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Abstract

Mitochondrial dysfunction is responsible for hetady optic neuropathies. We wished to determine
whether preserving mitochondrial bioenergetics @qurevent optic neuropathy in a reliable model of
glaucoma. DBA/2J mice exhibit elevated intraocytmessure, progressive degeneration of their
retinal ganglion cells, and optic neuropathy tlesembles glaucoma. We established that glaucoma in
these mice is directly associated with mitochorddgsfunction: respiratory chain activity was
compromised in optic nerves 5 months before nedrtoss began, and the amounts of some
mitochondrial proteins were reduced in retinas t@ugomatous mice. One of these proteins is
neuroglobin, which has a neuroprotective functibnerefore, we investigated whether gene therapy
aimed at restoring neuroglobin levels in the retwe ocular administration of an adeno-associated
viral vector could reduce neuronal degeneratiore dpproach of treating 2-month-old mice impeded
glaucoma development: few neurons died, and raspyrahain activity and visual cortex activity
were comparable to those in young, asymptomatie mi¢hen the treatment was performed in 8-
month-old mice, the surviving neurons acquired megrphologic and functional properties, leading
to the preservation of visual cortex activity amgpiratory chain activity. The beneficial effects o

neuroglobin in DBA/2J retinas confirm this protémbe a promising candidate for treating glaucoma.

Keywords: glaucoma, mitochondria, neuroglobin, retinal demmgcells, visual cortex activity



INTRODUCTION
Glaucoma is a neurodegenerative disease of the ogitve that is characterized by the loss of retina
ganglion cell (RGC) somas and axons. In 2013, & estimated that approximately 65 million people
had glaucoma, making it the leading cause of bksdrin the world.An array of pathologic events
appears to contribute to glaucoma: (a) the blockaideptic nerve (ON) axonal transport, which
decreases the supply of neurotrophic factors to R&®@ could trigger apoptogigb) an insufficient
ocular blood supply, attributable to elevated inttar pressure (IOP) or vascular abnormalitiés;
the high level of extracellular glutamate releabgdlying cells? (d) excessive gliosis, which results
in the discharge of toxic substancesnd (e) the overproduction of reactive oxygen Ese(ROSS)
and the subsequent oxidative stress generatee itmahecular meshwork (TM) (which is involved in
aqueous humor drainage), glial cells, inner retma)N®

The development of satisfactory therapies for giawe has been hindered by the incomplete
elucidation of the molecular mechanisms that leathe conditior.® The results of several recent
studies have suggested that mitochondrial dysfonatbuld be a key player in the pathogenesis of
glaucoma, because RGCs are highly sensitive toirmpat of their energy supply. This is probably
due to their atypical structure; inside the eyeirttaxons lack myelin sheaths, which implies an
extremely high energy requirement for generating propagating action potentials. Mitochondrial
dysfunction is responsible for hereditary optioptries such as Leber hereditary optic neuropatty an
dominant optic atrophy, which also result in RGGsl@and optic nerve dysfunction leading to vision
loss? In primary open-angle glaucoma, the activity cfpieatory chain complex | (Cl) is reduced in
patient lymphoblast8 and fibroblasts! Lascaratos and colleagues demonstrated that health
mitochondria efficiently prevent glaucomatous optieuropathy in patients who have exhibited
elevated IOP for many vyealrs. Accordingly, therapeutic approaches aimed at pvisg
mitochondrial integrity could sustain visual furmcti in patients by protecting their RGCs against
degeneration®

Since 2009, we have investigated the function ofoglobin in mitochondria. This protein of

151 amino acids, identified in vertebrates as a benof the globin superfamily, is abundant in
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various regions of the brain and in the ®yand is considered a powerful neuroprotectaiwe
previously showed that rodent RG€and ON$’ possess high levels of NGB. We also demonstrated
that NGB was enriched in mitochondrial fractionsl dhat knockdown of th&lgb gene in rat RGCs
caused cell death, optic neuropathy, and defeawssipiratory chain complexes | and Il (Cl and Tl
that led to visual function impairmetit.Harlequin mice exhibit optic neuropathy caused the
depletion of the mitochondrial apoptosis-inducingctbr (AlIF), leading to respiratory chain
impairment'® A twofold decrease in the steady-state levels GBNwas observed in retinas from
these mice; hence, ocular gene therapy mediatednbgdeno-associated viral vector serotype 2
(AAV2/2) driving the synthesis of NGB (AAV2/RIGB) was performed before the onset of optic
atrophy. This approach prevented RGC loss and meseespiratory chain activity in ONs and visual
function?

Our current objective is to increase our understanaf the link between mitochondrial
impairment and glaucoma and to develop a therapeytproach that uses NGB, with the aim of
preserving organelle integrity in an experimentaldel of glaucoma. The DBA/2J mouse strain
exhibits iris atrophy and elevated IOP due to #ease of pigment clumps into the anterior chamber
of the eye1*? In these mice, RGC degeneration, optic neuropathg, a visual function deficit are
evident by the age of 12 montii€* We demonstrated that mitochondrial dysfunctiorthie retina
and ON precedes the development of the glaucomatioeisotype in DBA/2J mice. Administering
AAV2/2-NGB to mice several months before the onset of RGCGemmgtion leads to increased
abundance of NGB in the retinas, which stronglyaates with the preservation of ON morphology
and function. Moreover, when NGB therapy is adnmered after neuronal loss has already begun, the
surviving neurons are able to enhance visual @rfienction via morphologic changes within the

retina and the preservation of respiratory chativig in the ONSs.



RESULTS

Assessment of anterior-segment eye morphology anatiaocular pressure in DBA/2J mice

To define iris pathology and corneal changes, warered DBA/2Jmice aged 2 to 12 months by
vivo confocal microscopy (Figure 1A). The eyes of 4-thesid mice had normal superficial
epithelium and stroma, with scattered hyperreflectatterns in the endothelium. Additionally, asth
age, the iris contained numerous filamentous argkigflective aggregates (Figure 1A, panel J,
white arrowhead). The degenerative process in thalcornea and iris became aggravated 4 months
later: we observed activated keratocytes with Bastehape in the stroma (Figure 1A, panel M, black
arrowhead); the density of hyperreflective dots piggnent clumps increased in the endothelial layers
(Figure 1A, panel N, black arrowhead); and it walliadllt to visualize the iris because of the
presence of numerous pigment clumps among themnilatory cells (Figure 1A, panel O, white
arrowhead). One-year-old mice showed corneal dpiethy, with numerous dark microcysts (round
vesicles containing fluid and cellular debris) apuithelial cells with disrupted morphology. The ath
corneal layers also exhibited pathologic chandesbisal epithelium was abnormal, with many dense
and hyperreflective polyhedral structures; the mtxoexhibited holes and nearby fibrotic reactions
(Figure 1A, panel R, black arrowhead); and the #ral@l layer included numerous hyperreflective
pigment clumps (Figure 1A, panel S, white arrowhe@tie irises of 1-year-old mice contained fewer
pigment clumps than did the irises of 8-month-olttenTo determine whether the progressive iris
disease correlated with ocular hypertension, wesorea the IOP in DBA/2J mice aged between 2
and 14 months (Figure 1B). The I0P of DBA/2J mineréased from the age of 7 months and reached
a maximum in 11-month-old mice. Thereafter, octigpertension declined progressively, reaching
the baseline in 14-month-old mice (Figure 1B). IFegliB also shows the IOP in C57BL/6J mice at
various ages. The congenic C57BL/6J strain is cemed a control for DBA/2J mice, as C57BL/6J
mice lack the mutations in ti@pnmb andTyrplb genes that are responsible for iris pathofdgyNo
significant changes in IOP were observed in theme mvith the mean values being between 13 mm
Hg (in 2- and 8-month-old mice) and 11.8 mm Hg X#+month-old mice). Hence, the fibrosis and

inflammation in the corneas and irises noticedfirat in DBA/2J mice aged 4 months and which
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aggravate progressively up to 1 year appeared tcobelated with changes in IOP and might

contribute to the subsequent neuronal loss inrtheriretina, as previously descrilf&d.

Evaluation of retinal ganglion cell and optic nervedegeneration in DBA/2J mice
Retinal sections from mice aged between 2 and 1Btlmsowere immunolabeled with an antibody
against BRN3A, a transcription factor that accurtedan most RGCs in rodent retirfadt has been
reported that DBA/2J mice aged 2 to 4 months dcerbibit signs of retinal degeneration; the eatlies
detectable changes occur at 8 to 10 months ofveitie the number of animals showing degeneration
reaching a peak by 11 to 12 months of @& > Therefore, we compared the RGC population in
groups of DBA/2J mice aged between 2 and 15 mdrigsire 2). Thirteen retinas from 8-month-old
mice were evaluated, of which only two showed aekese (of 30% and 35%) in the number of RGCs
relative to that in 2-month-old mice. Conversely,58 retinas from mice aged 10 months or older,
there were noticeably fewer BRN3A-positive cellstiie GCL when compared to the GCL of 2-
month-old mice. The equivalent of 65% of the RG@sl llisappeared in DBA/2J mice aged 10
months or older, as compared to 2-month-old midachvis consistent with previous reports (Figure
2, panels A and B8

Retinal sections were also immunolabeled with atibady against glial fibrillary acidic
protein (GFAP), which is a sensitive marker foraplactivation in astrocytes and Mdller cells in
response to a retinal strésdntense GFAP staining extending to the outer rarclayer (ONL) was
observed in retinas from 8- and 15-month-old micglicating that the amount of protein had
increased in all Mller-cell compartments. The #igantly increased intensity of GFAP staining in
retinal sections from mice aged 8 months or oldanficned the activation of Miller cells and
astrocytes in mouse retinas during glaucoma pregnegFigure 2, panels A and C, and Figure S1).

By using RT-gPCR, we evaluated the steady-stagldenfBrn3A and Gfap mRNA in retinas
from mice aged between 2 and 15 months. By theoaAde? months Brn3A mRNA decreased by
approximately 75%, wheredsfap mRNA increased by 300% relative to the amount detkin

retinas from 2-month-old mice (Figure S2, panelaral B). Moreover, 15-month-old DBA/2J mice
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exhibited a reduction in the thickness of the ONid anner nuclear layer (INL) relative to the
corresponding layers in 2-month-old DBA2/J mice a4Beémonth-old C57BL/6J mice, indicating that
the change was not age related (Figure S3). Thésisd@onsistent with a recent report that cek liss
not limited to the GCL in advanced stages of tisea$e?

Next, we estimated the extent of RGC axonal disafgmee in sections of ONs from DBA/2J
mice by using antibodies against the heavy-chausit of neurofilaments (NF200). Figure 3 (panel
A) shows a reduced number of immunopositive dotshan ONs of 12-month-old DBA/2J mice.
Axonopathy was measured by counting NF200-posispets (each spot represents a single nerve
fiber) in mice aged 2, 8, or 12 months (Figure &)gd B). After the results were normalized against
the average value for 2-month-old mice, 8-month+olde exhibited an axonal loss of 33.3%, despite
the survival at this age of RGC somas (equivalenB%% of the RGCs in 2-month-old mice).
Thereatfter, the pathologic process became aggivaBemonth-old mice retained only 22% of the
optic fibers and approximately 35% of the RGC sos& in 2-month-old mice.

We performed immunohistochemical staining on sestiof ONs with antibodies against three
markers: GFAP, IBA1 (ionized calcium-binding adapteolecule 1), and vimentin (a cytoskeleton
marker that is especially abundant in astrocyfBlsg¢ antibodies against GFAP and vimentin yielded
stronger signals with ONs from mice aged 8 or 1aitm® than with ONs from 2-month-old mice
(Figure 3, panels A and C); astrocytes probablylasal the axon bundles that disappeared
progressively during glaucoma progression. We sés® more substantial IBA1 staining in ONs from
mice aged 8 and 12 months than in ONs from youngemihe fluorescence intensity profiles
calculated with ImageJ software for each antibodsr the whole area of ON sections from mice aged
2, 8, and 12 months are shown in Figure 3 (Panel' by data suggest that activation of microglia and

astrocytes in ONs occurred in 8-month-old mice¢cpding the start of RGC loss by 2 months.

Respiratory chain activity in DBA/2J retinas and ogic nerves during glaucoma progression
We examined retinas and ONs from DBA/2J mice ofotar ages by a spectrophotometric method

that assesses the enzymatic activities of respyratioain complexes. Two independent assays were
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devised to sequentially measure the enzymatic iaesvof Cl, CV, CIV, ClI+Clll, and CIll in
single-tissue homogenat&sTable 1 presents data obtained in DBA/2J retifdsenzymatic activity
did not change with age, whereas a significant €¥éct was evident in the retinas of mice aged 5 to
16 months when compared to retinas from 2-monthroick; the reduction in CI activity reached
approximately 50% in 10-month-old mice. Calculatihg CI/CV ratios confirmed that there was a Cl
activity defect in DBA/2J mice aged 8 months oresjdas compared to 2-month-old mice. The
activities of CIV, CIlI+ Clll, and CIII were also reduced in mice aged 1the or 14 to 16 months
when compared to the corresponding activities imdhth-old mice (Table 1). For instance, Clll
activity in mice aged 10 months or 14 to 16 montlas severely diminished at 34% to 35% of the
value measured in 2-month-old mice. Because the R&Dlation in rodent retinas accounts for only
1% of the total retinal neurofi$pur results suggest that other retinal neuronsbéel compromised
energetic metabolism. Furthermore, we observed/arsalefect in all the complexes, except CV, in
ONs. When mice aged 10 to 12 months were comparéd2amonth-old mice, there were overall
reductions of 60%, 48%, 45%, and 50% in the enziygnaaitivities of Cl, CIV, CIk Clll, and CIII,
respectively (Figure 4). Remarkably, ONs from 5-theold mice also exhibited significant
reductions in complex activities when compared Ms@om 2-month-old mice: the reductions were
47%, 55%, and 52% for CI, CIIl, and CIV, respediyvéHence, bioenergetics failure in ONs from

DBA/2J mice begins 5 months before RGC degenerdigmomes measurable.

Mitochondrial protein quantities in retinas from glaucomatous mice

We evaluated the steady-state levels of severachindrial proteins in retinas from DBA/2J mice

aged 2 months (the young group, Y) or 12 months ¢l group, O). Nine proteins involved in

energetic metabolism, antioxidant defense, orgamalbrphology, or biosynthesis were analyzed by
Western blotting, namely NDUFA9 (NADH:ubiquinoneidareductase subunit A9), ATP synthase
subunita, cytochrome c (Cyt-C), AlF, NGB, SOD2 (superoxidsmutase), HSP60 (heat shock

protein 60), TOMMZ20 (translocation of outer mitocdidoial membrane 20), and OPA1 (optic atrophy



1). In the old mice, the amounts of NDUFA9 (CI sniby ATP synthaser (CV subunit), AIF, NGB,
OPA1, and SOD2 reached 35.8%, 36.7%, 42%, 44%, 4rb,49%, respectively, of the amounts
measured in the young mice. The HSP60 and TOMM#2€Idein the old mice were 66% and 82%,
respectively, of those in the young animals, baséhreductions were still significar® € 0.003),
whereas the abundance of Cyt-C was unchanged iretimas evaluated. The abundance of GFAP
was also measured in mice of both age groups, lem@mount of GFAP was increased twofold in
retinas from old mice, relative to retinas from &nath-old mice, confirming that Miller cells and
astrocytes underwent reactive changes correlatddR@GC loss (Figure 5A and B).

We performed immunohistochemical staining of rdtisactions with antibodies against
mitochondrial proteins to strengthen the data an dHferential accumulation of these proteins in
young and old mice and also to define the staipiatgern in each retinal cell layer (Figure 6). The
immunoreactivities of NGB, OPA1, and SOD2 withire tbytoplasm were similar; only weak signals
were obtained in the ONL, probably because few chibmdria are present in that layer, whereas
strong signals were obtained in the INL, the GQie tnner plexiform layer (IPL), and the inner
segment of photoreceptors (1S), indicative of thghhdensity of mitochondria in those
compartments’ In the INL, many cells exhibited labeling arourfte tnucleus. The IPL showed
consistent labeling; this layer contains a hightynplex network of interconnecting dendrites and
synaptic terminals involving bipolar, amacrine, ihontal and retinal ganglion, cells. The signal may
correspond to an important density of mitochondriin this compartment. In old DBA/2J mice, all
the retinal cell layers showed weaker fluorescegitads for these proteins (Figure 6), consisterth wi
the results of Western blot analyses (Figure 5)e Teduced accumulation of several key

mitochondrial proteins can alter organelle funcaily and exacerbate RGC injury.

AAV2/2-NGB delivery to the vitreous of mice at two stages dlfie pathogenic process
To establish whether restoring NGB levels in RG@gla prevent neuronal injury, gene therapy was

performed by using a recombinant AAV2/2 vector enpassing the moudégb open reading frame



(ORF) in association with the full-length &hd 3 UTRs (Figure S4, panel A). We performed gene
therapy in 2-month-old DBA/2J mice (the early treaht group) with the goal of preventing RGC
loss and in 8-month-old mice (the late treatmentg) to establish whether the course of the disease
could be changed despite its having reached amaduastage. Becauslghb sequences were inserted
into the pAAV-hrGFP vector, we used the GFP (green fluorescent prpteiassess the transduction
yield in the retinas of mice that received earlatment. Reconstructions of entire retinal sections
from injected eyes clearly showed homogenous atehse GFP labeling that was restricted to the
GCL (Figure S4, panel B). When seven mice thativedeearly treatment were evaluated 10 months
later, approximately 79% of their RGCs had accutedl&FP (the cells showed intense BRN3A and
GFP signals), indicating both efficient cellulaarisduction and stable transgene expression (Figure
S4, panel C).

We next performed immunohistochemical staining IKEB on retinal sections, and the
immunofluorescence signal was noticeably more seen the GCL from a treated retina than in its
untreated counterpart from a 12-month-old mousgufiéi S5, panel A). Higher-magnification images
of retinas from untreated mice aged 2 and 12 meemhisfrom mice after AAV2/2 administration are
also shown in Figure S5 (Panel B). The intensityhef NGB signal decreased with age, whereas in
treated retinas both the intensity and the numbeositive cells increased. The punctuate labeiing
cells exhibiting strong fluorescent signals wasilsinto that described for mitochondrial proteins i
retinal neurond>*® The steady-state levels Mgb MRNA, as determined by RT-qPCR, were
significantly higher in retinas from eyes that liged early or late treatment than in retinas from
untreated eyes; the increases were 3.4- and 3i6+dpectively (Figure S5, panel C). Next, we used
Western blot analysis to evaluate the protein abooe in retinas from treated eyes of mice that
received early treatment and in retinas from tha&tratateral untreated eyes (all mice were euthanize
at 1 year of age). The NGB level increased twoionlcetinas from treated eyes, as compared to ietina
from untreated eyes, whereas no change was eviéhe steady-state levels of the NDUFA9 and

ATP synthase proteins (Figure S5, panels D and E). Hence, adteinng AAV2/2NGB to DBA/2J
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eyes resulted in increased levels of bothNgke transcript and the protein in the eyes up to 1athm

after they underwent gene therapy.

Impact of AAV2/2-NGB administration on retinal ganglion cell integrity and gliosis

To evaluate whetheMgb overexpression could prevent RGC loss and thgeagtiowth of Miller-cell
processes, we performed immunohistochemical s@ifon BRN3A and GFAP on retinal sections
from DBA/2J mice that received early or late treatnand were euthanized at the age of 12 months.
GFAP reactivity was less prominent in treated adithan in untreated ones, regardless of when the
treatment was carried out (Figure 7A and B). Indéeel GFAP intensities in retinas subjected toyearl
or late treatment were, respectively, 34.4% and 42%at measured in 12-month-old untreated mice,
suggesting a diminution of glial cell activationedio the presence of high levels of NGB (Figure.7D)
Moreover, there were more BRN3A-positive cells e tretinas of the treated eyes of mice that
received early treatment than in the retinas ofaatéd eyes. Conversely, the retinas of mice that
received late treatment contained very few BRN3AHpee cells (Figure 7B). An estimate of the
RGC numbers confirmed these observations: earfyrntrent resulted in significant protection against
RGC loss, with the number of RGCs in treated ew#3d082.4% of that in 2-month-old mice and 2.6
times more than that in age-matched untreated @yesntrast, in retinas from mice that receiveid la
treatment, the RGC count was 34.2% of that in #tmas of 2-month-old mice, and the extent of
neuronal loss was very similar to that in the imf untreated 1-year-old mice£0.71) (Figure

70).

Morphologic changes of retinal ganglion cells afteAAV2/2-NGB treatment

To determine whether the increased accumulatidd@B in transduced cells could lead to structural
changes in neurons, retinas mounted with the Visida (corresponding to the GCL) uppermost were
double labeled with antibodies against BRN3A &3dtubulin, a specific marker for dendrites and

axons of RGCs and amacrine cells. Retinas frontrédated eyes of mice that received early {) or
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late (n=10) treatment were compared with retinas from @ mice aged 2 months=i7) or 12
months (r=8). The periphery of the retina displays more d¢ledre somas, axons, and dendrites of
isolated neurons within the GCL, enabling a be#ealuation of their morphology by confocal
microscopy (Figures 8 and 9). Few RGCs were obdemaethe retina from the 12-month-old
untreated mouse or in the treated retina collefrted the mouse that received late treatment, wiserea
transduced retinas from mice subjected to earbtriment displayed a density of RGCs comparable to
that found in the retina from the young mouse. Dherall morphology of the RGCs and their
connections appeared to be preserved in transdetieds independently of when the treatment was
performed. This point is illustrated in tfg8-tubulin panels of Figures 8 and 9, in which some
BRN3A-positive cells (identified by white arrowhechave short/few dendrites and other BRN3A-
positive cells (identified by red arrowheads) hkoreger dendrites.

In retinas from mice subjected to early treatmemt authanized at the age of 12 months, the
structural hallmarks of RGCs, i.e., their densthgir branching, and the extent of their dendrites,
were comparable to those of RGCs of young mice. él@n in the retinas from the contralateral
untreated eyes, not only was the number of RGC satmainished, but the surviving cells exhibited
few connections with the neighboring neurons (Feg8). When we compared retinas from two mice
that received late treatment and retinas from tge-rmatched untreated mice, it was clear that
neurons in retinas of treated mice had better-predemorphology with respect to their dendritic
profiles (Figure 9). Hence, AAV2/RIGB administration protects against neuronal deathigable to

preserve the structural organization of the sungvieurons.

Consequences of neuroglobin overexpression for optherve morphology and function

We estimated the number of NF200-positive spot®Msections from the treated eyes of mice that
received early or late treatment and in ONs from-egtched untreated animals (Figure 10A and B).
There was no significant loss of nerve fibers i @Ns of the treated eyes of mice that receively ear

treatment when compared to the ONs of young anirffRafs0.51), whereas ONs from mice that
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received late treatment exhibited a 78% reductiaiiié number of nerve fibers when compared to the
ONs of young mice; this decrease was similar to $kan in untreated age-matched aninfaks @.85)
and confirmed that treatment at the later age weable to prevent RGC degeneration. We also
performed immunohistochemical staining of sectioh©Ns with antibodies against GFAP, IBAL,
and vimentin (Figures 10B and D); remarkably, OXanf treated animals showed a noticeable
diminution in the intensity of the fluorescent sidmobtained with these antibodies. Figure 10D show
the mean fluorescence for the three antibodiesNis Of treated eyes, normalized against the results
obtained with 12-month-old untreated mice. Hende microglial and astrocyte activation that
accompanies glaucoma progression may be reducadresult of the increased amount of NGB in
RGCs.
To establish whether morphologic changes in retiaad ONs can result in improved energy
metabolism, we assessed the respiratory chainifumaot the ONs of the treated eyes of mice that
underwent AAV2/2NGB administration at 2 or 8 months of age (Figure 1TFe CV activity did
not change in any of the groups evaluated, as dstrated in untreated DBA/2J mice at various ages
(Figure 4). The specific activity of Cl, expressssxinanomoles of oxidized NADH /min / mg, in ONs
of treated eyes of mice that received early ortisgatment (9.22 0.49 and 7.83 0.46, respectively)
corresponded to 76.7% and 65%, respectively, dfrtteasured in the ONs of untreated 2-month-old
mice (12.02:0.86) (Figure 4). Hence, ONs of treated eyes ofentltat received early or late
treatment exhibited, respectively, a twofold or-faldl increase in Cl activity when compared to ONs
of age-matched untreated mice (446823). The differences in CI activity between theated and
untreated groups were significar® €0.0001), regardless of when gene therapy was peeibr
(Figure 11A). Determining the CI/CV ratio increasth@ robustness of the calculated CI activity in
ONs as a consequenceNdb overexpression: increases in activity of 78% adh Svere observed in
ONs of treated eyes of mice that received earlylatedtreatment, respectively, when compared with
ONs of age-matched untreated miBe<(0.0001).

Next, we evaluated the activities of GICIII, CIll, and CIV. Based on the samples tested,

treatment at 2 or 8 months of age was significabtyeficial in all cases when the results were
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compared with those obtained in 12-month-old uméeanice (Figure 11B). For CHCIII activity,

we observed increases of 52.8% and 53.0% in ONeafed eyes of early and late-treated animals,
respectively, as compared to the activity in agéehed untreated control® € 0.0001 and®=0.008

for early and late treatment, respectively). Foll @ttivity, the increases were 67.4% and 53.8% for
early and late treatment, respectivaPy<(0.0001 and® =0.0022, respectively). For CIV activity, the
increases in ONs of treated eyes of mice that vedegarly or late treatment were 66.9% and 64.8%,
respectively, relative to that in age-matched waige@ animalsK <0.0001). ThusNgb overexpression
compensatedor respiratory chain deficiency in ONs, which couldadeto improved RGC

functionality.

Preserved retinal ganglion cells in AAV2/2NGB-treated eyes elicited increased neuronal
activity in the visual cortex

We recorded flash visual evoked potentials (F-VERgyeated DBA/2J mice to assess whether the
preserved morphologic hallmarks of RGCs, along withimproved respiratory chain activity in ONSs,
could enhance visual function. F-VEPs are used ¢mitor communication from the RGC soma
through the axon to the visual cortex by recordéhgctrical potentials from the brain after visual
stimulation®” F-VEPs in young DBA/2J mice produce robust andaepcible signals, but the signals
are severely diminished in old anim&i$? Four groups were evaluated: (1) 19 untre&tedonth-old
DBA/2J mice; (2) 21 untreated 1-year-old DBA/2J @i¢3) 27 one-year-old DBA/2J mice that
received early treatment; and (4) 18 one-year-d&A2J mice that received late treatment. Light-
adapted electroretinograms (ERGs) were first obthino measure the functionality of the
photoreceptor visual pathways of the niltd&Recordings made under these conditions essentially
consist of a fast positive b-wave that reflects ¢bae response to light stimulation (Figure Sé&; lef
panel, and Table S1). In some l-year-old DBA/2Jemiwe observed a decrease in the b-wave
amplitude that might have been associated with ariscorneal injury. Mice in which b-wave
amplitudes reached only 25% or less of the valuegsored in untreated 2-month-old mice and which

exhibited severe corneal pathology were excludedhfsubsequent analyses. The most consistent
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components of F-VEPs are a negative N1 and a pes$tl peak, as shown in Figure 11C (left panel).
We found no differences in the peak latencies akfe-peak amplitudes when the responses for right
and left cortices were compared, probably becattieeaoptic chiasm of mice, more than 95% of the
fibers from the nasal part of the retina decusaatkjoin the uncrossed temporal fibers of the opppos
nerve to form the optic tracts.Thus, responses from right and left visual costioeere averaged,
because their signals originate from fibers of ey The latencies of the N1 and P1 peaks, along
with the P1-wave amplitudes, were similar in alcenevaluated (Table S1). Conversely, in the 12-
month-old untreated DBA/2J mice, there was a declai 42.3% in the calculated N1-wave
amplitudes, as compared to those in young nice 0.0003). AAV2/2NGB administration in mice
aged 2 or 8 months undeniably led to a significambancement of N1-wave amplitudes, which
reached 188% or 189%, respectively, of those iedrpld untreated mice (Figure 11C, right panel).
Furthermore, N1-wave amplitudes in treated micgargless of when the treatment was performed,
were not significantly different to the amplitudeeasured in 2-month-old mic® £ 0.93 and 0.33
for mice that received early and late treatmerdpeetively). ThusNgb overexpression resulted in
functional recovery, and RGCs became capable ofigiray high electrical inputs to the brain, which

eventually induced enhanced visual cortex activity.

DISCUSSION

Glaucoma is characterized by a complex and progeepattern of molecular changes that ultimately
leads to blindness, although there are substatiffatences among patients. Because elevated IOP is
a major risk factor for glaucoma, the current tmeaxit strategies are aimed at reducing 10P, buéther
is no effective curé® The fundamental cause of glaucoma is the degémeraf RGC somas and
axons. as occurs in hereditary optic neuropatifedRGCs are susceptible to mitochondrial
dysfunction or disturbances of the mitochondriaivmek dynamics. The nerve-fiber layer within the
retina requires high energy for electrical condutiin the unmyelinated axons within the prelaminar

and laminar parts of the ON; consequently, theserdihave a high density of mitochondfia.
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Our objective was to determine whether mitochomndngairment could be directly involved
in glaucoma pathogenesis. The hallmarks of eyeopadly in DBA/2J mice were described many

G444 elevated IOP due to the release of iris pigmeminpls into the anterior chamber of

years ag
the eye is responsible for RGC loss and optic methy** We thoroughly characterized these mice
and identified several phenotypic hallmarks: (I§ fragmentation was observed in 4-month-old mice;
(2) increased IOP was detected in 7-month-old nvidth, the levels remaining high until the age of 12
months and diminishing thereafter; (3) RGC loss waslent in 10-month-old mice, whose retinas
had less than 30% of the number of RGCs seen ingg@BA/2J mice; (4) in retinas of 8-month-old
DBA/2J mice, Miller cells responded to RGC injury by umgteng hypertrophy, with targeted
cellular migration across the plexiform layers; {b¢ activation of astrocytes and glial cells in ON
was obvious several months before the disappea@R&C axons, as previously descrifédind

(6) axonal degeneration was initiated in 8-month-ahimals, with the loss of 33.3% of the nerve
fibers present in healthy mice, thus preceding RG@a disappearance by 2 months.

For the first time, we have demonstrated a congiseguction in the enzymatic activities of
respiratory chain complexes CI, GICIII, CIIl, and CIV in retinas and ONs, with the ateases
largely preceding the onset of neuronal loss. Bnesgpply defects may exacerbate the
neurodegenerative process and certainly play a rkdy in optic neuropathy and vision loss.
Moreover, retinas from DBA/2J mice aged 12 to 14nthe exhibited a significant reduction in the
steady-state levels of mitochondrial proteins imedlin energetic metabolism, organelle dynamics, or
antioxidant defenses. Proteomic studies investigatiuman retina samples from glaucomatous or
ocular hypertensive patients established that eay axf mitochondrial proteins displayed significant
level reductiond’*® Consequently, insufficiency in the energy suppbuld initiate defects in
electrical conduction and axonal transport, thermading to neuronal cell loss and, ultimately,
glaucoma. Our data on the impairment of energy buoftan and the diminution of some
mitochondrial protein amounts in DBA/2J mice supptive notion that generalized organelle

dysfunction could be a key player in the courseglalicomatous neurodegeneration. Hence, it is
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feasible to attempt therapeutic targeting of RG@afiondria to preserve their function, with the aim
of prolonging neuronal survival.

We chose to evaluate the effect of enhandiglp expression in RGCs via a singiletravitreal
injection of an AAV2/2 vector, because NGB levelsra&v almost halved in the retinas of 1-year-old
DBA/2J mice, as compared to those of 2-month-oldemSince its identification in 2060 NGB has
been implicated in neuronal protection from hypoaiad oxidative stresS.In rodent or human
retinas, NGB is differentially distributed in thetinal cell layers, with an increased abundandéen
GCL and especially in RGC&%%°°>%35 we showed in retinas from DBA/2J mice. A recatitle
reviewed the available data on the neuroprotectieof NGB in a range of pathologic conditiotis
The possible mechanism of action that leads tob#reeficial effect of NGB on nerve-cell survival
appears to be linked to mitochondrial function By the preservation of the ATP synthesis rate, ROS
homeostasis, and mitochondrial membrane potesainal;(b) the modulation of death signaling via the
shutdown of the apoptotic cascaddor instance, the human NGB protein can efficieatavenge a
variety of ROSs (superoxide anions, hydrogen pemxand hydroxyl radicafS)and also reactive
nitrogen species (RNSs) such as nitric oxftas for how NGB modulates the apoptotic process, it
envisaged that it depends on interactions with mitochondrial proteins: the voltage-dependent
anion channel (VDAC) and Cyt-C, a component ofréspiratory chain. Binding between VDAC and
NGB can modify the permeability of the outer menmer® and because NGB is able to reduce Cyt-C,
its leakage from damaged mitochondria and the spulese caspase 9 activation could be impeget.
Furthermore, a recent study of mouse cortical meuno culture demonstrated an interaction between
NGB and Cycl, a subunit of CIIl. Within this compleslectrons are sequentially transferred from
ubiquinol to Cycl and Cyt-C, and NGB could inteefén this transfer between Cycl and CytC.
Interestingly, our experiments showed tN&B overexpression leads to increased enzymatic gctivi
of Cl and CIll. Hence, the impediment of noxiousw@nulation of ROSs or RNSs in the mitochondria
and the protein—protein binding and intermolecelactron exchanges between Cyt-C/Cycl and NGB
could ultimately lead to better performance of nedpry chain enzymes in ONs from DBA/2J eyes

treated with AAV2/2NGB. In 2014, we demonstrated that the retinas of édaih mice exhibited
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decreased steady-state levels of NGB. These migglagi optic neuropathy due to a profound
respiratory chain impairmeht>® which was efficiently prevented by injecting AA\Z2NGB into the
vitreous humor of young mic&. In this study, we confirmed the ability of NGB tustain
mitochondrial function; indeed, increasiddb expression in the RGCs of 2- and 8-month-old DBIA/2
mice resulted in significant protection of respargt chain function in the ONs. These data highlight
the fact that, regardless of the molecular mechanis/olved in mitochondrial dysfunction, NGB
efficiently protects against a failure in energytat®lism. The administration of AAV2/RGB to 2-
month-old mice prevented RGC loss and nerve-filigappearance. In contrast, performing the same
treatment in 8-month-old mice failed to prevent noeal loss; however, the enhanced energy

metabolism of the surviving RGCs led to the preagown of visual cortex activity.

We measured electrophysiologic signals correspgnttinvisual cortex activity by recording
F-VEPs. The N1 and P1 peaks are generated by 1géiniculate fibers, which represent the main
connection between the ON and the occipital cortelRGCs are functionally compromised, the
sensory input after light stimulation cannot rettod visual cortex; therefore, the F-VEP is consder
a quantitative index of visual functidh\We demonstrated that 12-month-old DBA/2J mice ldiggd
a 42% reduction in the N1-wave amplitude relativehte values observed in 2-month-old DBA/2J
mice, which is consistent with the extensive RG{irin AAV2/2-NGB administration led to an
effective restoration of RGC functionality, becaus®esignificant difference was found between the
N1-wave amplitudes in young mice and those in theyear-old counterparts, which accumulated
increased amounts of NGB in their RGCs as a reguihdergoing gene therapy at the age of 2 or 8
months. In the latter animals, the RGC number veas &t the time of euthanasia; nevertheless,
respiratory chain function in the ONs was preserasdvere the cortical responses to light stimarati
Thus, the surviving RGCs elicited improved visuaitex activity, for which there are several possibl
explanations: (a) there are more intense actioerpials from the residual RGCs; (b) RGC axons
constitute more synapses in their target areasfiperior colliculus [SC]) and are thus able to @wmtin
more neurons; or (¢) SC neurons can generate adaitaxonal collaterals and sprouts, with positive
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consequences for visual function. These situatltmge been described in several models: In adult
hamsters, single regenerated RGC axons efficiatitacted multiple SC neurons, and a limited
number of RGCs with regenerated axons were abigive a much larger number of neurons in the
occipital cortex, resulting in increased behavigesiponses to lighi.In a rodent model of glaucoma
due to elevated IOP, at a late stage of the diseasepensatory functional changes were evident in
the terminals of surviving cells, possibly as aute®f plasticity, leading to increased synaptic
transmission in the S&:°? In a model of glaucoma induced by cauterizing épéscleral vein,
changes were observed in the INL, such as newlpddrsynapses between RGCs and bipolar cells
and the expansion of RGC dendrit¥s .

By carefully comparing flat-mounted retinas froM@B-treated and untreated 1-year-old mice,
we observed distinct changes in RGC morphologygssiing that neuronal remodeling and synaptic
plasticity occurs inside the retina. This could lakp at least partially, the enhanced visual corte
activity in treated mice.

Because mitochondrial integrity, and especiallyaoejle motility, is required to provide
energy for synaptic signaling and plastidityve postulate that NGB, by virtue of its abilitypootect
the respiratory chain, is responsible for preven®®GC loss and axonopathy when administered to
young DBA/2J mice. When the treatment was admiradt@t an advanced stage of the disease, the
surviving RGCs were able to deliver a consisterdcteical input to the brain. HencéNgb
overexpression, by preserving the RGC energy mbsabostatus, leads to functional synaptic
transmission through the optic nerve to the ocaipibrtex. Furthermore, the enhancement of the
amount of NGB in RGCs results in the reduction afthbmicroglial activation and astrocyte
proliferation in ONs, and the attenuation of inflmatory responses could also improve the
transmission of nerve impulses to the central Visyatem. In DBA/2J mice, damage to RGCs and
their subsequent loss occur in progressive stdgasate initiated by ocular hypertension and ingolv
the whole visual pathway. Most of the 1-year-oldAYRB) mice studied here exhibited extensive RGC
death and axonal degeneration (with losses of 67867/8%, respectively, relative to the numbers in

2-month-old mice). AAV2/2NGB is a single-stranded parvovirus; therefore, the emmof
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transduced RGCs is expected to reach a maximunebatd& and 6 weeks after vector injection into
the vitreous body, as a result of the delay requice the conversion of the single-stranded viral
genomes to double-stranded DNA molecules and susisequent transcriptiGhThe aim of treating
8-month-old mice was not to induce cell survival,the therapeutic window had already passed, but
to mimic the clinical situation, in which patientievelop severe visual impairment long after the
disappearance of RGCs has begun. In this regardd W&s able to halt the degeneration of the
remaining RGC axons, thereby maintaining both th&ienergetics and the ability to transmit signals
to the visual cortex.

In conclusion, we have demonstrated that respiyatbain activity in the retinas and optic
nerves of DBA/2J mice is compromised several moh#isere the onset of RGC loss. Furthermore, 1-
year-old mice exhibiting glaucoma accumulated igirthetinas low levels of several mitochondrial
proteins that can further compromise organelle tionality. Therefore, the beneficial and sustained
effect of NGB on RGC viability and functional inté#ly encourages its use as a powerful means of
maintaining robust and long-lasting mitochondriativaty within neurons, with the aim of treating

visual impairment in glaucomatous patients.

MATERIALS AND METHODS

Mice

Mice of the DBA/2J strain and the congenic C57BL/6J strain were obthifrom Charles River
Laboratories (L'Arbresle, France). Two-month-old AJBJ mice were used as “healthy” controls, as
these mice do not develop glaucoma until they ate 80 months of age. For some experiments,
C57BL/6J mice were also evaluated as controlsditanot exhibit visual function impairment with
aging®>*The mice were housed one to four per cage in peesture-controlled environment, with a
12-h light/dark cycle and free access to food aatew in a pathogen-free barrier facility. The stad
were conducted in accordance with the official glirkes for the care and use of animals in research

and were approved by the French Ministry of Agtigtd and the Veterinarian Department of Paris
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(permit no. DF/DF_2010_PA1000298), the French Migisf Research (approval no. 5575), and the

ethics committees of the University of Paris 6 #relINSERM (authorization no. 75-1710).

Intraocular pressure measurements

For noninvasive measurement of IOP, an Icare® TOABItonometer (Icare, Espo, Finland) was
used. The assessment is based on a rebound methiol,allows the IOP to be calculated accurately,
rapidly, and without the need for local anaesthéife instrument takes six individual measurements,
each repeated three times, and presents the méd&wafues as a single reading displayed in mm Hg.
DBA/2J and C57BL/6 mice were studied between tresag 2 and 15 months; measurements were

performed monthly on both eyes and were made daiaytjght.

In vivo confocal microscopy analysis

A laser-scanningn vivo confocal microscope (IVCM) (Heidelberg Retina Taraph [HRT] II/
Rostock Cornea Module [RCM]; Heidelberg Engineer@mbH, Heidelberg, Germany) was used to
examine the entire cornea, including the supeflfimthelium (at zero depth), basal epitheliumgat
depth of 8-15 um), stroma (at a depth of 15-40 jamj,endothelium (at a depth of 65-80 |fM)/e
used the protocol to visualize the iris at deptdrggmg from 80 um to 160 pm. Groups of four mice

aged 2, 4, 8, or 12 months were each subjectee twithis analysis.

In vivo electrophysiology

Photopic electroretinograms (ERGs) and flash visexabked potential (F-VEP) responses were
recorded simultaneously from electrodes placed hen dornea and overlaying the visual cortex,
respectively. Photopic ERGs were assessed usinggtda loop electrodes with light stimuli (10
cd.s/nf) applied on a light background (20 cdjmas previously describéd.For F-VEPs, deep
anesthesia was induced in the mice 7 days bef@edbording and maintained with 2% to 3%
isoflurane (Axience, France, and Abbott, UK) adrmsti@ered through a face mask. Two stainless-steel

screws (diameter, 0.9 mm; length, 2.4 mm) were amigd, using X and Y stereotaxic coordinates,
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into the right and left visual cortices and fixad place with surgical glue. Each electrode was
positioned 2.7 mm posterior to the bregma and 21b lateral to the right or left lambda suture and
penetrated the cortex to a depth of 1 mm. Platineedles in the forehead and at the base of the tall
served as reference and ground electrodes, regglgctOn the day of electrophysiologic recording,
mice were anesthetized with an intraperitonealciiga of a mixture of ketamine (100 mg/kg) and
xylazine (10 mg/kg). Their body temperature wasntaaned at 37°C to 38°C with a heating pad, and
their pupils were dilated with a single dose of tt&picamide and 5% phenylephrine. Stimuli for the
ERGs and F-VEP response recordings were generaigédcantrolled by an Espion E2 system
(Diagnosys LLC, Cambridge, UK). A single flash gtilois was delivered in a Ganzfeld dome. For
photopic ERGs, each flash had a duration of 4 md,the signals were differentially amplified and
digitized at a rate of 5 kHz with a band-pass fi(@-300 Hz). VEP responses were elicited by 100
flashes of white light (10 cd/mfmeach), with a duration of 4 ms each and a frequercl Hz,
delivered with the flash photostimulator placedtd20 cm from each eye with a band-pass filter (10—
80 Hz). Photopic ERGs consist of a b-wave with {pasipolarity derived from the inner retina, which
corresponds to the cone responses after light Ettiron*® The mouse F-VEP is dominated by a
negative polarity component (N1) that peaks atdb8a ms after stimulus presentation. The implicit
time of the N1 component was measured at the negaak. The amplitude of the F-VEP was
measured from the N1 negative peak to the enswisijiye peak (P15

The amplitude and timing of the ERG and VEP compts&vere measured with the Espion
software by placing a cursor at a subjectively gheteed turning point (the peak or trough) for each
component of the individual recordings. Two expenmers performed the evaluations independently
without knowing what treatment the mice had reagive

In some 12-month-old DBA/2J mice, a decreased respan the ERG might be associated
with iris or corneal injury impeding light stimulah of the inner retina. Hence, mice in which the
ERG responses attained values that were only 29%ss1of those measured in untreated 2-month-old

mice and which exhibited severe corneal injury wexeluded from subsequent analyses. Four mice
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in the untreated 12-month-old group and five miceach of the treated groups were excluded on this

basis.

Adeno-associated viral vector and intravitreal injestions

The design of the AAV2/NGB vector was described previoudRBriefly, the recombinant pAAV-
IRES-hrGFP vector (Agilent Technologies) contains the codseguence (453 bp), BTR (279 bp),
and 3 UTR (895 bp) of the mouddgb gene. AAVvectors were produced by the INSERM UMR1089
research unit (Nantes, France). For intravitrej@citions, DBA/2J mice were anesthetized with 2% to
3% isoflurane (Axience, France). The tip of a 38&gmneedle, mounted on a 10-pL Hamilton syringe
(Hamilton Bonaduz AG, Switzerland), was advanceouph the sclera, and 2 pL of the AAV2/2-
NGB vector suspension (210° vector genomes) was injected intravitreally irtte superior area of
the retina, avoiding structural disruption, bleeggdiar lens injury. In terms of disease progressioo,
types of gene therapy were performed: “early treatri in which the vector was administered to 55
two-month-old mice in one eye only, and “late tneant,” in which the vector was administered to 18
eight-month-old mice; in the latter group, 16 oé th8 mice received the vector in both eyes. All
surviving mice were euthanized at 12 months of ag¢he “early treatment” group, nine mice died
from natural causes before reaching 12 months efaagl were, therefore, excluded from subsequent

studies.

Retinal and optic nerve histology

Mice under anesthesia were killed by cervical diagtmn, whereupon their eyes were enucleated
immediately and dissected. After the anterior segna@d vitreous humor had been removed from
each eye, the retinas and ONs were collected, fired% paraformaldehyde (PFA) at 4°C, then
cryoprotected by overnight incubation in PBS canitay 30% sucrose at 4°C. Retinas were embedded
in optimum cutting temperature (OCT) medium (Neg Bichard-Allan Scientific) and frozen in

liquid nitrogen. Optic nerves were embedded inlatgm of PBS + 7.5% type A gelatin from porcine
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skin (Sigma-Aldrich) and 10% sucrose and frozea #¥methyl-butane solution at —45°C. Sections of
retinas and ONs were cut (at a thickness of 10 @mg cryostat (Microm HM560; Thermo Scientific)
at —20°C and mounted on SuperFf&3us slides. For the retinas, approximately 16 eousve slides
were obtained for each eye, half correspondingécstiperior side.

For immunohistochemical analysis, retinal and Obtisas were treated for 10 min with PBS
+ 0.1% Triton and then for 1 h with a solution 86 BSA, 0.1% Triton, 0.05% Tween 20, and 5%
normal goat serum (Sigma-Aldrich) and incubatedlie primary antibodies overnight at 4°C. Next
day, the sections were washed in PBS (three timesl® min each) and incubated with the
appropriate secondary antibodies and DAPI (Signdriéth) for 2 h at room temperature. Finally, the
sections were washed three times with PBS, ringéd sterile water, and mounted on glass slides.
Flat-mounted retinas were obtained after enuclgagiyes and removing the anterior segment and
vitreous humor. Each retina was treated with 4% REA°C overnight. Next day, they were rinsed
twice with PBS (15 min per wash) then permeabilineth PBS and 1% Triton X100 for 10 min.
They were then incubated in 3% BSA, 0.1% Triton &18nd 0.05% Tween 20 for 2 h at room
temperature with gentle stirring. Primary antibedveere added at the appropriate concentrations to
the same solution used for the saturation step,ircubation was performed overnight at 4°C with
gentle stirring. Next day, the retinas were washede with PBS (15 min per wash) at room
temperature and incubated with secondary antibaalelsDAPI for 2 h at room temperature in the
dark with gentle stirring. After this incubatiorhet retinas were rinsed twice with PBS (15 min per
wash), and two incisions were made at each endrunidecular magnification. The retinas were then
carefully flattened and mounted on glass slide$ whee vitreal side, corresponding to the ganglion
cell layer (GCL), uppermost. The primary and seeopdantibodies used for immunohistochemical

staining are shown in Table S2.

Microscopic observations and analyses of images
Fluorescence labeling was monitored with a conftas@r scanning microscope (Olympus FV1000 or

Leica TCS SP8); images were acquired with OlymplumWew® or LAS X software. Retinal
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sections were also scanned with a NanoZoomer DR#thology (NDP) 2.0 HT scanner (Hamamatsu
Photonics), using the Fluorescence Unit option @ANE05) and the NanoZoomer's 3-CCD TDI
camera. After whole retinal sections scanned withNlanoZoomer Digital Pathology (NDP) 2.0 HT
scanner (Hamamatsu Photonics) had been reconstrtiotenumber of RGCs was estimated using the
NDP analyze software. For each mouse, the numbeeld that were positive for BRN3A was
counted over the entire length of three or foumedtsections. Published data obtained from mice
indicate that a high-density region for RGCs |laoadi to the superior retina as a horizontally oeént
area extending nasotemporally, approximately 1 numsal to the optic disk Thus, the sections
counted corresponded to the superior retina atpghdef 400 to 600 um from the ON. The same
regions were chosen for evaluating the RGC numtfter gene therapy, because AAVMEGB was
administered to the superior side of the eye. Aalditly, eye elongation related to IOP elevatios ha
been described in DBA/2J mice; one study found tatxial length increased progressively after the
age of 6 months and reached a “plateau” approxignatenonths latef® In our hands, the retinal
length in reconstructed scanned images increasedca aged 8 months or older relative to that seen
in 2-month-old mice; no changes were observed &i#dr2/2-NGB treatment (Table S3). Hence, for
each mouse, we considered the average total nuofbBGCs in the retinal sections evaluated,
regardless of their length. ImageJ software (Natidnstitutes of Health, Bethesda, MD) was used to
create binary images by thresholding. The inter#it§FAP staining was estimated by measuring the
mean fluorescence with the plot profile routinelmobgeJ after reconstructing whole retinal sections
with the NDP 2.0 HT scanner. Three or four indegendetinal sections were evaluated for each
mouse. In the ON sections, the number of RGC axwas deduced from the fluorescent spots
revealed by the NF200 antibody. The total numbeftpafticles”, i.e., the number of axons in each
image, was automatically estimated for each moysanialyzing three independent ON sections, as
described previous? The intensity of the labeling for vimentin, IBABnd GFAP was also
estimated in the ON sections by measuring the nfleanescence, using the plot profile routine of

ImageJ on three or four independent ON sectionsdoh mouse assessed.
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RNA extraction and RT-gPCR assay

Total RNA was extracted from retinas with an RNeBb&ys Mini Kit (Qiagen). The RNA was treated
with RNase-free DNase (Qiagen) then cleaned witREeasy MinElute Cleanup Kit (Qiagen). One
microgram of total RNA was reverse transcribed gsligo-dT and Superscriptil reverse
transcriptase (Life Technologies). Quantitative PE&ctions were performed using an ABI 7500 Fast
Real-Time PCR System (Applied Biosystems) and tpeciic primers listed in Table S4, as
described earlie®” Briefly, for each gene, the equivalents of 2 nd 40 ng of cDNA were used as
templates for qPCR reactions performed using Pd8¥BR Green PCR Master Mix (Applied
Biosystems). Each biological sample was assayddbpiicate for each gene; the cycle threshold (Ct)
values (the numbers of cycles required for theriaoent signal to cross the background threshold)
were obtained with the ABI 7500 software (v.2.0.8). determine the relative mMRNA amount for
each gene studied, we used the comparatiMét method. The mitochondridtp6 gene was used as
the normalizing gene, because its MRNA steady-$¢atels remained almost unchanged in all the

samples evaluated, as previously repofted.

Western blot analysis

For Western blot analysis, retinas were isolatethf. 7 untreated 2-month-old mice (the young group)
and 17 untreated mice aged 12 to 14 months (thgrldp). A further seven retinas were isolated
from the treated eyes of mice that underwent AAMRGEB administration at 2 months of age and
were euthanized 10 months later, along with seeé@nas from the untreated contralateral eyes of the
same mice. The retinas were homogenized inl56f 20 mM HEPES, 60 mM mannitol (pH 7.2), and
protease inhibitor cocktail (Sigma-Aldrich) at 4%dth a 200uL hand-driven glass-glass Potter-
Elvehjem micro tissue grinder. Large cellular delwias concentrated by centrifugation (18@0for

5 min at 4°C) and discarded. Then the amount ofepran the supernatants was quantified with
Bradford assay reagent (Sigma-Aldrich) before Weskdotting was performed. After incubation at

95°C for 10 min, 15 or 30 ug of each sample waslved by 12% SDS-PAGE and transferred to a
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PVDF membrane. The membranes were incubated wiiboaiies against mitochondrial proteins;
immunoreactive bands were labeled with approprs&teondary antibodies coupled to horseradish
peroxidase (Table S2) then detected with PferEEL Plus Western Blotting Substrate (Thermo
Scientific). The apparent molecular mass of eadtepr was estimated by comparing each specific
signal on the blots to the PageRuler Plus Prestair®tein Ladder (Thermo Scientific). Signals
obtained were visualized with a G:BOX Chemi XX6 dgetaging system (Syngene Europe,
Cambridge, UK) and analyzed with GeneSys softw@reantifications for different immunoblots
were performed with Quantity One analysis softw@m®m-Rad). We conducted these assays within
the linear dynamic range of our detection methadl @rected the intra- and interblot variability by
loading two quantities of the protein extracts lo@ $ame gels/blots and including common samples in
each independent experiméAThe signal obtained with the antibody against NgaBerally revealed
three bands, and we quantified the signal for thi&ree area encompassing these three bands. The
incubation of the membranes with ReBlot Plus Str@wution (Millipore, Molsheim, France)

allowed three different antibodies to be used seiiiéy.

Tissue homogenate preparation and respiratory chaienzymatic assays

Samples from retinas and ONs were prepared by hengfion in 20QuL of extraction buffer (0.25
mM sucrose, 40 mM KCI, 2 mM EGTA, 1 mg/mL BSA, 20/Tris—HCI, pH 7.2) at 4°C with a 200-
uL hand-driven glass-glass Potter-Elvehjem tissumdgr. The homogenates were subjected to low-
speed centrifugation (106 for 8 min), and the supernatants were collectetl faozen at —80°C
until use. Respiratory chain enzymatic activitie®rev measured using a C&rnp0 UV-Vis
spectrophotometer (Agilent Technologies). We pentedt two spectrophotometric assays to measure
sequentially the activity of the five respiratoryain complexes in a single retina or &NThe first
assay measured the activity of the rotenone-seesNIADH decylubiquinone reductase (complex |
[CI]) and the ATP hydrolase activity of complex \Z\(),** which is oligomycin sensitive. Each

measurement was made in triplicate withubOof the homogenate. In the second assay, theityobiv
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cytochrome c oxidase (complex IV [CIV]) was measiuing adding reduced Cyt-C and recording the
oxidation rate. Next, the activity of succinate-exjyirome c reductase (complexes II-III [€ICIII])

was initiated by adding succinate, which triggées teduction of Cyt-C. Adding the SDH competitive
inhibitor malonate fully inhibited the SDH-depenteactivity. Finally, after metal chelation with
EDTA, decylubiquinol was added to initiate the retiton of Cyt-C by complex Il (CIIl). ClIl-
specific activity was determined after adding amtim, its specific inhibitor. The assay was
performed in duplicate with 10L of each homogenate. After the protein had beemtijied by the
Bradford method, the values obtained from the assare converted to specific activities for each
complex, as presented in Table 1. All the chemicalsd for the assays were of the highest grade

available from Sigma-Aldrich.

Statistical analysis

Statistical analyses were performed with GraphPadnP 6.0 software, assuming a confidence
interval of 95%. Generally, the observations witleach group did not fit a normal distribution;
therefore, nonparametric methods were applied &uate the significance. Data were compared
using the Mann-Whitnely test for unpaired nonparametric significance. fare that received gene
therapy in only one eye, a comparison of the tckages and their untreated counterparts was

performed using the paired nonparametric signifieatest of Wilcoxon.
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FIGURE LEGENDS

Figure 1: Anterior segment and intraocular pressure changesiiDBA/2J mice with age.

(A) In vivo confocal microscopy images of the anterior segmeht®BA/2J mice, including the
corneal superficial epithelium (column 1), basalittegium (column 2), stroma (column 3),
endothelium (column 4), and iris (column 5), for ®BJ mice aged 2 months (row 1), 4 months (row
2), 8 months (row 3), and 12 months (row 4). Fatheage group, usually four mice were evaluated
over time. The black and white arrowheads indica@nges in the cornea and the iris during aging.
(B) Male DBA/2J and C57BL/6J mice aged between @ Bh months were subjected to noninvasive
IOP measurements that were performed monthly on &pés during daylight. The histogram shows
the means SEMSs, as well as the age in months (m) and the pumibeyes evaluated in each group.
Although IOP measurements can differ between tpket rand left eyes in some animals, the data
shown did not discriminate between the valuesridividual eyes. Th&-values were calculated with
respect to measurements collected from 2-monthi2BA/2J mice; only the values close to

significance or significant are shown (for mice @ge-12 months).

Figure 2: Ganglion cell loss and gliosis in retina®f DBA/2J mice during the progression of
glaucoma.

(A) Immunohistochemical staining for BRN3A (red)da@FAP (green) in retinas from mice aged 2, 8
and 15 months; the nuclei were stained with DARUED for contrast. Abbreviations: ONL, outer
nuclear layer; INL, inner nuclear layer; GCL, gaaglcell layer; OPL, outer plexiform layer; IPL,
inner plexiform layer. The scale bar correspond2dq@ m.

(B) The overall number of RGCs was estimated in DBAmice of different ages by counting
BRN3A-positive cells in the GCL after reconstrugtiretinal sections, as described in the Materials
and Methods section. The histogram shows the numbRGCs as the meaSEM; the number of

mice evaluated by age group in months (m) is shioviimackets (n) below each bar.
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(C) The intensity of the GFAP labeling was estirdateth ImageJ in whole retinas from mice in the
three age groups: 2 months (healthy), 8 to 10 nsofwiith well-established glaucoma), and 12 to 15
months (with advanced glaucoma). The histogranstilies the data for each age group; the number
below each bar corresponds to the number of indkpemetinal sections evaluated per group (n). The
P-values in (B) and (C) were calculated with respgeaiata collected in 2-month-old DBA/2J mice;

only the values close to significance or significare shown.

Figure 3: Histopathologic changes in DBA/2J optic erves over the course of disease.

(A) Proximal ON transverse sections (near the gldibe mice aged 2, 8, and 12 months were
subjected to immunohistochemical staining with atibemdies against NF200 (green) and GFAP (an
astrocyte marker) (red).

(B) Bar graph of axon numbers (meaSEM) for optic nerves collected from mice aged ,2a&d 12
months, as displayed with GraphPad Prism 6. Vahresshown after normalization against those
obtained from 2-month-old mice. NF200-positive spetere counted in three separate entire
transverse sections with the ImageJ softwarealues were calculated with respect to fiber nunite
2-month-old DBA/2J mice; the number of mice evaddafn) is shown in brackets below each bar of
the histogram.

(C) Immunohistochemical staining with antibodiesaiagt IBA1 (green) and vimentin (red). Both
proteins were more abundant in ON sections fronottler mice than in those from 2-month-old mice.
The nuclei were stained with DAPI (blue) for costrarhe scale bar corresponds to 50 um for panels
A and C.

(D) The bar chart illustrates the normalized valagshe fluorescence intensities in ONs for GFAP,
IBAL, and vimentin labeling as evaluated in mic ahonths, 8 to 10 months, or 12 to 14 months of
age. The results were normalized against the nleareécence in ONs from 2-month-old mice. The
number of ON sections evaluated with ImageJ (n)indicated in brackets below each bar

corresponding to a specific age group. Values \phkreed as meansSEMs using GraphPad Prism 6.
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Figure 4: Respiratory chain activity in optic nerves from DBA/2J mice at various ages.

The enzymatic activities of complexes I+, 111, IV, and V were measured in single ONs lsizd
from DBA/2J mice of different ages, nhamely 2, 518,to 12, and 14 to 16 months. The values in each
histogram represent the meaSEM of triplicates (Cl and CV) or of duplicates (GICIlI, Clll and
CIV) for the samples evaluated; the CI/CV rati@lso shownP-values were calculated with respect
to the activity assessed in 2-month-old DBA/2J mitlkee age of the group in months (m) and the

number of independent measurements performed grsheneath each bar.

Figure 5: Mitochondrial protein abundance in retinas from young and old DBA/2J mice.

(A) Western blots were performed with protein egtsdfrom mice aged 2 months (the young group, Y)
or 12 months (the old group, O), using variouskartties against mitochondrial proteins. A total 8f 1
individual retinas were evaluated for each groupe Fignals obtained with the antibody agapst
actin (the loading control) and with two other antlies against mitochondrial proteins are shown for
five independent membranes. With the antibody ajaiGB, the strongest signal was detected at 17
kDa, and additional faint signals were often detd@t approximately 19, 21, 25, and 34 kDa. We had
previously observed the 19-kDa and 21-kDa protémsrodent retinas®®® The other signals
corresponding to higher apparent molecular massgsimdicate post-translational modifications such
as phosphorylatidfl or dimerization of the proteift. The bottom row shows a membrane that was
incubated with antibodies against two proteins siameously (1 and 2).

(B) Bar charts showing the meanSEMs calculated from separate immunoblots aftey there
scanned and their signals quantified with the QtiarDne software. The relative levels of
mitochondrial proteins were normalized agaifisictin signals. For each proteiR;values were
calculated as the difference between the signdksradd in young and old DBA/2J mice. The number
of individual signals for independent retinas ugadhe calculations is shown for each protein elo

the corresponding bars.
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Figure 6: Mitochondrial protein abundance and distibution in different retinal cell layers.

The abundance and cellular distribution of the ofitsndrial proteins NGB, OPA1, and SOD2 was
examined by indirect immunofluorescence in retsedtions from 2- and 12-month-old DBA/2J mice
(approximately six mice were evaluated for each gr@eip). Nuclei were stained with DAPI (blue).
The scale bars correspond to #20. Abbreviations: ONL, outer nuclear layer; IS, enrsegments of
photoreceptors; INL, inner nuclear layer; GCL, damygcell layer; OPL, outer plexiform layer; IPL,

inner plexiform layer.

Figure 7: Effects of AAV2/2-NGB treatment on DBA/2J retinas.

(A) Immunofluorescence analysis of retinal sectidresn a 1-year-old mouse in which one eye
underwent intravitreal injection of AAV2/RIGB at 2 months of age (early treatment) and the
contralateral eye remained untreated.

(B) Immunofluorescence analysis of retinal sectifmsn a 1-year-old mouse in which one eye
underwent intravitreal injection of AAV2/RIGB at 8 months of age (late treatment) and the
contralateral eye remained untreated. For (A) &)d onfocal images illustrate immunolabeling for
BRN3A (red) and GFAP (green). The nuclei were sdirwith DAPI (blue). The scale bars
correspond to 20 um. Abbreviations: ONL, outer sacllayer; INL, inner nuclear layer; GCL,
ganglion cell layer.

(C) The overall number of RGCs was estimated byhttog BRN3A-positive cells in retinas from the
treated eyes of DBA/2J mice that underwent intrasitinjection of AAV2/2NGB at 2 months (early
treatment) or 8 months (late treatment) of agetral mice were euthanized at 1 year of age. The
values obtained for treated retinas were comparékase obtained for untreated retinas from 1-year-
old mice. The bar chart illustrates the mean numb&RGCst SEMs; the number of mice evaluated
in each group is shown in brackelBsvalues in treated retinas were calculated witlpeesto RGC

values in untreated retinas from 1-year-old mice.
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(D) The bar chart illustrates the normalized valokthe fluorescence intensity for GFAP labeling in
entire retinal sections. The values were normalegainst the mean fluorescence in retinas from 12-
month-old mice. The number of retinal sections fromdependent mice evaluated with ImageJ is

indicated below each bar. Values were plotted uGrgphPad Prism 6 as meanSEMs.

Figure 8: Morphology of neurons in the ganglion céllayer after “early treatment” with
AAV2/2-NGB.

Flat-mounted retina preparations (vitreal side wpth the GCL visible) were subjected to
immunohistochemical staining with antibodies agaiBRN3A (red) andp3-tubulin (green). The
results shown were obtained with three retinas:isolated from a 2-month-old untreated mouse and
two from a 12-month-old mouse subjected to AAVRIZB administration at the age of 2 months
(early treatment) and euthanized 10 months latiee. dbservations were performed with a confocal
microscope, and regions from the periphery arestilited. A composite image for BRN3A aj8-
tubulin labeling is shown at right. The nuclei weswined with DAPI (blue). The scale bars
correspond to 25 um. In tH&3-tubulin panel, some BRN3A-positive cells are Higfted: white
arrowheads indicate cells displaying short or fesmdtites (untreated retina), and red arrowheads

indicate cells with long dendrites (transducecdnia).

Figure 9: Morphology of neurons in the ganglion céllayer after “late treatment” with AAV2/2 -
NGB.

Flat-mounted retinas from two untreated 12-monthsalce were compared to retinas from two mice
that underwent intravitreal injection of AAV2/26B in each of their eyes at 8 months of age (late
treatment). The confocal images shown correspondhéo peripheral region of the retinas. A

composite image for BRN3A arfiB-tubulin labeling is shown at right. The nucleire/stained with

DAPI (blue). The scale bars correspond to 25 pmhé&f3-tubulin panel, some BRN3A-positive

42



cells are highlighted: white arrowheads indicatéscdisplaying short dendrites (untreated retinas

from old mice), and red arrowheads indicate ceith Wong dendrites (transduced retinas).

Figure 10: Optic nerve morphology in retinas transdiced with AAV/2-NGB.

(A) Proximal ON transverse sections were subjetdathmunohistochemical staining with antibodies
against NF200 (green) and GFAP (red). Results btairom four mice are shown. From top to
bottom: untreated 2-month-old mouse; untreated at-g&d mouse; 1-year-old mouse subjected to
early treatment; and 1-year-old mouse subjectéatéareatment. The scale bar corresponds to 50 pum.
(B) Bar chart of estimated axon numbers (NF200tp@sspots) for mice in the same groups as in (A);
the number of mice evaluated in each group is showbrackets below each bar (Prvalues were
calculated with respect to the number of fiberantreated 2-month-old DBA/2J mice.

(C) Results of immunohistochemical staining withilaodies against IBAL (green) and vimentin (red)
of ON sections from three 12-month-old mice. From to bottom: untreated mouse; mouse treated at
2 months of age (early treatment); mouse treat@&nadnths of age (late treatment). The nuclei were
stained with DAPI (blue). The scale bar correspdodsO pum.

(D) Normalized values (against the mean fluoreseancl2-month-old mice) for GFAP, IBA1, and
vimentin labeling for the number of ON sectionsioaded beneath each bar (n). Values were plotted

using GraphPad Prism 6 as meaZEMs.

Figure 11: Effect of NGB overexpression on respiratory chain activity in ofic nerves and on
visual cortex activity.

The enzymatic activities of complexes I+, I, 1V, and V were measured in the following
samples from 12-month-old mice: (1) 26 ONs from theated eyes of mice that underwent
intravitreal injection of AAV2/2NGB at 2 months of age (early treatment); (2) 26 Oidsnfthe
untreated contralateral eyes of those same mick(3r20 ONs from eyes that underwent intravitreal

injection of AAV2/2NGB at 8 months of age (late treatment).
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(A) The values shown in each bar chart representribant SEM of triplicates for Cl and CV; the
CI/CV ratio is also shown.

(B) The values shown in each bar chart representrtbart SEM of duplicates for CH ClIlI, CIII,

and CIV for the samples evaluatédvalues were calculated with respect to each agtas assessed
in untreated 12-month-old mice.

(C) Plots of F-VEP recordings with the N1 and Pdveforms from two untreated DBA/2J mice aged
2 months and 1 year, one 1-year-old DBA#Juse in which one eye received early treatmemt, an
one 1-year-old DBA/2dhouse in which both eyes received late treatment.

(D) Bar chart of the peak amplitudes of the N1 veafiae the four groups of mice evaluated. The data
represent the meawsSEMs. P-values were calculated with respect to data resmbrd 12-month-old

untreated mice; the number of individual resporisesach group is indicated in brackets.

44



Table 1: Respiratory chain complex enzymatic activies in retinas of DBA/2J mice

DBA/2J mouse groups of various ages

Specific activity + SEM

2 months 5 months 8 months 10 months 14-16 months
Complex | (CI) 40519 32.14+1.7 31.8+1.1 21.5+1.6 24.7+1.6
(n=26) (n=10) (n=10) (n=18) (n=20)
P-valuevs 2-month-old 0.02 0.009 <0.0001 <0.0001
mice
Complex V 103:4.2 96.7+ 7.7 102.8+5.0 94.8+4.3 97.1+6.6
(n=26) (n=10) (n=10) (n=18) (n=20)
P-valuevs 2-month-old 0.41 0.99 0.26 0.85
mice
Cl/icv 0.42+0.03 0.36:0.03 | 0.3G:0.02 | 0.24:£0.021 0.250.016
P-valuevs 2-month-old 0.37 0.02 <0.0001 <0.0001
mice
Complexes I 111 48.5+4.2 nd nd 30.%& 2.6 24.3£1.6
(n=24) (n=17) (n=22)
P-valuevs 2-month-old 0.0055 <0.0001
mice
Complex Il 247.%¢31.3 nd nd 86.1x9.5 82.9+12.1
(n=24) (n=17) (n=22)
P-valuevs 2-month-old 0.0007 <0.0001
mice
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Complex IV 357.:9.7 nd nd 255.319.4 246.4+ 13.97
(n=24) (n=17) (n=22)
P-valuevs 2-month-old <0.0001 <0.0001

mice

nd: not determined

Complex | and complex V activities are expressedaammoles of oxidized NADH/min/mg protein.

Complex Il + Il activity is expressed as nanomadkeseduced cytochrome c/min/mg protein.

Complex Il activity is expressed as nanomolesxaflized decylubiquinone/min/mg protein.

Complex IV activity is expressed as nanomoles adiagd cytochrome c/min/mg protein.

The number of independent retinas evaluated isateld in brackets.
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Figure 6
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Figure 11
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