redistribution and not to changes in their expression
level. To test whether this subcellular redistribution spe-
cifically occurred in RGCs, we additionally measured
nuclear HDAC levels in cells of the inner nuclear layer
(INL) (Fig. 2d). Nuclear levels of HDAC3 and HDAC?7,
which displayed the highest nuclear increase after intra-
vitreal NMDA injections in RGCs at d1, did not show
any changes in cells located in the INL (Fig. 2d).
Moreover, total protein levels in retinal lysates of
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NMDA-treated eye were normalized to the PBS control eye from the
same animal. Unpaired ¢ test. n=3. AcH3, p=0.4274; H3, p=0.2277,
Ach3/H3, p=0.0877. ¢ Quantification of Ach3 and H3 signals in RGCs
at d7 injected as indicated. AcH3 and H3 levels in the NMDA-treated eye
were normalized to the PBS control eye from the same animal. Unpaired ¢
test. n=3. AcH3, p=0.7635; H3, p=0.8109; Ach3/H3, p=0.8399.
Graphs represent mean + SEM

HDAC3, HDAC4, HDACS, and HDAC6 were unaffect-
ed by NMDA-triggered excitotoxic RGC death at dl
(Fig. 2e).

We carried out similar analyses 7 days (d7) after
NMDA-triggered excitotoxicity (Fig. 3). In agreement with
what was observed at dl, somatic levels of the analyzed
HDACs in Brn3a-positive RGCs were not changed (Fig.
3c). However, the nucleo-cytoplasmic HDAC redistribution
observed at d1 after NMDA-induced excitotoxicity was no
longer present. Rather, we detected a different pattern of
HDAC nucleo-cytoplasmic distribution. We found nuclear
HDAC4 levels to be significantly increased and nuclear
HDACO levels to be decreased (Fig. 3a, b). In the INL,
nuclear levels of these HDACs were unchanged (Fig. 3d).
Further, retinal protein levels of HDAC3, HDAC4,
HDACS, and HDAC6 remained stable at d7 after intravit-
real NMDA injections (Fig. 3e).
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Fig. 5 HDAC inhibition does not affect excitotoxic retinal ganglion cell
death at d1. a Representative images of retinal whole mounts at d1 after
intravitreal injections of NMDA/PBS, NMDA/PBS+LMK-235, and
NMDA/PBS+MS-275. RGCs were immunolabeled using Brn3a (upper
row). AcH3 immunolabeling is shown in the bottom row. Scale bar =
40 pum. b Quantification of AcH3 levels in the GCL injected as indicated.
AcH3 levels in the NMDA-treated eye were normalized to the PBS
control eye from the same animal. One-way ANOVA with Bonferroni’s
post hoc test for multiple comparisons. n =4. PBS vs PBS+LMK-235,
2>0.9999; NMDA vs NMDA+LMK-235, p>0.9999; PBS vs PBS+
MS-275, p=0.7352; NMDA vs NMDA+MS-275, p>0.9999. ¢
Quantification of RGCs injected as indicated. RGC numbers in the
NMDA-treated eye were normalized to the mean number of RGCs in
the PBS-treated eyes at d1. One-way ANOVA with Bonferroni’s post
hoc test for multiple comparisons. n=4. PBS vs NMDA, p =0.0404;
PBS+LMK-235 vs NMDA+LMK-235, p=0.0110; PBS+MS-275 vs
NMDA+MS-275, p=0.0644; NMDA vs NMDA+LMK-235,
2>0.9999; NMDA vs NMDA+MS-275, p>0.9999. d Quantification
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of RGCs injected as indicated. One-way ANOVA with Bonferroni’s
post hoc test for multiple comparisons. n=4. PBS vs NMDA, p=
0.0403; PBS+LMK-235 vs NMDA+LMK-235, p=0.0110; PBS+MS-
275 vs NMDA+MS-275, p=0.0647; NMDA vs NMDA+LMK-235,
p>0.9999; NMDA vs NMDA+MS-275, p>0.9999. e Quantification
of RGCs injected with NMDA/PBS and NMDA/PBS + LMK-235 and
MS-275 in combination. RGC numbers in the NMDA-treated eye were
normalized to the mean number of RGCs in the PBS-treated eyes at d1.
One-way ANOVA with Bonferroni’s post hoc test for multiple
comparisons. n=5. PBS vs NMDA, p>0.0001; PBS+LMK-235+MS-
275 vs NMDA+LMK-235+MS-275, p>0.0001; NMDA vs NMDA+
LMK-235+MS-275, p=0.5129. f Quantification of RGCs injected as
indicated in e. One-way ANOVA with Bonferroni’s post hoc test for
multiple comparisons. n=5. PBS vs NMDA, p>0.0001; PBS+LMK-
235+MS-275 vs NMDA+LMK-235+MS-275, p>0.0001; NMDA vs
NMDA+LMK-235+MS-275, p=0.5129. Graphs represent mean +
SEM. *##%p <0.0001, *p <0.05
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<« Fig. 6 Inhibition of histone deacetylases attenuates NMDA-triggered
excitotoxic retinal ganglion cell death at d7. a Representative images
of retinal whole mounts at d7 after intravitreal injections of
NMDA/PBS, NMDA/PBS+LMK-235, and NMDA/PBS+MS-275.
RGCs were immunolabeled using Brn3a (upper row). AcH3
immunolabeling is shown in the bottom row. Scale bar =40 um. b
Quantification of AcH3 levels injected as indicated. AcH3 levels in the
NMDA-treated eye were normalized to the PBS control eye from the
same animal. One-way ANOVA with Bonferroni’s post hoc test for
multiple comparisons. n=4. PBS vs PBS+LMK-235, p>0.9999;
NMDA vs NMDA+LMK-235, p>0.9999; PBS vs PBS+MS-275,
p>0.9999; NMDA vs NMDA+MS-275, p>0.9999. ¢ Quantification
of RGCs injected as indicated. RGC numbers in the NMDA-treated
eye were normalized to the mean number of RGCs in the PBS-treated
eyes at d7. One-way ANOVA with Bonferroni’s post hoc test for
multiple comparisons. n=4. PBS vs NMDA, p<0.0001; PBS+
LMK-235 vs NMDA+LMK-235, p=0.0376; PBS+MS-275 vs
NMDA+MS-275, p=0.9743; NMDA vs NMDA+LMK-235, p=
0.0047; NMDA vs NMDA+MS-275, p<0.0001. d Quantification of
RGCs injected as indicated. One-way ANOVA with Bonferroni’s post
hoc test for multiple comparisons. n=4. PBS vs NMDA, p<0.0001;
PBS+LMK-235 vs NMDA+LMK-235, p=0.0376; PBS+MS-275 vs
NMDA+MS-275, p=0.9707; NMDA vs NMDA+LMK-235, p=
0.0047; NMDA vs NMDA+MS-275, p<0.0001. e Quantification of
RGCs injected with NMDA/PBS and NMDA/PBS + Tubastatin A
(TubA). One-way ANOVA with Bonferroni’s post hoc test for
multiple comparisons. n=5. PBS vs NMDA, p>0.0001; PBS+TubA
vs NMDA+TubA, p=0.0002; NMDA vs NMDA+TubA, p =0.0590. f
Quantification of RGCs injected with glutamate (Glu)/PBS, Glu +
LMK-235, and Glu + MS-275. One-way ANOVA with Bonferroni’s
post hoc test for multiple comparisons. n=15. PBS vs Glu, p=0.0041;
Glu vs Glu+LMK-235, p=0.0019; Glu vs Glu+MS-275, p=0.0010;
Glu+LMK-235 vs Glu+MS-275, p>0.9999. g Time course analysis of
progressive RGC death between d1 and d7 injected as indicated in a.
Two-way ANOVA with Bonferroni’s post hoc test for multiple
comparisons. n=4. PBS dl vs d7, p=0.277; NMDA dl vs d7, p=
0.0012; PBS+LMK-235 d1 vs d7, p=0.2524; NMDA+LMK-235 d1
vs d7, p>0.9999; PBS+MS-275 dl vs d7, p=0.5380; NMDA+MS-
275 d1 vs d7, p>0.9999. h Time course analysis of progressive RGC
death between d1 and d7 injected with NMDA/PBS and NMDA/PBS
+ LMK-235 and MS-275 in combination. Two-way ANOVA with
Bonferroni’s post hoc test for multiple comparisons. n=5. PBS dl
vs d7, p>0.9999; NMDA dl vs d7, p<0.0001; PBS+LMK-235+
MS-275 dl vs d7, p=0.8200; NMDA+LMK-235+MS-275 d1 vs d7,
p>0.9999. Graphs/dots represent mean + SEM. ***¥*p<(.0001,
*#%p <0.001, **p <0.01, *p<0.05

Acetylation Levels of Histone 3 in Retinal Ganglion
Cells Are Unaltered by NMDA-Triggered Excitotoxicity

HDAC:s catalyze histone protein deacetylation, a process im-
plicated in early nuclear changes of RGCs in optic neuropa-
thies and their apoptotic death [47]. We quantified the levels of
acetylated histone H3 at lysine 9 (AcH3) as well as of total
histone 3 (H3) in Brn3a-positive RGCs after the excitotoxic
insult (Fig. 4). At d1 or d7 after NMDA intravitreal injection,
AcH3 and H3 nuclear levels, as well as the AcH3/H3 ratio in
Brm3a-positive RGCs, were unaltered as compared to PBS
controls (Fig. 4 and data not shown).
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HDAC Inhibition Attenuates NMDA-Triggered
Excitotoxic Retinal Ganglion Cell Death

NMDA-triggered excitotoxicity causes RGC death in a time-
dependent manner (Fig. 1) as well as altered subcellular lo-
calization of HDACs (Figs. 2 and 3). We sought to examine
whether HDAC activity might be an underlying cause to
RGC degeneration. Given the fact that excitotoxicity had
the strongest and most consistent effects on HDAC4,
HDACS (class IIa), and HDAC3 (class I), we decided to
employ LMK-235 (N-((6-(hydroxyamino)-6-oxohexyl)oxy)-
3,5-dimethylbenzamide) [31] and MS-275 (entinostat) [32] to
inhibit HDAC4/5 or HDACI1-3, respectively [49, 50]. We
delivered the inhibitors via intravitreal injection at the same
time as NMDA and analyzed the eyes at d1 and d7 post-
injections. One day after delivery, in comparison with PBS-
or NMDA-injected eyes, the retinas of eyes injected with the
inhibitors did not show statistically significant changes of
AcH3 levels (Fig. 5a, b). Moreover, we could not detect
any effect of both inhibitors on the NMDA-triggered RGC
death (Fig. 5a, c—d). Even when delivered in combination,
MS-275 and LMK-235 failed to protect RGCs from NMDA-
triggered death (Fig. Se, f; Supplementary Fig. 1A). Seven
days after delivery, retinas from LMK-235 or MS-275
injected eyes did not show detectable increased levels of
AcH3 in RGCs (Fig. 6a, b). Interestingly, both LMK-235-
and MS-275-injected eyes showed significantly more Brn3a-
positive RGCs in comparison with NMDA-only-injected
eyes (Fig. 6a, c—d, g). Of the two inhibitors, MS-275 seemed
to provide stronger protection against NMDA toxicity (Fig.
6a, c—d, g). Tubastatin A, a specific inhibitor of HDAC6 [51],
whose subcellular localization was slightly altered at d1 and
completely unaltered at d7 after intravitreal injection of
NMDA (Figs. 2 and 3) did not spare RGCs from NMDA-
induced degeneration (Fig. 6e). Both MS-275 and LMK-235
fully protected RGCs from death against intravitreal injection
of glutamate, which is a milder insult in comparison with
NMDA (Fig. 6f) [52, 53]. We reasoned that differences in
the detected effects of MS-275 and LMK-235 at d7 and d1
could be due to the fact that, post-NMDA-mediated insult,
RGCs continue to degenerate over time (Fig. 1). Thus, we
compared the number of RGCs at d1 and d7 within experi-
mental conditions. As expected, there was no significant dif-
ference in PBS-injected eyes between d1 and d7, while
NMDA-injected eyes displayed time-dependent degeneration
(Fig. 6g, h). Direct comparison between the quantified RGCs
at d1 and d7 revealed that, while both inhibitors could not
blunt the immediate NMDA-triggered death of RGCs (d1),
they fully prevented the further degeneration of RGCs over
time both when delivered alone (Fig. 6g, d7) and in a com-
binatorial approach (Fig. 6h, d7).
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Discussion

In this work, we used an in vivo model of excitotoxicity to
investigate HDACs in the degenerating murine neural retina.
We found alterations in the subcellular localization of different
HDAC:S in RGCs and that specific HDAC inhibition protects
RGCs from ongoing degeneration.

Excitotoxicity underlies both acute and chronic disorders
of the nervous system [54]. As regards the visual system, the
sensitivity of RGCs to high glutamate and NMDA exposure
was previously shown [41, 43, 55] and linked to several retinal
disorders [16-20, 56]. Indeed, after a single NMDA intravit-
real injection, we detected robust RGC loss, which significant-
ly progressed over time. In addition, at the early d1 time point,
but not at d7, we detected an increased number of fragmented
nuclei in the GCL, an observation previously reported to be
one of the early markers of RGC degeneration [47].

Epigenetics belong to the cellular and molecular events,
which can be modulated by excitotoxicity and linked to acute
and neurodegenerative diseases [57]. For instance, NMDA
and glutamate promote nuclear accumulation of HDAC4 in
hippocampal neurons, leading to their degeneration [13, 23].
Up to now, no detailed description of the effects of in vivo
excitotoxicity on the different HDACs was available. Here,
we characterized the subcellular localization of nine classical
HDAC:s representative of classes I, Ila, IIb, and IV following
in vivo excitotoxicity. All classes displayed changes after 24 h
while, at a later time point (d7), HDAC4 and HDAC9 belong-
ing to class Ila were the only affected HDACs.

Class Ila HDAC:s are the ones with the most defined capacity
to shuttle between the cytoplasm and nucleus following external
stimuli in a signal-dependent manner [4, 5, 14]. For HDACA4, this
shuttling has been described to have roles in several neurodegen-
erative disorders [24, 26, 27]. Yet, there have been reports, show-
ing subcellular redistribution also for non-class lla HDACs. For
instance, HDAC3 is primarily localized to the cytoplasm of
RGCs [29, 58] but translocates to the nuclei of dying cells upon
optic nerve lesion [29, 30]. A similar observation was made in a
mouse model of Huntington’s disease, in which HDAC3 pro-
gressively accumulates in the nucleus of cortical neurons [59].
Nuclear import of HDACS3 is suggested to induce heterochroma-
tin formation and apoptosis in RGCs [47]. We detected increased
nuclear HDAC3 levels, but not HDACI, also belonging to class
I, along with higher chromatin fragmentation and condensation
at d1 after excitotoxicity. It would be valuable to assess if the
RGCs displaying increased nuclear HDAC3 content are the ones
further degenerating over time. Such hypothesis is supported by
our observation that interfering with HDAC3 activity indeed
blunts the progression of RGC degeneration and that reduced
HDACS3 expression prevents nuclei condensation and RGC de-
generation [30]. HDACG6 is mainly found in the cytoplasm of
neurons [60]; however, in non-neuronal cells, it was reported to
shuttle between the cytoplasm and nucleus [61, 62]. Our

experiments showed increased nuclear levels of HDAC6 in
RGCs 1 day after the NMDA-triggered excitotoxic insult.
HDACG6 activity, however, does not seem to play a role in
RGC degeneration as its inhibition did not prevent the NMDA-
mediated loss of RGCs. We additionally detected a decrease in
nuclear HDAC11, for which a shuttling activity has so far not
been reported. Seven days after the NMDA-triggered excitotoxic
insult, only class Ila HDAC subcellular localization was altered.
It remains to be determined if such changes might be critical at
even later stages. In our model, we did not detect any significant
changes in the global acetylation levels of histone 3 following
NMDA intravitreal injection. This could be due to the fact that,
overall, HDACs displayed bidirectional shuttling with some
showing increased while others decreased nuclear content.
Moreover, we cannot exclude the possibility that other lysine
residues on histone 3 or different histones as well as non-
histone proteins might be affected [3]. Future experiments should
focus on locus-specific alterations in the acetylation pattern, and
it would be interesting to determine which specific genes, under
the control of the different HDACs, might be critical in the mod-
ulation of RGC excitotoxic degeneration. Alterations in the RGC
gene expression profile prior to their death have been reported
and associated with HDAC activation state [63]. The affected
genes included also known markers used for the identification
of RGCs. We cannot completely rule out the possibility that the
reduced levels of Brn3a, the marker we used for RGC quantifi-
cation, might be predominantly related to alterations of transcrip-
tion, possibly modulated by HDACSs, rather than to an actual
reduction in the number of RGCs. However, we consistently
observed a reduction in the number of nuclei in the GCL and
several studies reported a loss of RGCs following excitotoxicity
using methods not relying on markers [64, 65], supporting the
idea that RGCs are indeed degenerating. Moreover, we detected
a persistent NMDA-mediated down-regulation of the RGC
markers Thyl and Nefl, accompanied by transient changes in
the mRNA levels of Actb, Atf3, Bdnf, and Arc. It is well-known
that NMDA-mediated excitotoxicity modulates expression of a
large pool of genes [22], consistent with our observations relative
to 1 day post-NMDA treatment. At a later time point, however,
the only affected genes by NMDA-mediated injury remained the
RGC markers Thy! and Nefl while the mRNA level of all other
analyzed genes was not changed.

In recent years, HDACs have received increasing attention as
potential targets for the treatment of several diseases [66]. Several
HDAC inhibitors have been and still are under evaluation in
clinical trials [67]. The use of pan-inhibitors of HDACs, such
as valproic acid (VPA) and Trichostatin A (TSA), is accompa-
nied by side effects and might thus not represent the best thera-
peutic strategy [68, 69]. Therefore, it is critical to gather informa-
tion on the activity, function, and inhibition of the individual
HDAC:sS. In the retina, pan-HDAC inhibitors displayed some
degree of protection of RGCs from degeneration after optic nerve
crush [29, 70], retinal ischemia [71], and glaucoma [72, 73].
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Here, we targeted the activity of HDAC3 and HDAC4/5, which
showed the strongest excitotoxicity-induced alterations (Figs. 2
and 3), with the selective inhibitors MS-275 (HDAC1-3) and
LMK-235 (HDAC4/5). Our data show that both inhibitors sig-
nificantly blunt the excitotoxic degeneration over time of RGCs
while they cannot spare RGCs from the initial toxic events
caused by NMDA. Even the combined delivery of these inhibi-
tors could not spare RGCs in the acute phase. Different doses of
inhibitors or their delivery prior to the insult might prove benefi-
cial under acute conditions. It should also be considered that the
NMDA-based insult results particularly harsh causing a loss of
RGCs of up to 60%. Both inhibitors displayed higher protective
capacities against a milder insult, based on glutamate intravitreal
delivery, which causes less damage to RGCs [52, 53]. The fact
that we prevented time-dependent degeneration is particularly
interesting in light of potential clinical applications. In line with
our observations, protective properties of MS-275 following op-
tic nerve injury, in animal models of multiple sclerosis and trau-
matic brain injury as well as during aging have been reported
[74-77]. LMK-235 has been prevalently tested for potential can-
cer therapies [31, 78]. LMK-235 successfully counteracted
neurodevelopmental abnormalities in a mouse model of
CDKLS5 disorder characterized by augmented content of
HDAC4 in the nucleus [79] but has not yet been tested for its
neuroprotective properties. Since increased nuclear levels of
HDACH4 in neurons have been linked to many neurodegenerative
conditions, it would be interesting to evaluate the efficacy of
LMK-235 in such disorders [24-28].

In conclusion, our study characterized the specific effects
of in vivo excitotoxicity on different HDACs in RGCs and
suggests that selective inhibitors of HDACs might be benefi-
cial in the treatments of neurodegenerative disorders.
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