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Purrosk. Based on our preview evidence that reduced nuclear content of the transcription
factor Myc-associated protein X (MAX) is an early event associated with degeneration of
retinal ganglion cells (RGCs), in the present study, our purpose was to test whether the
overexpression of human MAX had a neuroprotective effect against RGC injury.

MerHoDS. Overexpression of either MAX or green fluorescent protein (GFP) in the retina
was achieved by intravitreal injections of recombinant adenovirus-associated viruses
(rAAVs). Lister Hooded rats were used in three models of RGC degeneration: (1) cultures
of retinal explants for 30 hours ex vivo from the eyes of 14-day-old rats that had received
intravitreal injections of rAAV2-MAX or the control vector rAAV2-GFP at birth; (2) an
optic nerve crush model, in which 1-month-old rats received intravitreal injection of
either rAAV2-MAX or rAAV2-GFP and, 4 weeks later, were operated on; and (3) an ocular
hypertension (OHT) glaucoma model, in which 1-month-old rats received intravitreal
injection of either rAAV2-MAX or rAAV2-GFP and, 4 weeks later, were subject to cauteri-
zation of the limbal plexus. Cell death was estimated by detection of pyknotic nuclei and
TUNEL technique and correlated with MAX immunocontent in an ex vivo model of reti-
nal explants. MAX expression was detected by quantitative RT-PCR. In the OHT model,
survival of RGCs was quantified by retrograde labeling with Dil or immunostaining for
BRN3a at 14 days after in vivo injury. Functional integrity of RGCs was analyzed through
pattern electroretinography, and damage to the optic nerve was examined in semithin
sections.

Resurrs. In all three models of RGC insult, gene therapy by overexpression of MAX
prevented RGC death. Also, ON degeneration and electrophysiologic deficits were
prevented in the OHT model.

Concrusions. Our experiments offer proof of concept for a novel neuroprotective gene
therapy for glaucomatous neurodegeneration based on overexpression of MAX.

Keywords: glaucomatous neurodegeneration, MAX overexpression, adeno-associated
viral vectors, intravitreal injection, neuroprotection

oss of retinal ganglion cells (RGCs) and degenera-

tion of the optic nerve are the final common events
that lead to vision impairment in glaucoma and other
optic neuropathies.!”> Those insults originate from nega-
tive changes of the cellular and molecular environment that
impair cell survival capacity.*"° Among optic neuropathies,
glaucoma is the most prevalent and is the second lead-
ing cause of blindness worldwide.”® Elevated intraocular
pressure (IOP) is the most important risk factor and, so
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far, the only therapeutic target for the treatment of glau-
coma, but degeneration of RGCs often proceeds despite
successful lowering of the IOP”'!° This scenario calls for
novel approaches, such as neuroprotective strategies aimed
at either preventing or retarding the degeneration of RGCs.!!

Vision ranks among the most frequent areas of
clinical application of gene therapy.!>!®> However, to
target nonmonogenic neurodegenerative diseases such
as glaucoma, strategies have focused primarily on
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neuroprotection, which aims at slowing or preventing
the loss of RGCs by altering their physiology. Most cases of
glaucoma have an unclear, heterogeneous etiology involv-
ing multiple genetic and environmental risk factors,'*1> all
of which converge to regulate cell death of RGCs in both
experimental'® and human glaucoma.'” For these reasons,
gene therapy for adult-onset glaucoma has been primarily
approached in two ways: (1) by enhancing the activity of
innate survival pathways of RGCs or (2) by inhibiting their
progression to cell death. For example, overexpression
of neurotrophic factors, such as BDNF,'® FGF! CNTF*
GDNF??! and PEDF*? have been tested for neuroprotective
gene therapy, and several such molecules either delayed or
protected RGC degeneration in animal models of glaucoma.
However, limited long-term effectiveness of the increased
content of neurotrophic factors led to diminished neuropro-
tective response, in addition to the risk of oncogenic activ-
ity of the cognate neurotrophic receptors.?>-2° Alternative
approaches explored the therapeutic potential of proteins to
counteract the apoptotic machinery itself, such as BAG1,%’
BCL-XL,?® XIAP,* and sFasL.>° However, downregulation of
the apoptotic machinery is oncogenic, and overexpression
of transgenes blocking the apoptotic machinery has been
causatively related to various types of cancers.’!**? Recently,
immunomodulation blocking C3 was successfully used
to subvert the degenerative environment in experimental
glaucoma,® but a therapeutic approach based on one-shot
gene therapy has yet to provide permanent beneficial
outcomes.

MYC-associated protein X (MAX) is a ubiquitous, constitu-
tively expressed transcription factor that plays a central role
in the control of the MYC/MXD axis, in which the deregu-
lation contributes to the genesis of many human cancers.>
MAX is a tumor-suppressor gene>>3° and is the only member
of the network that homodimerizes efficiently upon overex-
pression, although the biological role of such dimers remains
unknown. Studies in Drosophila suggested that the pivotal
role of MAX is related more to transcription repression than
activation.’” MAX is ubiquitously expressed, and its germline
deletion in mice leads to embryonic lethality.’® Recently
MAX appeared, among a set of 25 transcription factors, as the
strongest contributor to gene expression in various human
brain regions,* which supports its relevance to gene regu-
lation in nervous tissue.

With the use of retinal explants as a model to investi-
gate mechanisms of cell death, we previously showed that
MAX is found primarily within the nucleus of normal RGCs
and disappears from the nucleus early upon induction of
programmed cell death, in advance of both DNA fragmen-
tation and chromatin condensation.’’4! These data were in
line with evidence that selective overexpression of MAX in
endothelial cells blocks apoptosis promoted by serum with-
drawal®® and raised the hypothesis that the reduced nuclear
content of MAX might be instrumental for the degeneration
of the RGCs. Indeed, an ex vivo study of axotomized retinal
explants*® showed that condensed TUNEL-positive nuclei of
RGCs did not express MAX, while RGCs overexpressing MAX
showed healthy morphology.

In the present study, we tested the neuroprotective effect
of rAAV2-MAX ex vivo and extended our study of neuropro-
tection to in vivo rat models of RGC degeneration, induced
either by optic nerve crush (ONC) or by an ocular hyperten-
sion (OHT) model of limbal plexus cautery.** Our results
provide proof of principle for rAAV2-MAX as a tool for
neuroprotective gene therapy in glaucoma through preven-
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tion of RGC degeneration and preservation of optic nerve
axons.

METHODS
Animal Handling

Male and female Lister Hooded rats were bred and housed in
the animal facility at the Federal University of Rio de Janeiro,
in plastic cages, under a 12-hour light/dark cycle, with water
and food ad libitum. All experiments were carried out in
agreement with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research, and the protocol was
approved by the Institutional Animal Experimentation Ethics
Committee (UFRJ 01200.001568/2013-87).

Vector Production

All rAAV2 vector preparations were done by a double trans-
fection protocol as previously described.” Crude iodix-
anol fractions of rAAV2 vector were further purified and
concentrated by chromatography on a 5-mL HiTrap Q
Sepharose column using an AKTA FPLC system (Amersham
Biosciences, Piscataway, NJ, USA). Vectors were eluted from
the column using 215 mM NaCl, pH 8.0, and the vector-
containing fractions collected, pooled, concentrated, and
buffer exchanged into Alcon BSS with 0.014% Tween 20,
using a Biomax 100 K concentrator (Millipore, Burling-
ton, MA, USA). The titer of DNase-resistant vector genomes
was measured by real-time PCR relative to a standard.
Finally, the purity of the vector was validated by silver-
stained sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, assayed for sterility and lack of endotoxin, and
then aliquoted and stored at —80°C. Vectors contained the
sequences encoding either humanized green fluorescent
protein (hGFP)*® or human MAX under the control of the
ubiquitous citomegalovirus (CMV) enhancer/chicken S-actin
(CBA) promoter and simian virus 40 late polyadenylation
signal (polyA).

For Ex Vivo Experiments

Intravitreal Injections. Intravitreal injection of rAAV2
vector was performed 2 weeks before retinal explants, as
previously described.®® In 1-day-old (P1) rat pups, hypother-
mia was used to induce anesthesia. Pups were placed onto
a dry rubber glove set on ice for 2 to 3 minutes and then
placed onto a clean paper towel under the dissecting scope.
The skin was cleaned with Betadine (Cristalia, Sio Paulo,
Brazil) and then cut where the future eyelid develops. The
skin was gently pushed away with a pair of sterile forceps
to expose the eyeball. Injection of 1 puL containing 10° vg/uL
of the vector was made directly into the eyeball with a 33-
gauge needle (10 mm, pst3) fit in a 5-pL syringe (¥65RN;
Hamilton, Reno, NV, USA). Injections were given slowly over
20 seconds, and no leakage was noticed. The eyelid was
gently closed and covered with oxytetracycline ointment
(Cristalia), and then pups were placed on a warm heating
mat until fully recovered and returned to the mother.

Preparation of Explants and Histology. Two
weeks after intravitreal injection of rAAV2, at 15 days
after birth, retinal explants were prepared as previously
described.”> Rats were euthanized, and the eyeballs were
removed and collected in an ice-cold PBS solution contain-
ing 1% penicillin. The anterior segment was removed by a
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sharp incision in the pars plana and cut 360°. The retina
was gently dissected from the pigment epithelium with
microforceps and Vannas scissor and cut out at the optic
nerve head. Fragments of about 2 mm in size were cut and
placed in 25-mL tight-lidded Erlenmeyer flasks containing
5 mL Dulbecco’s modified Eagle’s medium supplemented
with 5% fetal bovine serum, 2 mM glutamine, 20 mM Hepes,
10 U/mL penicillin, and 100 pg/mL streptomycin, all at pH
7.4 (Thermo Fisher, Rockford, IL, USA). The tissue fragments
were incubated at 37°C in an atmosphere of 5% CO, and 95%
air, in an orbital shaker at 80 to 90 rpm for 30 hours. For
histologic and histochemical analyses, the tissue was fixed
by immersion in 4% paraformaldehyde in sodium phosphate
buffer (PBS), pH 7.4, for 2 hours and then cryoprotected in
30% (w/v) sucrose in phosphate buffer. The explants were
oriented under a dissecting microscope in an aluminum
chamber filled with Tissue-Tek optimal cutting tempera-
ture (OCT) embedding medium (Sakura, Torrance, CA, USA)
and frozen in liquid nitrogen, and 10-um-thick transverse
sections were cut in a cryostat. Sections were mounted and
stained with neutral red.

Detection of Apoptotic Cells and Immunolabel-
ing of Tissue Slices. After 30 hours in vitro, cell death
was detected either by the chromatin condensation (pykno-
sis) stained with neutral red or with the DeadEnd Fluoro-
metric TUNEL System (Promega, Madison, MI, USA) used
according to the manufacturer’s protocol. Briefly, sections
were permeabilized with 0.5% Triton X-100 in PBS for 5
minutes, washed, and incubated for 60 minutes at 37°C with
TdT reaction mixture, and the reaction was stopped by
washing with 1x PBS. For immunohistochemistry, sections
were incubated with 0.5% Triton X-100 for 15 minutes, then
washed three times with PBS for 5 minutes each, followed
by incubation with a blocking solution of 1% bovine serum
albumin for 30 minutes. The sections were incubated with
anti-MAX (rabbit polyclonal IgG 1:100, #SC-197; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and anti-g-III-tubulin
(TUJ-1; mouse monoclonal IgG 1:500, #MMS-435P; Covance,
Princeton, NJ, USA), overnight at 4°C, followed by incuba-
tion with secondary antibodies (1:400) anti-rabbit IgG Alexa-
Fluor 555, rabbit IgG Alexa-Fluor 647, and anti-mouse IgG
Alexa-Fluor 488 (Molecular Probes, Eugene, OR, USA) for
2 hours at room temperature. All results were examined in
an epifluorescence confocal LSM-510META microscope (Carl
Zeiss, Gottingen, Germany), and to compare transduction
efficiency by anti-MAX fluorescence intensity, images of the
retina sections were taken with fixed acquisition and orien-
tation parameters.

For In Vivo Experiments

Intravitreal Injection. Intravitreal injection of rAAV2
vector was performed as described before,” at 4 weeks
before RGC crush and OHT. Thirty-day-old young adult rats
were anesthetized by intraperitoneal injection of a mixture
of ketamine (75 mg/kg) and xylazine (5 mg/kg) (Cristalia).
Prior to intravitreal injections, animals received eye drops
of tropicamide 1% and proxymetacaine hydrochloride 0.5%
(Anestalcon; Novartis Biociéncias S.A., Sao Paulo, Brazil). An
incision was made in the pars plana of the sclera in the
superior-temporal site using a 33-gauge needle, and injec-
tions were carried out as above, at a volume of 3 pL contain-
ing 10° vg/uL. After injection(s), retinal integrity was veri-
fied by ocular fundus examination, and then oxytetracycline
ointment was topically applied.
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Real-Time PCR. Retinas of adult rats, 4 weeks after
rAAV2-MAX transduction, as well as retinas from uninjected
eyes, were lysed using Trizol reagent (Invitrogen, Carlsbad,
CA, USA), and total RNA was extracted following the instruc-
tions of the manufacturer. DNA was eliminated with a DNA-
free Kit (Ambion, Austin, TX, USA) for 10 minutes at 37°C,
followed by precipitation with 3 mM sodium acetate/ethanol
and resuspension in diethylpyrocarbonate (DEPC)-treated
water. Nanodrop (Thermo Fisher, Rockford, IL) was used
to define the purity and amount of RNA in samples. One
microgram of RNA was used to synthetize cDNA using the
First-Strand cDNA Synthesis Kit (GE Healthcare, Chicago, IL,
USA). cDNA was amplified in a 25-pL real-time PCR reaction
containing 12.5 uL SYBR Green, 0.5 pL diluted cDNA (1:3),
and 200 nM of each commercial primer (GGID: PPH00190A-
200 human MAX and GGID: PPR06557B-200; cat. 330001,
Qiagen, Germantown, MD, USA). The 2724¢ method was
used to determine relative expression normalized to Gapdh
mRNA levels. Four biological replicates were analyzed in
technical triplicates.

Retrograde Tracing for Optic Nerve Crush
Experiments. 1,1'-Dioctadecyl-3,3,3',3'-tetramethylindoca
rbocyanine (Dil) was bilaterally injected into the superior
colliculi (SCs) of 5-day-old rats, which led to the labeling of
virtually all the RGCs.%®4 Rat pups were anaesthetized on
ice. Under a stereoscopic microscope (Carl Zeiss), the skull
was exposed; a small bone aperture was made to expose
the underlying SCs. Three 0.1-mL injections of Dil (10% in
dimethyl formamide) (Invitrogen) were then made into the
left SC using a Hamilton syringe (series 7000; ref. 86257,
pst 3).

Optic Nerve Crush. Two-month-old rats, previously
subjected to retrograde tracing with Dil and at 1 month after
rAAV2 injection or uninjected, were deeply anesthetized by
intraperitoneal injection of a mixture of xylazine (10 mg/kg
body weight [BW]) and ketamine (60 mg/kg BW). Under a
stereoscopic microscope, the right optic nerve was accessed
through an incision made in the superior orbital rim, and the
conjunctiva was dissected with forceps toward the back of
the eye to expose the retrobulbar portion of the optic nerve.
The optic nerve was completely crushed for 10 seconds at
3 mm from the optic disc, using a pair of watchmaker’s
forceps. Sham-operated rats underwent the same procedure,
except that the forceps were not closed. Animals were euth-
anized 2 weeks after the procedure.

Ocular Hypertension. The procedure followed the
protocol described in Lani et al.** Briefly, rats at 2 months
old were deeply anesthetized with an intramuscular injec-
tion of ketamine hydrochloride (75 mg/kg) and xylazine
hydrochloride (5 mg/kg), as well as topical eye anes-
thesia with proxymetacaine hydrochloride 0.5%. A low-
temperature ophthalmic cautery (Bovie Medical Corpora-
tion, Clearwater, FL, USA) was used to cauterize the limbal
plexus in a 360° ring around the cornea, visualized through a
stereomicroscope at 40x magnification. Care was taken not
to compromise the periphery of the cornea. After surgery,
a drop of ophthalmic prednisolone acetate (10 mg/mL;
Cristalia) was applied and maintained in contact with the
anterior surface of the right eye during approximately 40
seconds, after which it was replaced by an ophthalmic
ointment of antibiotics (oxytetracycline hydrochloride 30
mg/g and polymyxin B 10.000 U/g; Cristalia). IOP was
measured using a handheld tonometer (TonoLab; Icare,
Vantaa, Finland, Canada). Measurements were done imme-
diately before and after the surgical procedure and then
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every day in the morning up to 14 days after surgery with
rats lightly anesthetized (ketamine: 18.75 mg/kg; xylazine:
1.25 mg/kg).

Pattern Electroretinogram in OHT Experiments.
The procedure followed the protocol described in Lani
et al** The cornea was topically anesthetized with a
drop of proxymetacaine hydrochloride 0.5%, and the active
electrode (a stainless-steel needle 0.25 x 15 mm; Hansol
Medical Co., Seoul, Republic of Korea) was inserted care-
fully at the temporal periphery of the transitional zone.
The reference and ground electrodes were stainless-steel
needles (0.4 x 37 mm; Chalgren Enterprises, Gilroy, CA,
USA), positioned subcutaneously into the ipsilateral tempo-
ral canthus and the left hindlimb, respectively. The steady-
state pattern electroretinogram (PERG) amplitude gathered
the component of the wave most likely associated with the
RGC bioelectrical response (negative deflection N2 of the
transient-state PERG), generating a stable and reproducible
sinusoid. The stimulus consisted of contrast reversal of a
checkerboard with black and white squares alternating at
15 reversals/s, with constant average luminance (250 cd/m?),
and presented on an LCD monitor (23 in.; model LS23B550,
Samsung Electronics Co., Ltd., Seoul, Republic of Korea)
positioned at 20 cm from the examined eye. The band-pass
filter was set to 1 to 100 Hz, and signals were averaged 200
to 300 times to eliminate noise. Six distinct spatial frequen-
cies were presented, in the following order, for all animals:
0.018, 0.585, 0.073, 0.037, 0.292, and 0.146 cycles/deg. The
amplitude of the stored sinusoidal waveforms was analyzed
using a custom-made Fast Fourier Transform (FFT) algorithm
programmed through MATLAB language (The MathWorks,
Natick, MA, USA).

Flat-Mount Dissection and Immunolabeling.
Upon dissection of the eyeballs, retinas in PBS were
dissected so that tissue topographic orientation was
preserved, using the nasal caruncle and the choroid fissure
as landmarks.”® Retinas were flattened with the vitreous side
up as flat-mounts by making four radial cuts, followed by
fixation with 4% paraformaldehyde for 15 minutes at room
temperature. Retinas of ONC that were retrolabeled with
Dil were washed three times with PBS and counterstained
with Sytox Green (Thermo Fisher) to visualize cell nuclei,
then covered with antifading mounting media. Retinas of
OHT were immunolabeled with an anti-Brn3a primary anti-
body (goat polyclonal IgG, sc-31984; Santa Cruz Biotech-
nology; 1:1000 diluted in PBS 1x + BSA 0.1%), followed
by a donkey anti-goat polyclonal IgG secondary anti-
body, conjugated with Alexa Fluor 555 (2 mg/mL, A21432;
Thermo Fisher Scientific; 1:1000 diluted in PBS 1x + BSA
0.1%), at room temperature (RT). DAPI (4',6-diamidino-2-
phenylindole; Invitrogen) was used for nuclear staining (10
minutes, at RT). The retinas were then flat-mounted in glass
slides with the vitreous side up and coverslipped in antifade
mounting medium (#S3023; DAKO, Agilent Technologies,
Santa Clara, CA, USA).

Image Acquisition and Processing. Photomicro-
graphs were taken in an epifluorescence confocal micro-
scope LSM 510META (Carl Zeiss), with the experimenter
blinded to the sample treatments. To estimate cell densi-
ties, 32 photos were taken of the whole retina under a Plan-
Neofluar 40x/1.3 objective (NA = 0.5). For each quadrant
of the retina, 8 photos were taken, of which 2 were from
central retina (~0.9 mm from optic disc), 3 from mid-retina
(~2.0 mm from optic disc), and 3 from peripheral retina
(~3.7 mm from optic disc), for a total of 32 photos per
retina. Average cell counts were divided by the field area. A

IOVS | February 2022 | Vol. 63 | No.2 | Article 5 | 4

blinded experimenter used ImageJ (FIJI) version 2.0 (Wayne
Rasband, National Institutes of Health [NIH], Bethesda, MD,
USA) software to carry out all image processing.

Processing of the Optic Nerve for Semithin
Sections. Following euthanasia and ocular enucleation, 2-
mm-long segments of the optic nerve at 1 mm distal from
the eye were fixed by immersion in 2.5% glutaraldehyde
for 2 hours, washed in 0.1 M cacodylate buffer (pH 7.4),
and postfixed for 1 hour in 1% osmium tetroxide containing
0.8% potassium ferrocyanide and 5 nM calcium chloride in
0.1 M cacodylate buffer (pH 7.4). The segments were rinsed
in 0.1 M cacodylate buffer (pH 7.4) and distilled water and
block-stained in 1% uranyl acetate overnight, dehydrated in a
graded acetone series, embedded in Polybed 812 resin (Poly-
sciences, Warrington, PA, USA), and polymerized at 60°C for
48 hours.

Morphometric Analysis of the Optic Nerve.
Semithin (500 nm) cross sections were cut in an RMC ultra-
microtome, 1 mm distal to the posterior pole of the eye,
collected on gelatin-coated slides, stained with toluidine
blue, mounted with Polybed 812 resin, and imaged under
an Axioscop 2 Plus microscope (Carl Zeiss). For quantita-
tive analyses, four images at 100x magnification were taken
systematically from the cross sections of each nerve. Images
of blinded experimental groups were processed with ImageJ
software (National Institutes of Health, Bethesda, MD, USA),
and the number of myelinated fibers was manually counted
by the same person (CAA).

Statistical Treatment. Statistical analyses were
performed using GraphPad Prism 8.0 software (GraphPad
Software, La Jolla, CA, USA). Data are expressed as mean
£+ SEM. P values less than 0.05 were considered statisti-
cally significant. The tests applied, as required for each
experiment, are indicated in the legend of each figure.

RESULTS
rAAV2-MAX Protects RGCs Ex Vivo

Overexpression of MAX was driven by the ubiquitous
promoter cytomegalovirus (CMV)/CBA after intravitreal
injection of rAAV2 in neonatal rats, as previously described.*
Here, we first assessed the effect of overexpressed MAX on
RGC survival ex vivo in cultures of retinal explants. One-
day-old Lister Hooded rat pups received intravitreal injection
of 1 uL rAAV2 at 10° vg carrying either human MAX trans-
gene or the GFP gene as a control. At 14 days after injection
of rAAV2, explants of the retinas were maintained ex vivo
for 30 hours in free-floating culture. Previously, we showed
that axotomy through explantation leads to the death of
essentially all ganglion cells over time ex vivo, reaching the
maximum rate of cell death at 36 to 48 hours,”® whereas
the amacrine cell population is mostly spared.’!:>? First, we
used neutral red staining to identify pyknotic nuclei,”® which
signals the end stage of cell death (Figs. 1A-C). After 30
hours ex vivo, the RGC layer of rAAV2-GFP-treated retina
contained an average of 44.29% pyknotic nuclei while the
average fraction of pyknotic nuclei in retinas treated with
rAAV2-MAX was significantly decreased to 24.32% (Fig. 1D).
In order to correlate MAX expression with cell death in the
RGC layer, we double-stained the retinal explants with anti-
MAX and TUNEL. After 30 hours ex vivo, we found a reduc-
tion of TUNEL labeling from 51.4% in rAAV2-GFP to 20%
in rAAV2-MAX-treated retinas (Fig. 1E; Supplementary Fig.
S1), thus confirming the protection of RGCs by rAAV2-MAX.
The frequency of TUNEL-positive cells in both rAAV2-GFP-
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Figure 1. Overexpression of MAX maintains RGC ex vivo.
(A) Representative section of control retina explant stained with
neutral red. Scale bar: 300 pm. (B) Close-up view of RGC layer.
Scale bar: 100 pm. (C) Representative section of retinal explant
after 30 hours ex vivo stained with neutral red. Arrows depict
pyknotic nucleus. Scale bar: 100 pm. (D) Graphic depicts percent-
age of pyknotic nuclei in the RGC layer of explant slices in each
experimental group. rAAV2-MAX 30 hours is statistically different
from rAAV2-GFP 30 hours (44.29 + 3.475 and 24.32 + 1.56, respec-
tively). Each group represents the mean + SEM. Statistical analy-
ses were performed with one-way ANOVA plus Holm-Sidak’s multi-
ple comparison posttest. ***P < 0.0001. (E) Comparison of TUNEL
staining percentage in the RGC layer of explant slices after 30 hours
ex vivo in each experimental group (rAAV2-GFP 30 hours: 50.32 £
3747; rAAV2-MAX 30 hours: 22.9 £+ 1.79). Each group represents
the mean + SEM. Statistical analyses were performed with paramet-
ric #-test plus Mann-Whitney posttest. ***P < 0.0001. (F) Graphic
depiction of the correlation between percentage of TUNEL stained
and MAX intensity into the RGC layer in slices of retina explants
after 30 hours ex vivo in which eyes were intravitreally injected
with either rAAV2-GFP or rAAV2-MAX. GCL, ganglion cell layer; INL,
inner nuclear layer; ONL, outer nuclear layer; rAAV2, recombinant
adeno-associated virus serotype 2.

and rAAV2-MAX-treated explants inversely correlated with
the intensity of MAX immunostaining (Fig. 1F), and the data
best fit a single-phase exponential decay model (see Supple-
mentary Table S1).

Both the percentage of pyknotic nuclei and that of
TUNEL-labeled cells in rAAV2-GFP-treated tissue are consis-
tent with the approximate 50% of RGCs resident in the
RGC layer of Lister Hooded rats, whereas the remain-
ing half belongs mostly to displaced amacrine cells not
directly damaged by the explantation.>! These ex vivo results
suggested that overexpression of MAX protects RGCs from
apoptosis induced by axon injury upon retinal explantation.

MAX Overexpression Induced by rAAV2-MAX
In Vivo

Having ascertained that MAX overexpression prevented
death from axotomy of RGCs ex vivo, we next examined
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Figure 2. Profile of MAX overexpression in retinas 1 month after
intravitreal injection of rAAV2 in adult rat. (A) Graph depicts the
relative expression of MAX mRNA in four retinas after intravitreal
injection compared with the endogenous MAX mRNA of control
retinas obtained with quantitative RT-PCR. (B) Reconstructed retinal
flat-mount image of the RGC layer of injected retina immunostained
with anti-Max antibody. I, inferior; N, nasal; S, superior; T, temporal.
Colocalization of MAX (red) with TUJ-1-positive (green) ganglion
cells in retinal sections of noninjected eye (C) and 1 month after
intravitreal injection of rAAV2-MAX (D). Scale bar: 20 nm.

whether rAAV2-MAX was neuroprotective in vivo. Initially,
we assessed the overexpression of MAX in the retina 30
days after intravitreal injection in young adult rats of 3 pL
rAAV2 vector at 10° vg/pL. The relative amount of MAX
mRNA in the entire retinal tissue reached from 10- to 30-
fold as compared with endogenous MAX in untreated reti-
nas (Fig. 2A). Immunolabeling showed that the injection of
rAAV-MAX increased the level of MAX protein, mostly at the
temporal-superior quadrant, which is the closest to the injec-
tion site, covering roughly one-third of the area of the rat
retina (Fig. 2B) and particularly intense in the RGC layer
(Figs. 2C, 2D). As expected for an rAAV2 vector, increased
MAX was detected in RGCs of a wide variety of nuclear sizes
(Supplementary Figs. S2A, S2B) and persisted for at least 11
months after the injection (Supplementary Figs. S2C, S2D).

rAAV2-MAX Protects RGCs From Degeneration
Induced by Optic Nerve Crush

The effect of MAX overexpression was then analyzed after
ONC, a classic model of in vivo RGC injury. First, RGCs
were retrogradely labeled with Dil injected bilaterally into
the superior colliculus of 5-day-old rats. At 1 month of age,
the rats were subject to an intravitreal injection of 3 pL of
either rAAV2-MAX or rAAV2-GFP (10° vg/pL). Four weeks
later, the rats were subject to unilateral ONC, and after
additional 2 weeks, we detected a loss of 50% of RGCs
(Figs. 3A, 3B, 3D). Overexpression of GFP had no effect
(Fig. 3D), but in contrast, the density of RGCs following
overexpression of MAX was not significantly different from
the control retinas (Figs. 3C, D). Importantly, no adverse
response was found in the RGCs to either vector injection
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Ficure 3. Overexpression of MAX maintains RGCs in vivo after optic nerve crush. (A-C) Representative photomicrographs of the RGC layer
in flat-mount retinas of different experimental groups stained with DNA-intercalating Sytox Green and Dil (red)-positive RGC. Scale bar:
50 pm. (D) Graph depicts the amount of Dil-retrolabeled RGCs in each experimental group. rAAV2-GFP or MAX did not alter the amount
of unlesioned RGCs. Crush decreased the amount of RGCs in noninjected and rAAV2-GFP retinas, while rAAV2-MAX preserved RGCs. Each
bar graph represents the mean £ SEM. Statistical analyses were performed with one-Way ANOVA plus Holm-Sidak’s multiple comparisons
test. ***P < 0.0001. Experimental groups in D: control (z = 14; 1797 + 117.8 cells); rAAV2-GFP (n = 6; 1860 + 149.9 cells); rAAV2-MAX (n
= 6; 1669 =+ 207.3 cells); crush (2 = 14; 896.4 + 76.74 cells); rAAV2-GFP/crush (n = 8; 874 £ 99.14 cells); rAAV2-MAX/crush (n = 15; 1554

+ 117.4 cells).

or overexpression of the transgenes in unlesioned RGCs
(Fig. 3D).

rAAV2-MAX Is Neuroprotective in an OHT Rat
Model of Glaucoma

To test for neuroprotection in an experimental setting more
akin to human glaucoma, we examined the effects of MAX
overexpression in a model of subacute OHT, produced by
limbal plexus cautery in rats.** One-month-old rats received
intravitreal injections of 3 uL rAAV2-MAX or rAAV2-GFP (10°
vg/puL) and were subject to OHT 1 month later. Increased
IOP, typically observed between D1 and D5 in this model,
was not altered by either injection of rAAV2 or overex-
pression of the transgene and progressively returned to
normal values at D7 (see Supplementary Fig. S3). The effect
of increased content of the MAX protein was estimated
at 14 days after induction of OHT in flat-mounted retinas
immunostained with the POU domain transcription factor
Brn3a, which selectively labels RGCs (Figs. 4A-C). OHT
reduced by roughly one-third the average density of Brn3a-
labeled RGCs as compared with control eyes (Fig. 4B),
especially at the superior and temporal quadrants (Fig. 4C
and Supplementary Fig. S4). Whereas the expression of the
control GFP transgene had no effect upon the loss of RGCs,
MAX overexpression prevented RGC loss to a whole retinal
average density not significantly different from the control
(Fig. 4B). This neuroprotective effect was particularly effec-
tive in the temporal and superior quadrants (Fig. 4C), consis-
tent with the higher amount of exogenous MAX following
the intravitreal injections (Fig. 2B). Functional responses of
RGCs were assessed by PERG. OHT promoted a significant
decrease of PERG amplitude over the whole range of exam-
ined spatial frequencies, and overexpression of MAX, but
not of GFP, prevented the reduction of PERG responses
(Fig. 4D).

rAAV2-MAX Protects Optic Nerve Axons From
OHT-Induced Degeneration

We also examined the population of RGC axons at approxi-
mately 1 mm from the posterior pole of the eye in transverse
semithin sections of the optic nerve stained with toluidine

blue (Figs. 5A-D). Control optic nerve axons were of normal
aspect, size, and outline (Fig. 5A). Nevertheless, sections
from rat optic nerves at 14 days after OHT contained abun-
dant degenerating axons, with detachment and vacuolization
of myelin lamellae, as well as thick and prominent glial cell
processes among the nerve fibers, accompanied by disorga-
nization of the nerve fascicles and reduced axonal density
(Fig. 5B). Similar changes, although less disorganized fasci-
cles, were found in optic nerve fibers of the rAAV2-GFP/OHT
group (Fig. 5C), while the optic nerves of rAAV2-MAX-
injected eyes showed higher numbers of fibers with regu-
lar outlines, medium and small sizes, compacted in fascicles
separated by glial cells processes, as well as fewer degener-
ated fibers and hypertrophic glial cell processes than in the
GFP group (Fig. 5D). Estimates of axon density showed a
statistically significant protective effect of MAX overexpres-
sion (Fig. 5E).

DISCUSSION

Consistent with our previous finding of diminished nuclear
content of MAX as an early event after RGC axotomy,
the present results demonstrated a neuroprotective effect
of rAAV2-driven overexpression of the MAX gene both ex
vivo and in two in vivo models of RGC degeneration,
which was reflected by the preservation of electrophysio-
logic responses. The transcription factor MAX is part of a
network involved in the regulation of approximately 15% of
the genome>® and plays key roles in multiple functions, such
as signaling, cell-cycle regulation, DNA replication, protein
and RNA biosynthesis, and energy metabolism.>® The impact
of MAX in many biological processes could direct neuropro-
tection, targeting multiple factors involved in the pathophys-
iology of the neuronal damage seen in glaucoma and provid-
ing a beneficial effect to prevent the degenerative progres-
sion of the disease. MAX is highly expressed in the brain,
heart, and lungs, suggesting important transcriptional activ-
ity,>° and recently, MAX was singled out as the strongest
contributor to overall gene transcription among a set of 25
transcription factors expressed in seven areas of the human
brain.** Our previous studies suggested that low levels of
MAX may disturb its pan-transcriptional regulatory activity,
possibly as an early and necessary step for the execution of
cell death of the RGCs,**#! and preliminary data suggest that
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Ficure 4. Overexpression of MAX maintains RGCs in vivo after
ocular hypertension. (A) Representative photomicrographs of
BRN3a-immunostained RGC layer in flat-mount retinas of differ-
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a widespread network is also controlled by MAX both in the
normal retina as well as following optic nerve crush (unpub-
lished data). The possibility that MAX decrease is an initial
for the execution of cell death is consistent with the current
results that MAX overexpression decreases RGC susceptibil-
ity regardless of the degeneration trigger, since neuroprotec-
tion was shown herein in three distinct RGC insult models.

Core proteins are highly conserved, exert fundamental
roles in cells, and therefore are less tolerant to mutations.>’
The MAX protein is highly conserved, with an expected
0.003 amino acid difference per million years.>® Only a
single copy of MAX exists in vertebrates despite multiple
duplication events, suggesting that the regulation of MAX
is highly controlled by natural selection.”® Studies in model
organisms such as Mus musculus, Drosopbila melanogaster,
and Caenorbabditis elegans demonstrate that MAX networks
maintain functional similarity through extensive evolution-
ary time, although it has evolved considerably in terms of
their sequences, network membership, and complexity.®
Retention along over a billion years of evolution in such a
diverse array of organisms suggests that the MAX network
has vital roles in cell regulation, organismal development,
and its maintenance. This central role for MAX is further
underlined by the strong phenotype of MAX~~ mice, whose
embryos die before day 6.5 of embryogenesis, consider-
ably earlier than animals lacking other members of the
Myc family.>® Recently, MAX was shown to regulate clock
gene expression and to contribute to keeping the balance
between positive and negative elements of the molecular
clock machinery.®! The circadian clock is a global regula-
tory mechanism that controls the expression of 50% to 80%
of transcripts in mammals.%? Circadian clock disruption is
associated with aging and morbidity.> However, much of the
evidence linking brain disorders and circadian dysfunction
is correlational, and so whether and what kind of causal rela-
tionships might exist are unclear. These findings call for in-
depth exploration of the therapeutic neuroprotective path-
ways modulated by overexpression of MAX.

A unique aspect of the data shown here compared with
most neuroprotective gene therapies previously used in the

ent experimental groups. Scale bar: 20 pm. (B) Graph depicts
the amount of BRN3a-immunostained RGCs in each experimen-
tal group. OHT decreased the amount of BRN3a-positive RGCs in
noninjected and rAAV2-GFP retinas, while rAAV2-MAX protected
RGCs. Control (n = 22; 2325 + 35.37 cells); OHT (nz = 10; 1506
+ 144.4 cells); rAAV2-GFP/OHT (n = 5; 1665 =+ 137.1 cells); rAAV2-
MAX/OHT (n = 5; 2077 £ 56.03 cells). Each bar graph represents
the mean £ SEM. Statistical analyses were performed with one-
Way ANOVA plus Holm-Sidak’s multiple comparisons test. **P <
0.001, ***P < 0.0001. (C) Heatmap illustration representing topo-
graphic RGC loss in retinal flat-mount schemes; left: noninjected
OHT group; right: rtAAV2-MAX/OHT group. 1, inferior; N, nasal; S,
superior; T, temporal. (D) Curves represent PERG amplitudes at
different spatial frequencies (mean £+ SEM) for each experimental
group. Statistical analysis: two-way ANOVA shows both independent
variables (spatial frequency and experimental group) are associated
with significant changes in PERG amplitudes (*P < 0.1, **P < 0.01,
P < 0.001, ***P < 0.0001). Holm-Sidak’s post hoc test shows
that mean PERG amplitudes in the noninjected OHT group and
rAAV2-GFP/OHT group are statistically different from naive group
in 0.018 to 0.292 cycles per degree (cpd) and 0.018 to 0.146 cpd
frequencies, respectively, while the rAAV2-MAX/OHT group has no
statistical difference from the naive group in any spatial frequency
evaluated (P > 0.05). Naive (nz = 17); noninjected OHT (n = 11);
rAAV2-MAX/OHT (n = 11); rAAV2-GFP/OHT (n = 11).
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Ficure 5. Overexpression of MAX maintains optic nerve structures after ocular hypertension. Representative photomicrographs of semithin
optic nerve cross sections stained with toluidine blue from (A) control eye, (B) 14 days after induction of OHT, (C) intravitreally injected
with rAAV2-GFP and 14 days after OHT, and (D) intravitreally injected with rAAV2-MAX and 14 days after OHT. Arrows: intact morphology
of axons; arrowbead: degenerative axons; Nu: glial cells nuclei; #: glia cell with hypertrophic processes. Scale bar: 7 nm. (E) Quantification
of optic nerve myelinated fibers shows protection in the axonal fibers in the rAAV2-MAX-injected rats compared to other groups. Control
(n = 9; 3.021 + 0.08 fibers); OHT (n = 3; 1.422 + 0.029 fibers); rAAV2-GFP/OHT (n = 3; 1.61 £ 0.1 fibers); rAAV2-MAX/OHT (n = 3;
2.3 £ 0.23 fibers). Each bar graph represents the mean amplitude £+ SEM. Statistical analyses were performed with one-way ANOVA plus
Holm-Sidak’s multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.0001.

context of glaucoma and other neurodegenerative condi-
tions is the tumor suppressor role of the transcription factor
MAX, of which decreased expression or loss-of-function
mutations are related with poor tumor prognosis and tumor
formation, respectively.*#% Teratogenicity remains a signif-
icant issue for applications of gene therapy. Therefore,
the coexistence of both a tumor suppressor role and the
neuroprotective effects of MAX overexpression is particu-
larly promising for further development of a therapeutic
approach to glaucomatous neurodegeneration through gene
therapy with the use of rAAV2-MAX and/or other similar
vectors. To build on the current findings, future studies
should test for longer-lasting protective effects of MAX gene
therapy after RGC injury, its effect in chronic models of glau-
comatous neurodegeneration such as the DBA2J mouse, and
understanding of the neuroprotective pathways modulated
by the overexpression of MAX.
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