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Short title: Neuroglobin is valuable for treating glaucoma 
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Abstract 

Mitochondrial dysfunction is responsible for hereditary optic neuropathies. We wished to determine 

whether preserving mitochondrial bioenergetics could prevent optic neuropathy in a reliable model of 

glaucoma. DBA/2J mice exhibit elevated intraocular pressure, progressive degeneration of their 

retinal ganglion cells, and optic neuropathy that resembles glaucoma. We established that glaucoma in 

these mice is directly associated with mitochondrial dysfunction: respiratory chain activity was 

compromised in optic nerves 5 months before neuronal loss began, and the amounts of some 

mitochondrial proteins were reduced in retinas of glaucomatous mice. One of these proteins is 

neuroglobin, which has a neuroprotective function. Therefore, we investigated whether gene therapy 

aimed at restoring neuroglobin levels in the retina via ocular administration of an adeno-associated 

viral vector could reduce neuronal degeneration. The approach of treating 2-month-old mice impeded 

glaucoma development: few neurons died, and respiratory chain activity and visual cortex activity 

were comparable to those in young, asymptomatic mice. When the treatment was performed in 8-

month-old mice, the surviving neurons acquired new morphologic and functional properties, leading 

to the preservation of visual cortex activity and respiratory chain activity. The beneficial effects of 

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

 

Keywords: glaucoma, mitochondria, neuroglobin, retinal ganglion cells, visual cortex activity 
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INTRODUCTION 

Glaucoma is a neurodegenerative disease of the optic nerve that is characterized by the loss of retinal 

ganglion cell (RGC) somas and axons. In 2013, it was estimated that approximately 65 million people 

had glaucoma, making it the leading cause of blindness in the world.1 An array of pathologic events 

appears to contribute to glaucoma: (a) the blockade of optic nerve (ON) axonal transport, which 

decreases the supply of neurotrophic factors to RGCs and could trigger apoptosis;2 (b) an insufficient 

ocular blood supply, attributable to elevated intraocular pressure (IOP) or vascular abnormalities;3 (c) 

the high level of extracellular glutamate released by dying cells;4 (d) excessive gliosis, which results 

in the discharge of toxic substances;5 and (e) the overproduction of reactive oxygen species (ROSs) 

and the subsequent oxidative stress generated in the trabecular meshwork (TM) (which is involved in 

aqueous humor drainage), glial cells, inner retina, or ON.6 

The development of satisfactory therapies for glaucoma has been hindered by the incomplete 

elucidation of the molecular mechanisms that lead to the condition.7,8 The results of several recent 

studies have suggested that mitochondrial dysfunction could be a key player in the pathogenesis of 

glaucoma, because RGCs are highly sensitive to impairment of their energy supply. This is probably 

due to their atypical structure; inside the eye, their axons lack myelin sheaths, which implies an 

extremely high energy requirement for generating and propagating action potentials. Mitochondrial 

dysfunction is responsible for hereditary optic atrophies such as Leber hereditary optic neuropathy and 

dominant optic atrophy, which also result in RGC loss and optic nerve dysfunction leading to vision 

loss.9 In primary open-angle glaucoma, the activity of respiratory chain complex I (CI) is reduced in 

patient lymphoblasts10 and fibroblasts.11 Lascaratos and colleagues demonstrated that healthy 

mitochondria efficiently prevent glaucomatous optic neuropathy in patients who have exhibited 

elevated IOP for many years.12 Accordingly, therapeutic approaches aimed at preserving 

mitochondrial integrity could sustain visual function in patients by protecting their RGCs against 

degeneration.13 

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

151 amino acids, identified in vertebrates as a member of the globin superfamily, is abundant in 
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various regions of the brain and in the eye14 and is considered a powerful neuroprotectant.15 We 

previously showed that rodent RGCs16 and ONs17 possess high levels of NGB. We also demonstrated 

that NGB was enriched in mitochondrial fractions and that knockdown of the Ngb gene in rat RGCs 

caused cell death, optic neuropathy, and defects in respiratory chain complexes I and III (CI and CIII) 

that led to visual function impairment.18 Harlequin mice exhibit optic neuropathy caused by the 

depletion of the mitochondrial apoptosis-inducing factor (AIF), leading to respiratory chain 

impairment.19 A twofold decrease in the steady-state levels of NGB was observed in retinas from 

these mice; hence, ocular gene therapy mediated by an adeno-associated viral vector serotype 2 

(AAV2/2) driving the synthesis of NGB (AAV2/2-NGB) was performed before the onset of optic 

atrophy. This approach prevented RGC loss and preserved respiratory chain activity in ONs and visual 

function.20  

Our current objective is to increase our understanding of the link between mitochondrial 

impairment and glaucoma and to develop a therapeutic approach that uses NGB, with the aim of 

preserving organelle integrity in an experimental model of glaucoma. The DBA/2J mouse strain 

exhibits iris atrophy and elevated IOP due to the release of pigment clumps into the anterior chamber 

of the eye.21,22 In these mice, RGC degeneration, optic neuropathy, and a visual function deficit are 

evident by the age of 12 months.23,24 We demonstrated that mitochondrial dysfunction in the retina 

and ON precedes the development of the glaucomatous phenotype in DBA/2J mice. Administering 

AAV2/2-NGB to mice several months before the onset of RGC degeneration leads to increased 

abundance of NGB in the retinas, which strongly correlates with the preservation of ON morphology 

and function. Moreover, when NGB therapy is administered after neuronal loss has already begun, the 

surviving neurons are able to enhance visual cortical function via morphologic changes within the 

retina and the preservation of respiratory chain activity in the ONs.  
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RESULTS 

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

To define iris pathology and corneal changes, we examined DBA/2J mice aged 2 to 12 months by in 

vivo confocal microscopy (Figure 1A). The eyes of 4-month-old mice had normal superficial 

epithelium and stroma, with scattered hyperreflective patterns in the endothelium. Additionally, at this 

age, the iris contained numerous filamentous and hyperreflective aggregates (Figure 1A, panel J, 

white arrowhead). The degenerative process in both the cornea and iris became aggravated 4 months 

later: we observed activated keratocytes with a stellar shape in the stroma (Figure 1A, panel M, black 

arrowhead); the density of hyperreflective dots and pigment clumps increased in the endothelial layers 

(Figure 1A, panel N, black arrowhead); and it was difficult to visualize the iris because of the 

presence of numerous pigment clumps among the inflammatory cells (Figure 1A, panel O, white 

arrowhead). One-year-old mice showed corneal epitheliopathy, with numerous dark microcysts (round 

vesicles containing fluid and cellular debris) and epithelial cells with disrupted morphology. The other 

corneal layers also exhibited pathologic changes: the basal epithelium was abnormal, with many dense 

and hyperreflective polyhedral structures; the stroma exhibited holes and nearby fibrotic reactions 

(Figure 1A, panel R, black arrowhead); and the endothelial layer included numerous hyperreflective 

pigment clumps (Figure 1A, panel S, white arrowhead). The irises of 1-year-old mice contained fewer 

pigment clumps than did the irises of 8-month-old mice. To determine whether the progressive iris 

disease correlated with ocular hypertension, we measured the IOP in DBA/2J mice aged between 2 

and 14 months (Figure 1B). The IOP of DBA/2J mice increased from the age of 7 months and reached 

a maximum in 11-month-old mice. Thereafter, ocular hypertension declined progressively, reaching 

the baseline in 14-month-old mice (Figure 1B). Figure 1B also shows the IOP in C57BL/6J mice at 

various ages. The congenic C57BL/6J strain is considered a control for DBA/2J mice, as C57BL/6J 

mice lack the mutations in the Gpnmb and Tyrp1b genes that are responsible for iris pathology.21,25 No 

significant changes in IOP were observed in these mice, with the mean values being between 13 mm 

Hg (in 2- and 8-month-old mice) and 11.8 mm Hg (in 14-month-old mice). Hence, the fibrosis and 

inflammation in the corneas and irises noticed  at first in DBA/2J mice aged 4 months and which 
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aggravate progressively up to 1 year appeared to be correlated with changes in IOP and might 

contribute to the subsequent neuronal loss in the inner retina, as previously described.26 

 

Evaluation of retinal ganglion cell and optic nerve degeneration in DBA/2J mice  

Retinal sections from mice aged between 2 and 15 months were immunolabeled with an antibody 

against BRN3A, a transcription factor that accumulates in most RGCs in rodent retinas.27 It has been 

reported that DBA/2J mice aged 2 to 4 months do not exhibit signs of retinal degeneration; the earliest 

detectable changes occur at 8 to 10 months of age, with the number of animals showing degeneration 

reaching a peak by 11 to 12 months of age.23,28–30 Therefore, we compared the RGC population in 

groups of DBA/2J mice aged between 2 and 15 months (Figure 2). Thirteen retinas from 8-month-old 

mice were evaluated, of which only two showed a decrease (of 30% and 35%) in the number of RGCs 

relative to that in 2-month-old mice. Conversely, in 58 retinas from mice aged 10 months or older, 

there were noticeably fewer BRN3A-positive cells in the GCL when compared to the GCL of 2-

month-old mice. The equivalent of 65% of the RGCs had disappeared in DBA/2J mice aged 10 

months or older, as compared to 2-month-old mice, which is consistent with previous reports (Figure 

2, panels A and B). 23,28,29 

Retinal sections were also immunolabeled with an antibody against glial fibrillary acidic 

protein (GFAP), which is a sensitive marker for glial activation in astrocytes and Müller cells in 

response to a retinal stress.31 Intense GFAP staining extending to the outer nuclear layer (ONL) was 

observed in retinas from 8- and 15-month-old mice, indicating that the amount of protein had 

increased in all Müller-cell compartments. The significantly increased intensity of GFAP staining in 

retinal sections from mice aged 8 months or older confirmed the activation of Müller cells and 

astrocytes in mouse retinas during glaucoma progression (Figure 2, panels A and C, and Figure S1).  

By using RT-qPCR, we evaluated the steady-state levels of Brn3A and Gfap mRNA in retinas 

from mice aged between 2 and 15 months. By the age of 12 months, Brn3A mRNA decreased by 

approximately 75%, whereas Gfap mRNA increased by 300% relative to the amount detected in 

retinas from 2-month-old mice (Figure S2, panels A and B). Moreover, 15-month-old DBA/2J mice 
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exhibited a reduction in the thickness of the ONL and inner nuclear layer (INL) relative to the 

corresponding layers in 2-month-old DBA2/J mice and 15-month-old C57BL/6J mice, indicating that 

the change was not age related (Figure S3). This data is consistent with a recent report that cell loss is 

not limited to the GCL in advanced stages of the disease.32  

Next, we estimated the extent of RGC axonal disappearance in sections of ONs from DBA/2J 

mice by using antibodies against the heavy-chain subunit of neurofilaments (NF200). Figure 3 (panel 

A) shows a reduced number of immunopositive dots in the ONs of 12-month-old DBA/2J mice. 

Axonopathy was measured by counting NF200-positive spots (each spot represents a single nerve 

fiber) in mice aged 2, 8, or 12 months (Figure 3, panel B). After the results were normalized against 

the average value for 2-month-old mice, 8-month-old mice exhibited an axonal loss of 33.3%, despite 

the survival at this age of RGC somas (equivalent to 89% of the RGCs in 2-month-old mice). 

Thereafter, the pathologic process became aggravated; 12-month-old mice retained only 22% of the 

optic fibers and approximately 35% of the RGC somas seen in 2-month-old mice.  

We performed immunohistochemical staining on sections of ONs with antibodies against three 

markers: GFAP, IBA1 (ionized calcium-binding adapter molecule 1), and vimentin (a cytoskeleton 

marker that is especially abundant in astrocytes). The antibodies against GFAP and vimentin yielded 

stronger signals with ONs from mice aged 8 or 12 months than with ONs from 2-month-old mice 

(Figure 3, panels A and C); astrocytes probably replaced the axon bundles that disappeared 

progressively during glaucoma progression. We also saw more substantial IBA1 staining in ONs from 

mice aged 8 and 12 months than in ONs from young mice. The fluorescence intensity profiles 

calculated with ImageJ software for each antibody over the whole area of ON sections from mice aged 

2, 8, and 12 months are shown in Figure 3 (Panel D). The data suggest that activation of microglia and 

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

 

Respiratory chain activity in DBA/2J retinas and optic nerves during glaucoma progression 

We examined retinas and ONs from DBA/2J mice of various ages by a spectrophotometric method 

that assesses the enzymatic activities of respiratory chain complexes. Two independent assays were 
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devised to sequentially measure the enzymatic activities of CI, CV, CIV, CII + CIII, and CIII in 

single-tissue homogenates.33 Table 1 presents data obtained in DBA/2J retinas: CV enzymatic activity 

did not change with age, whereas a significant CI defect was evident in the retinas of mice aged 5 to 

16 months when compared to retinas from 2-month-old mice; the reduction in CI activity reached 

approximately 50% in 10-month-old mice. Calculating the CI/CV ratios confirmed that there was a CI 

activity defect in DBA/2J mice aged 8 months or older, as compared to 2-month-old mice. The 

activities of CIV, CII + CIII, and CIII were also reduced in mice aged 10 months or 14 to 16 months 

when compared to the corresponding activities in 2-month-old mice (Table 1). For instance, CIII 

activity in mice aged 10 months or 14 to 16 months was severely diminished at 34% to 35% of the 

value measured in 2-month-old mice. Because the RGC population in rodent retinas accounts for only 

1% of the total retinal neurons,34 our results suggest that other retinal neurons exhibited compromised 

energetic metabolism. Furthermore, we observed a severe defect in all the complexes, except CV, in 

ONs. When mice aged 10 to 12 months were compared with 2-month-old mice, there were overall 

reductions of 60%, 48%, 45%, and 50% in the enzymatic activities of CI, CIV, CII + CIII, and CIII, 

respectively (Figure 4). Remarkably, ONs from 5-month-old mice also exhibited significant 

reductions in complex activities when compared to ONs from 2-month-old mice: the reductions were 

47%, 55%, and 52% for CI, CIII, and CIV, respectively. Hence, bioenergetics failure in ONs from 

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

 

Mitochondrial protein quantities in retinas from gl aucomatous mice 

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

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

energetic metabolism, antioxidant defense, organelle morphology, or biosynthesis were analyzed by 

Western blotting, namely NDUFA9 (NADH:ubiquinone oxidoreductase subunit A9), ATP synthase 

subunit α, cytochrome c (Cyt-C), AIF, NGB, SOD2 (superoxide dismutase), HSP60 (heat shock 

protein 60), TOMM20 (translocation of outer mitochondrial membrane 20), and OPA1 (optic atrophy 
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1). In the old mice, the amounts of NDUFA9 (CI subunit), ATP synthase α (CV subunit), AIF, NGB, 

OPA1, and SOD2 reached 35.8%, 36.7%, 42%, 44%, 47%, and 49%, respectively, of the amounts 

measured in the young mice. The HSP60 and TOMM20 levels in the old mice were 66% and 82%, 

respectively, of those in the young animals, but these reductions were still significant (P = 0.003), 

whereas the abundance of Cyt-C was unchanged in the retinas evaluated. The abundance of GFAP 

was also measured in mice of both age groups, and the amount of GFAP was increased twofold in 

retinas from old mice, relative to retinas from 2-month-old mice, confirming that Müller cells and 

astrocytes underwent reactive changes correlated with RGC loss (Figure 5A and B).  

We performed immunohistochemical staining of retinal sections with antibodies against 

mitochondrial proteins to strengthen the data on the differential accumulation of these proteins in 

young and old mice and also to define the staining pattern in each retinal cell layer (Figure 6). The 

immunoreactivities of NGB, OPA1, and SOD2 within the cytoplasm were similar; only weak signals 

were obtained in the ONL, probably because few mitochondria are present in that layer, whereas 

strong signals were obtained in the INL, the GCL, the inner plexiform layer (IPL), and the inner 

segment of photoreceptors (IS), indicative of the high density of mitochondria in those 

compartments.35 In the INL, many cells exhibited labeling around the nucleus. The IPL showed 

consistent labeling; this layer contains a highly complex network of interconnecting dendrites and 

synaptic terminals involving bipolar, amacrine, horizontal and retinal ganglion, cells. The signal may 

correspond to an important density of mitochondria within this compartment. In old DBA/2J mice, all 

the retinal cell layers showed weaker fluorescent signals for these proteins (Figure 6), consistent with 

the results of Western blot analyses (Figure 5). The reduced accumulation of several key 

mitochondrial proteins can alter organelle functionality and exacerbate RGC injury. 

 

AAV2/2-NGB delivery to the vitreous of mice at two stages of the pathogenic process  

To establish whether restoring NGB levels in RGCs could prevent neuronal injury, gene therapy was 

performed by using a recombinant AAV2/2 vector encompassing the mouse Ngb open reading frame 
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(ORF) in association with the full-length 5′ and 3′ UTRs (Figure S4, panel A). We performed gene 

therapy in 2-month-old DBA/2J mice (the early treatment group) with the goal of preventing RGC 

loss and in 8-month-old mice (the late treatment group) to establish whether the course of the disease 

could be changed despite its having reached an advanced stage. Because Ngb sequences were inserted 

into the pAAV-hrGFP vector, we used the GFP (green fluorescent protein) to assess the transduction 

yield in the retinas of mice that received early treatment. Reconstructions of entire retinal sections 

from injected eyes clearly showed homogenous and intense GFP labeling that was restricted to the 

GCL (Figure S4, panel B). When seven mice that received early treatment were evaluated 10 months 

later, approximately 79% of their RGCs had accumulated GFP (the cells showed intense BRN3A and 

GFP signals), indicating both efficient cellular transduction and stable transgene expression (Figure 

S4, panel C).  

We next performed immunohistochemical staining for NGB on retinal sections, and the 

immunofluorescence signal was noticeably more intense in the GCL from a treated retina than in its 

untreated counterpart from a 12-month-old mouse (Figure S5, panel A). Higher-magnification images 

of retinas from untreated mice aged 2 and 12 months and from mice after AAV2/2 administration are 

also shown in Figure S5 (Panel B). The intensity of the NGB signal decreased with age, whereas in 

treated retinas both the intensity and the number of positive cells increased. The punctuate labeling in 

cells exhibiting strong fluorescent signals was similar to that described for mitochondrial proteins in 

retinal neurons.35,36 The steady-state levels of Ngb mRNA, as determined by RT-qPCR, were 

significantly higher in retinas from eyes that received early or late treatment than in retinas from 

untreated eyes; the increases were 3.4- and 3.6-fold, respectively (Figure S5, panel C). Next, we used 

Western blot analysis to evaluate the protein abundance in retinas from treated eyes of mice that 

received early treatment and in retinas from the contralateral untreated eyes (all mice were euthanized 

at 1 year of age). The NGB level increased twofold in retinas from treated eyes, as compared to retinas 

from untreated eyes, whereas no change was evident in the steady-state levels of the NDUFA9 and 

ATP synthase α proteins (Figure S5, panels D and E). Hence, administering AAV2/2-NGB to DBA/2J 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

11 
 

eyes resulted in increased levels of both the Ngb transcript and the protein in the eyes up to 10 months 

after they underwent gene therapy. 

 

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

To evaluate whether Ngb overexpression could prevent RGC loss and the active growth of Müller-cell 

processes, we performed immunohistochemical staining for BRN3A and GFAP on retinal sections 

from DBA/2J mice that received early or late treatment and were euthanized at the age of 12 months. 

GFAP reactivity was less prominent in treated retinas than in untreated ones, regardless of when the 

treatment was carried out (Figure 7A and B). Indeed, the GFAP intensities in retinas subjected to early 

or late treatment were, respectively, 34.4% and 42% of that measured in 12-month-old untreated mice, 

suggesting a diminution of glial cell activation due to the presence of high levels of NGB (Figure 7D). 

Moreover, there were more BRN3A-positive cells in the retinas of the treated eyes of mice that 

received early treatment than in the retinas of untreated eyes. Conversely, the retinas of mice that 

received late treatment contained very few BRN3A-positive cells (Figure 7B). An estimate of the 

RGC numbers confirmed these observations: early treatment resulted in significant protection against 

RGC loss, with the number of RGCs in treated eyes being 82.4% of that in 2-month-old mice and 2.6 

times more than that in age-matched untreated eyes. In contrast, in retinas from mice that received late 

treatment, the RGC count was 34.2% of that in the retinas of 2-month-old mice, and the extent of 

neuronal loss was very similar to that in the retinas of untreated 1-year-old mice (P = 0.71) (Figure 

7C). 

 

Morphologic changes of retinal ganglion cells after AAV2/2-NGB treatment 

To determine whether the increased accumulation of NGB in transduced cells could lead to structural 

changes in neurons, retinas mounted with the vitreal side (corresponding to the GCL) uppermost were 

double labeled with antibodies against BRN3A and β3-tubulin, a specific marker for dendrites and 

axons of RGCs and amacrine cells. Retinas from the treated eyes of mice that received early (n = 7) or 
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late (n = 10) treatment were compared with retinas from untreated mice aged 2 months (n = 7) or 12 

months (n = 8). The periphery of the retina displays more clearly the somas, axons, and dendrites of 

isolated neurons within the GCL, enabling a better evaluation of their morphology by confocal 

microscopy (Figures 8 and 9). Few RGCs were observed in the retina from the 12-month-old 

untreated mouse or in the treated retina collected from the mouse that received late treatment, whereas 

transduced retinas from mice subjected to early treatment displayed a density of RGCs comparable to 

that found in the retina from the young mouse. The overall morphology of the RGCs and their 

connections appeared to be preserved in transduced retinas independently of when the treatment was 

performed. This point is illustrated in the β3-tubulin panels of Figures 8 and 9, in which some 

BRN3A-positive cells (identified by white arrowheads) have short/few dendrites and other BRN3A-

positive cells (identified by red arrowheads) have longer dendrites. 

In retinas from mice subjected to early treatment and euthanized at the age of 12 months, the 

structural hallmarks of RGCs, i.e., their density, their branching, and the extent of their dendrites, 

were comparable to those of RGCs of young mice. However, in the retinas from the contralateral 

untreated eyes, not only was the number of RGC somas diminished, but the surviving cells exhibited 

few connections with the neighboring neurons (Figure 8). When we compared retinas from two mice 

that received late treatment and retinas from two age-matched untreated mice, it was clear that 

neurons in retinas of treated mice had better-preserved morphology with respect to their dendritic 

profiles (Figure 9). Hence, AAV2/2-NGB administration protects against neuronal death and is able to 

preserve the structural organization of the surviving neurons.  

 

Consequences of neuroglobin overexpression for optic nerve morphology and function 

We estimated the number of NF200-positive spots in ON sections from the treated eyes of mice that 

received early or late treatment and in ONs from age-matched untreated animals (Figure 10A and B). 

There was no significant loss of nerve fibers in the ONs of the treated eyes of mice that received early 

treatment when compared to the ONs of young animals (P = 0.51), whereas ONs from mice that 
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received late treatment exhibited a 78% reduction in the number of nerve fibers when compared to the 

ONs of young mice; this decrease was similar to that seen in untreated age-matched animals (P = 0.85) 

and confirmed that treatment at the later age was unable to prevent RGC degeneration. We also 

performed immunohistochemical staining of sections of ONs with antibodies against GFAP, IBA1, 

and vimentin (Figures 10B and D); remarkably, ONs from treated animals showed a noticeable 

diminution in the intensity of the fluorescent signals obtained with these antibodies. Figure 10D shows 

the mean fluorescence for the three antibodies in ONs of treated eyes, normalized against the results 

obtained with 12-month-old untreated mice. Hence, the microglial and astrocyte activation that 

accompanies glaucoma progression may be reduced as a result of the increased amount of NGB in 

RGCs. 

To establish whether morphologic changes in retinas and ONs can result in improved energy 

metabolism, we assessed the respiratory chain function in the ONs of the treated eyes of mice that 

underwent AAV2/2-NGB administration at 2 or 8 months of age (Figure 11A). The CV activity did 

not change in any of the groups evaluated, as demonstrated in untreated DBA/2J mice at various ages 

(Figure 4). The specific activity of CI, expressed as nanomoles of oxidized NADH /min / mg, in ONs 

of treated eyes of mice that received early or late treatment (9.22 ± 0.49 and 7.83 ± 0.46, respectively) 

corresponded to 76.7% and 65%, respectively, of that measured in the ONs of untreated 2-month-old 

mice (12.02 ± 0.86) (Figure 4). Hence, ONs of treated eyes of mice that received early or late 

treatment exhibited, respectively, a twofold or 1.7-fold increase in CI activity when compared to ONs 

of age-matched untreated mice (4.62 ± 0.3). The differences in CI activity between the treated and 

untreated groups were significant (P < 0.0001), regardless of when gene therapy was performed 

(Figure 11A). Determining the CI/CV ratio increased the robustness of the calculated CI activity in 

ONs as a consequence of Ngb overexpression: increases in activity of 78% and 50% were observed in 

ONs of treated eyes of mice that received early and late treatment, respectively, when compared with 

ONs of age-matched untreated mice (P < 0.0001).  

Next, we evaluated the activities of CII + CIII, CIII, and CIV. Based on the samples tested, 

treatment at 2 or 8 months of age was significantly beneficial in all cases when the results were 
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compared with those obtained in 12-month-old untreated mice (Figure 11B). For CII + CIII activity, 

we observed increases of 52.8% and 53.0% in ONs of treated eyes of early and late-treated animals, 

respectively, as compared to the activity in age-matched untreated controls (P < 0.0001 and P = 0.008 

for early and late treatment, respectively). For CIII activity, the increases were 67.4% and 53.8% for 

early and late treatment, respectively (P < 0.0001 and P = 0.0022, respectively). For CIV activity, the 

increases in ONs of treated eyes of mice that received early or late treatment were 66.9% and 64.8%, 

respectively, relative to that in age-matched untreated animals (P < 0.0001). Thus, Ngb overexpression 

compensated for respiratory chain deficiency in ONs, which could lead to improved RGC 

functionality. 

 

Preserved retinal ganglion cells in AAV2/2-NGB–treated eyes elicited increased neuronal 

activity in the visual cortex 

We recorded flash visual evoked potentials (F-VEPs) in treated DBA/2J mice to assess whether the 

preserved morphologic hallmarks of RGCs, along with the improved respiratory chain activity in ONs, 

could enhance visual function. F-VEPs are used to monitor communication from the RGC soma 

through the axon to the visual cortex by recording electrical potentials from the brain after visual 

stimulation.37 F-VEPs in young DBA/2J mice produce robust and reproducible signals, but the signals 

are severely diminished in old animals.38,39 Four groups were evaluated: (1) 19 untreated 2-month-old 

DBA/2J mice; (2) 21 untreated 1-year-old DBA/2J mice; (3) 27 one-year-old DBA/2J mice that 

received early treatment; and (4) 18 one-year-old DBA/2J mice that received late treatment. Light-

adapted electroretinograms (ERGs) were first obtained to measure the functionality of the 

photoreceptor visual pathways of the mice.40 Recordings made under these conditions essentially 

consist of a fast positive b-wave that reflects the cone response to light stimulation (Figure S6, left 

panel, and Table S1). In some 1-year-old DBA/2J mice, we observed a decrease in the b-wave 

amplitude that might have been associated with iris or corneal injury. Mice in which b-wave 

amplitudes reached only 25% or less of the values measured in untreated 2-month-old mice and which 

exhibited severe corneal pathology were excluded from subsequent analyses. The most consistent 
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components of F-VEPs are a negative N1 and a positive P1 peak, as shown in Figure 11C (left panel). 

We found no differences in the peak latencies or peak-to-peak amplitudes when the responses for right 

and left cortices were compared, probably because at the optic chiasm of mice, more than 95% of the 

fibers from the nasal part of the retina decussate and join the uncrossed temporal fibers of the opposite 

nerve to form the optic tracts.41 Thus, responses from right and left visual cortices were averaged, 

because their signals originate from fibers of each eye. The latencies of the N1 and P1 peaks, along 

with the P1-wave amplitudes, were similar in all mice evaluated (Table S1). Conversely, in the 12-

month-old untreated DBA/2J mice, there was a decline of 42.3% in the calculated N1-wave 

amplitudes, as compared to those in young mice (P = 0.0003). AAV2/2-NGB administration in mice 

aged 2 or 8 months undeniably led to a significant enhancement of N1-wave amplitudes, which 

reached 188% or 189%, respectively, of those in 1-year-old untreated mice (Figure 11C, right panel). 

Furthermore, N1-wave amplitudes in treated mice, regardless of when the treatment was performed, 

were not significantly different to the amplitudes measured in 2-month-old mice (P = 0.93 and 0.33 

for mice that received early and late treatment, respectively). Thus, Ngb overexpression resulted in 

functional recovery, and RGCs became capable of providing high electrical inputs to the brain, which 

eventually induced enhanced visual cortex activity. 

 

DISCUSSION 

Glaucoma is characterized by a complex and progressive pattern of molecular changes that ultimately 

leads to blindness, although there are substantial differences among patients. Because elevated IOP is 

a major risk factor for glaucoma, the current treatment strategies are aimed at reducing IOP, but there 

is no effective cure.42 The fundamental cause of glaucoma is the degeneration of RGC somas and 

axons,9 as occurs in hereditary optic neuropathies.13 RGCs are susceptible to mitochondrial 

dysfunction or disturbances of the mitochondrial network dynamics.9 The nerve-fiber layer within the 

retina requires high energy for electrical conduction in the unmyelinated axons within the prelaminar 

and laminar parts of the ON; consequently, these fibers have a high density of mitochondria.43  
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Our objective was to determine whether mitochondrial impairment could be directly involved 

in glaucoma pathogenesis. The hallmarks of eye pathology in DBA/2J mice were described many 

years ago;21,44,45 elevated IOP due to the release of iris pigment clumps into the anterior chamber of 

the eye is responsible for RGC loss and optic neuropathy.21 We thoroughly characterized these mice 

and identified several phenotypic hallmarks: (1) iris fragmentation was observed in 4-month-old mice; 

(2) increased IOP was detected in 7-month-old mice, with the levels remaining high until the age of 12 

months and diminishing thereafter; (3) RGC loss was evident in 10-month-old mice, whose retinas 

had less than 30% of the number of RGCs seen in young DBA/2J mice; (4) in retinas of 8-month-old 

DBA/2J mice, Müller cells responded to RGC injury by undergoing hypertrophy, with targeted 

cellular migration across the plexiform layers; (5) the activation of astrocytes and glial cells in ONs 

was obvious several months before the disappearance of RGC axons, as previously described;46 and 

(6) axonal degeneration was initiated in 8-month-old animals, with the loss of 33.3% of the nerve 

fibers present in healthy mice, thus preceding RGC soma disappearance by 2 months. 

For the first time, we have demonstrated a consistent reduction in the enzymatic activities of 

respiratory chain complexes CI, CII + CIII, CIII, and CIV in retinas and ONs, with the decreases 

largely preceding the onset of neuronal loss. Energy supply defects may exacerbate the 

neurodegenerative process and certainly play a key role in optic neuropathy and vision loss. 

Moreover, retinas from DBA/2J mice aged 12 to 14 months exhibited a significant reduction in the 

steady-state levels of mitochondrial proteins involved in energetic metabolism, organelle dynamics, or 

antioxidant defenses. Proteomic studies investigating human retina samples from glaucomatous or 

ocular hypertensive patients established that an array of mitochondrial proteins displayed significant 

level reductions.47,48 Consequently, insufficiency in the energy supply could initiate defects in 

electrical conduction and axonal transport, thereby leading to neuronal cell loss and, ultimately, 

glaucoma. Our data on the impairment of energy metabolism and the diminution of some 

mitochondrial protein amounts in DBA/2J mice support the notion that generalized organelle 

dysfunction could be a key player in the course of glaucomatous neurodegeneration. Hence, it is 
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feasible to attempt therapeutic targeting of RGC mitochondria to preserve their function, with the aim 

of prolonging neuronal survival.  

We chose to evaluate the effect of enhancing Ngb expression in RGCs via a single intravitreal 

injection of an AAV2/2 vector, because NGB levels were almost halved in the retinas of 1-year-old 

DBA/2J mice, as compared to those of 2-month-old mice. Since its identification in 2000,14 NGB has 

been implicated in neuronal protection from hypoxia and oxidative stress.49 In rodent or human 

retinas, NGB is differentially distributed in the retinal cell layers, with an increased abundance in the 

GCL and especially in RGCs,18,20,50–52 as we showed in retinas from DBA/2J mice. A recent article 

reviewed the available data on the neuroprotective role of NGB in a range of pathologic conditions 53. 

The possible mechanism of action that leads to the beneficial effect of NGB on nerve-cell survival 

appears to be linked to mitochondrial function by (a) the preservation of the ATP synthesis rate, ROS 

homeostasis, and mitochondrial membrane potential; and (b) the modulation of death signaling via the 

shutdown of the apoptotic cascade.53 For instance, the human NGB protein can efficiently scavenge a 

variety of ROSs (superoxide anions, hydrogen peroxide, and hydroxyl radicals)15 and also reactive 

nitrogen species (RNSs) such as nitric oxide.54 As for how NGB modulates the apoptotic process, it is 

envisaged that it depends on interactions with two mitochondrial proteins: the voltage-dependent 

anion channel (VDAC) and Cyt-C, a component of the respiratory chain. Binding between VDAC and 

NGB can modify the permeability of the outer membrane,55 and because NGB is able to reduce Cyt-C, 

its leakage from damaged mitochondria and the subsequent caspase 9 activation could be impeded.56,57 

Furthermore, a recent study of mouse cortical neurons in culture demonstrated an interaction between 

NGB and Cyc1, a subunit of CIII. Within this complex, electrons are sequentially transferred from 

ubiquinol to Cyc1 and Cyt-C, and NGB could interfere in this transfer between Cyc1 and Cyt-C.58 

Interestingly, our experiments showed that NGB overexpression leads to increased enzymatic activity 

of CI and CIII. Hence, the impediment of noxious accumulation of ROSs or RNSs in the mitochondria 

and the protein–protein binding and intermolecular electron exchanges between Cyt-C/Cyc1 and NGB 

could ultimately lead to better performance of respiratory chain enzymes in ONs from DBA/2J eyes 

treated with AAV2/2-NGB. In 2014, we demonstrated that the retinas of Harlequin mice exhibited 
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decreased steady-state levels of NGB. These mice display optic neuropathy due to a profound 

respiratory chain impairment,19,59 which was efficiently prevented by injecting AAV2/2-NGB into the 

vitreous humor of young mice.20 In this study, we confirmed the ability of NGB to sustain 

mitochondrial function; indeed, increased Ngb expression in the RGCs of 2- and 8-month-old DBA/2J 

mice resulted in significant protection of respiratory chain function in the ONs. These data highlight 

the fact that, regardless of the molecular mechanism involved in mitochondrial dysfunction, NGB 

efficiently protects against a failure in energy metabolism. The administration of AAV2/2-NGB to 2-

month-old mice prevented RGC loss and nerve-fiber disappearance. In contrast, performing the same 

treatment in 8-month-old mice failed to prevent neuronal loss; however, the enhanced energy 

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

We measured electrophysiologic signals corresponding to visual cortex activity by recording 

F-VEPs. The N1 and P1 peaks are generated by retino-geniculate fibers, which represent the main 

connection between the ON and the occipital cortex. If RGCs are functionally compromised, the 

sensory input after light stimulation cannot reach the visual cortex; therefore, the F-VEP is considered 

a quantitative index of visual function.37 We demonstrated that 12-month-old DBA/2J mice displayed 

a 42% reduction in the N1-wave amplitude relative to the values observed in 2-month-old DBA/2J 

mice, which is consistent with the extensive RGC injury. AAV2/2-NGB administration led to an 

effective restoration of RGC functionality, because no significant difference was found between the 

N1-wave amplitudes in young mice and those in their 1-year-old counterparts, which accumulated 

increased amounts of NGB in their RGCs as a result of undergoing gene therapy at the age of 2 or 8 

months. In the latter animals, the RGC number was low at the time of euthanasia; nevertheless, 

respiratory chain function in the ONs was preserved, as were the cortical responses to light stimulation. 

Thus, the surviving RGCs elicited improved visual cortex activity, for which there are several possible 

explanations: (a) there are more intense action potentials from the residual RGCs; (b) RGC axons 

constitute more synapses in their target area (the superior colliculus [SC]) and are thus able to connect 

more neurons; or (c) SC neurons can generate additional axonal collaterals and sprouts, with positive 
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consequences for visual function. These situations have been described in several models: In adult 

hamsters, single regenerated RGC axons efficiently contacted multiple SC neurons, and a limited 

number of RGCs with regenerated axons were able to drive a much larger number of neurons in the 

occipital cortex, resulting in increased behavioral responses to light.60 In a rodent model of glaucoma 

due to elevated IOP, at a late stage of the disease, compensatory functional changes were evident in 

the terminals of surviving cells, possibly as a result of plasticity, leading to increased synaptic 

transmission in the SC.61,62 In a model of glaucoma induced by cauterizing the episcleral vein, 

changes were observed in the INL, such as newly formed synapses between RGCs and bipolar cells 

and the expansion of RGC dendrites .63  

By carefully comparing flat-mounted retinas from NGB-treated and untreated 1-year-old mice, 

we observed distinct changes in RGC morphology, suggesting that neuronal remodeling and synaptic 

plasticity occurs inside the retina. This could explain, at least partially, the enhanced visual cortex 

activity in treated mice. 

Because mitochondrial integrity, and especially organelle motility, is required to provide 

energy for synaptic signaling and plasticity,64 we postulate that NGB, by virtue of its ability to protect 

the respiratory chain, is responsible for preventing RGC loss and axonopathy when administered to 

young DBA/2J mice. When the treatment was administered at an advanced stage of the disease, the 

surviving RGCs were able to deliver a consistent electrical input to the brain. Hence, Ngb 

overexpression, by preserving the RGC energy metabolism status, leads to functional synaptic 

transmission through the optic nerve to the occipital cortex. Furthermore, the enhancement of the 

amount of NGB in RGCs results in the reduction of both microglial activation and astrocyte 

proliferation in ONs, and the attenuation of inflammatory responses could also improve the 

transmission of nerve impulses to the central visual system. In DBA/2J mice, damage to RGCs and 

their subsequent loss occur in progressive stages that are initiated by ocular hypertension and involve 

the whole visual pathway. Most of the 1-year-old DBA/2J mice studied here exhibited extensive RGC 

death and axonal degeneration (with losses of 67% and 78%, respectively, relative to the numbers in 

2-month-old mice). AAV2/2-NGB is a single-stranded parvovirus; therefore, the number of 
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transduced RGCs is expected to reach a maximum between 4 and 6 weeks after vector  injection into 

the vitreous body, as a result of the delay required for the conversion of the single-stranded viral 

genomes to double-stranded DNA molecules and their subsequent transcription.65 The aim of treating 

8-month-old mice was not to induce cell survival, as the therapeutic window had already passed, but 

to mimic the clinical situation, in which patients develop severe visual impairment long after the 

disappearance of RGCs has begun. In this regard, NGB was able to halt the degeneration of the 

remaining RGC axons, thereby maintaining both their bioenergetics and the ability to transmit signals 

to the visual cortex. 

In conclusion, we have demonstrated that respiratory chain activity in the retinas and optic 

nerves of DBA/2J mice is compromised several months before the onset of RGC loss. Furthermore, 1-

year-old mice exhibiting glaucoma accumulated in their retinas low levels of several mitochondrial 

proteins that can further compromise organelle functionality. Therefore, the beneficial and sustained 

effect of NGB on RGC viability and functional integrity encourages its use as a powerful means of 

maintaining robust and long-lasting mitochondrial activity 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 obtained from Charles River 

Laboratories (L'Arbresle, France). Two-month-old DBA/2J mice were used as “healthy” controls, as 

these mice do not develop glaucoma until they are 8 to 10 months of age. For some experiments, 

C57BL/6J mice were also evaluated as controls that did not exhibit visual function impairment with 

aging.25,29 The mice were housed one to four per cage in a temperature-controlled environment, with a 

12-h light/dark cycle and free access to food and water, in a pathogen-free barrier facility. The studies 

were conducted in accordance with the official guidelines for the care and use of animals in research 

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

ethics committees of the University of Paris 6 and the INSERM (authorization no. 75-1710). 

 

Intraocular pressure measurements 

For noninvasive measurement of IOP, an Icare® TONOLAB tonometer (Icare, Espo, Finland) was 

used. The assessment is based on a rebound method, which allows the IOP to be calculated accurately, 

rapidly, and without the need for local anaesthetic. The instrument takes six individual measurements, 

each repeated three times, and presents the mean of 18 values as a single reading displayed in mm Hg. 

DBA/2J and C57BL/6 mice were studied between the ages of 2 and 15 months; measurements were 

performed monthly on both eyes and were made during daylight. 

 

In vivo confocal microscopy analysis 

A laser-scanning in vivo confocal microscope (IVCM) (Heidelberg Retina Tomograph [HRT] II/ 

Rostock Cornea Module [RCM]; Heidelberg Engineering GmbH, Heidelberg, Germany) was used to 

examine the entire cornea, including the superficial epithelium (at zero depth), basal epithelium (at a 

depth of 8–15 µm), stroma (at a depth of 15–40 µm), and endothelium (at a depth of 65–80 µm).66 We 

used the protocol to visualize the iris at depths ranging from 80 µm to 160 µm. Groups of four mice 

aged 2, 4, 8, or 12 months were each subjected twice to this analysis. 

 

In vivo electrophysiology  

Photopic electroretinograms (ERGs) and flash visual evoked potential (F-VEP) responses were 

recorded simultaneously from electrodes placed on the cornea and overlaying the visual cortex, 

respectively. Photopic ERGs were assessed using two gold loop electrodes with light stimuli (10 

cd.s/m2) applied on a light background (20 cd/m2) as previously described.67 For F-VEPs, deep 

anesthesia was induced in the mice 7 days before the recording and maintained with 2% to 3% 

isoflurane (Axience, France, and Abbott, UK) administered through a face mask. Two stainless-steel 

screws (diameter, 0.9 mm; length, 2.4 mm) were implanted, using X and Y stereotaxic coordinates, 
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into the right and left visual cortices and fixed in place with surgical glue. Each electrode was 

positioned 2.7 mm posterior to the bregma and 2.5 mm lateral to the right or left lambda suture and 

penetrated the cortex to a depth of 1 mm. Platinum needles in the forehead and at the base of the tail 

served as reference and ground electrodes, respectively. On the day of electrophysiologic recording, 

mice were anesthetized with an intraperitoneal injection of a mixture of ketamine (100 mg/kg) and 

xylazine (10 mg/kg). Their body temperature was maintained at 37°C to 38°C with a heating pad, and 

their pupils were dilated with a single dose of 1% tropicamide and 5% phenylephrine. Stimuli for the 

ERGs and F-VEP response recordings were generated and controlled by an Espion E2 system 

(Diagnosys LLC, Cambridge, UK). A single flash stimulus was delivered in a Ganzfeld dome. For 

photopic ERGs, each flash had a duration of 4 ms, and the signals were differentially amplified and 

digitized at a rate of 5 kHz with a band-pass filter (0–300 Hz). VEP responses were elicited by 100 

flashes of white light (10 cd/mm2 each), with a duration of 4 ms each and a frequency of 1 Hz, 

delivered with the flash photostimulator placed 15 to 20 cm from each eye with a band-pass filter (10–

80 Hz). Photopic ERGs consist of a b-wave with positive polarity derived from the inner retina, which 

corresponds to the cone responses after light stimulation.40 The mouse F-VEP is dominated by a 

negative polarity component (N1) that peaks at 50 to 80 ms after stimulus presentation. The implicit 

time of the N1 component was measured at the negative peak. The amplitude of the F-VEP was 

measured from the N1 negative peak to the ensuing positive peak (P1).68 

The amplitude and timing of the ERG and VEP components were measured with the Espion 

software by placing a cursor at a subjectively determined turning point (the peak or trough) for each 

component of the individual recordings. Two experimenters performed the evaluations independently 

without knowing what treatment the mice had received. 

In some 12-month-old DBA/2J mice, a decreased response in the ERG might be associated 

with iris or corneal injury impeding light stimulation of the inner retina. Hence, mice in which the 

ERG responses attained values that were only 25% or less of those measured in untreated 2-month-old 

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

basis. 

 

Adeno-associated viral vector and intravitreal injections 

The design of the AAV2/2-NGB vector was described previously.20 Briefly, the recombinant pAAV-

IRES-hrGFP vector (Agilent Technologies) contains the coding sequence (453 bp), 5′ UTR (279 bp), 

and 3′ UTR (895 bp) of the mouse Ngb gene. AAV vectors were produced by the INSERM UMR1089 

research unit (Nantes, France). For intravitreal injections, DBA/2J mice were anesthetized with 2% to 

3% isoflurane (Axience, France). The tip of a 33-gauge needle, mounted on a 10-µL Hamilton syringe 

(Hamilton Bonaduz AG, Switzerland), was advanced through the sclera, and 2 µL of the AAV2/2-

NGB vector suspension (2 × 109 vector genomes) was injected intravitreally into the superior area of 

the retina, avoiding structural disruption, bleeding, or lens injury. In terms of disease progression, two 

types of gene therapy were performed: “early treatment,” in which the vector was administered to 55 

two-month-old mice in one eye only, and “late treatment,” in which the vector was administered to 18 

eight-month-old mice; in the latter group, 16 of the 18 mice received the vector in both eyes. All 

surviving mice were euthanized at 12 months of age. In the “early treatment” group, nine mice died 

from natural causes before reaching 12 months of age and were, therefore, excluded from subsequent 

studies. 

 

Retinal and optic nerve histology 

Mice under anesthesia were killed by cervical dislocation, whereupon their eyes were enucleated 

immediately and dissected. After the anterior segment and vitreous humor had been removed from 

each eye, the retinas and ONs were collected, fixed in 4% paraformaldehyde (PFA) at 4°C, then 

cryoprotected by overnight incubation in PBS containing 30% sucrose at 4°C. Retinas were embedded 

in optimum cutting temperature (OCT) medium (Neg 50; Richard-Allan Scientific) and frozen in 

liquid nitrogen. Optic nerves were embedded in a solution of PBS + 7.5% type A gelatin from porcine 
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skin (Sigma-Aldrich) and 10% sucrose and frozen in a 2-methyl-butane solution at −45°C. Sections of 

retinas and ONs were cut (at a thickness of 10 µm) on a cryostat (Microm HM560; Thermo Scientific) 

at −20°C and mounted on SuperFrost®Plus slides. For the retinas, approximately 16 consecutive slides 

were obtained for each eye, half corresponding to the superior side.  

For immunohistochemical analysis, retinal and ON sections were treated for 10 min with PBS 

+ 0.1% Triton and then for 1 h with a solution of 1% BSA, 0.1% Triton, 0.05% Tween 20, and 5% 

normal goat serum (Sigma-Aldrich) and incubated with the primary antibodies overnight at 4°C. Next 

day, the sections were washed in PBS (three times for 10 min each) and incubated with the 

appropriate secondary antibodies and DAPI (Sigma-Aldrich) for 2 h at room temperature. Finally, the 

sections were washed three times with PBS, rinsed with sterile water, and mounted on glass slides. 

Flat-mounted retinas were obtained after enucleating eyes and removing the anterior segment and 

vitreous humor. Each retina was treated with 4% PFA at 4°C overnight. Next day, they were rinsed 

twice with PBS (15 min per wash) then permeabilized with PBS and 1% Triton X100 for 10 min. 

They were then incubated in 3% BSA, 0.1% Triton X100, and 0.05% Tween 20 for 2 h at room 

temperature with gentle stirring. Primary antibodies were added at the appropriate concentrations to 

the same solution used for the saturation step, and incubation was performed overnight at 4°C with 

gentle stirring. Next day, the retinas were washed twice with PBS (15 min per wash) at room 

temperature and incubated with secondary antibodies and DAPI for 2 h at room temperature in the 

dark with gentle stirring. After this incubation, the retinas were rinsed twice with PBS (15 min per 

wash), and two incisions were made at each end under binocular magnification. The retinas were then 

carefully flattened and mounted on glass slides with the vitreal side, corresponding to the ganglion 

cell layer (GCL), uppermost. The primary and secondary antibodies used for immunohistochemical 

staining are shown in Table S2.  

 

Microscopic observations and analyses of images  

Fluorescence labeling was monitored with a confocal laser scanning microscope (Olympus FV1000 or 

Leica TCS SP8); images were acquired with Olympus FluoView® or LAS X software. Retinal 
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sections were also scanned with a NanoZoomer Digital Pathology (NDP) 2.0 HT scanner (Hamamatsu 

Photonics), using the Fluorescence Unit option (L11600-05) and the NanoZoomer's 3-CCD TDI 

camera. After whole retinal sections scanned with the NanoZoomer Digital Pathology (NDP) 2.0 HT 

scanner (Hamamatsu Photonics) had been reconstructed, the number of RGCs was estimated using the 

NDP analyze software. For each mouse, the number of cells that were positive for BRN3A was 

counted over the entire length of three or four retinal sections. Published data obtained from mice 

indicate that a high-density region for RGCs localizes to the superior retina as a horizontally oriented 

area extending nasotemporally, approximately 1 mm dorsal to the optic disk.34 Thus, the sections 

counted corresponded to the superior retina at a depth of 400 to 600 µm from the ON. The same 

regions were chosen for evaluating the RGC number after gene therapy, because AAV2/2-NGB was 

administered to the superior side of the eye. Additionally, eye elongation related to IOP elevation has 

been described in DBA/2J mice; one study found that the axial length increased progressively after the 

age of 6 months and reached a “plateau” approximately 5 months later.69 In our hands, the retinal 

length in reconstructed scanned images increased in mice aged 8 months or older relative to that seen 

in 2-month-old mice; no changes were observed after AAV2/2-NGB treatment (Table S3). Hence, for 

each mouse, we considered the average total number of RGCs in the retinal sections evaluated, 

regardless of their length. ImageJ software (National Institutes of Health, Bethesda, MD) was used to 

create binary images by thresholding. The intensity of GFAP staining was estimated by measuring the 

mean fluorescence with the plot profile routine of ImageJ after reconstructing whole retinal sections 

with the NDP 2.0 HT scanner. Three or four independent retinal sections were evaluated for each 

mouse. In the ON sections, the number of RGC axons was deduced from the fluorescent spots 

revealed by the NF200 antibody. The total number of “particles”, i.e., the number of axons in each 

image, was automatically estimated for each mouse by analyzing three independent ON sections, as 

described previously.20 The intensity of the labeling for vimentin, IBA1, and GFAP was also 

estimated in the ON sections by measuring the mean fluorescence, using the plot profile routine of 

ImageJ on three or four independent ON sections for each mouse assessed.  
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RNA extraction and RT-qPCR assay  

Total RNA was extracted from retinas with an RNeasy Plus Mini Kit (Qiagen). The RNA was treated 

with RNase-free DNase (Qiagen) then cleaned with an RNeasy MinElute Cleanup Kit (Qiagen). One 

microgram of total RNA was reverse transcribed using oligo-dT and Superscript® II reverse 

transcriptase (Life Technologies). Quantitative PCR reactions were performed using an ABI 7500 Fast 

Real-Time PCR System (Applied Biosystems) and the specific primers listed in Table S4, as 

described earlier.20 Briefly, for each gene, the equivalents of 2 ng and 10 ng of cDNA were used as 

templates for qPCR reactions performed using Power SYBR Green PCR Master Mix (Applied 

Biosystems). Each biological sample was assayed in triplicate for each gene; the cycle threshold (Ct) 

values (the numbers of cycles required for the fluorescent signal to cross the background threshold) 

were obtained with the ABI 7500 software (v.2.0.4). To determine the relative mRNA amount for 

each gene studied, we used the comparative ∆∆Ct method. The mitochondrial Atp6 gene was used as 

the normalizing gene, because its mRNA steady-state levels remained almost unchanged in all the 

samples evaluated, as previously reported.20 

 

Western blot analysis 

For Western blot analysis, retinas were isolated from 17 untreated 2-month-old mice (the young group) 

and 17 untreated mice aged 12 to 14 months (the old group). A further seven retinas were isolated 

from the treated eyes of mice that underwent AAV2/2-NGB administration at 2 months of age and 

were euthanized 10 months later, along with seven retinas from the untreated contralateral eyes of the 

same mice. The retinas were homogenized in 50 µL of 20 mM HEPES, 60 mM mannitol (pH 7.2), and 

protease inhibitor cocktail (Sigma-Aldrich) at 4°C with a 200-µL hand-driven glass-glass Potter-

Elvehjem micro tissue grinder. Large cellular debris was concentrated by centrifugation (1000 × g for 

5 min at 4°C) and discarded. Then the amount of protein in the supernatants was quantified with 

Bradford assay reagent (Sigma-Aldrich) before Western blotting was performed. After incubation at 

95°C for 10 min, 15 or 30 µg of each sample was resolved by 12% SDS-PAGE and transferred to a 
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PVDF membrane. The membranes were incubated with antibodies against mitochondrial proteins; 

immunoreactive bands were labeled with appropriate secondary antibodies coupled to horseradish 

peroxidase (Table S2) then detected with Pierce® ECL Plus Western Blotting Substrate (Thermo 

Scientific). The apparent molecular mass of each protein was estimated by comparing each specific 

signal on the blots to the PageRuler Plus Prestained Protein Ladder (Thermo Scientific). Signals 

obtained were visualized with a G:BOX Chemi XX6 gel imaging system (Syngene Europe, 

Cambridge, UK) and analyzed with GeneSys software. Quantifications for different immunoblots 

were performed with Quantity One analysis software (Bio-Rad). We conducted these assays within 

the linear dynamic range of our detection method and corrected the intra- and interblot variability by 

loading two quantities of the protein extracts on the same gels/blots and including common samples in 

each independent experiment.20 The signal obtained with the antibody against NGB generally revealed 

three bands, and we quantified the signal for the entire area encompassing these three bands. The 

incubation of the membranes with ReBlot Plus Strong Solution (Millipore, Molsheim, France) 

allowed three different antibodies to be used sequentially. 

 

Tissue homogenate preparation and respiratory chain enzymatic assays 

Samples from retinas and ONs were prepared by homogenization in 200 µL of extraction buffer (0.25 

mM sucrose, 40 mM KCl, 2 mM EGTA, 1 mg/mL BSA, 20 mM Tris–HCl, pH 7.2) at 4°C with a 200-

µL hand-driven glass-glass Potter-Elvehjem tissue grinder. The homogenates were subjected to low-

speed centrifugation (1000 × g for 8 min), and the supernatants were collected and frozen at −80°C 

until use. Respiratory chain enzymatic activities were measured using a Cary® 50 UV-Vis 

spectrophotometer (Agilent Technologies). We performed two spectrophotometric assays to measure 

sequentially the activity of the five respiratory chain complexes in a single retina or ON.33 The first 

assay measured the activity of the rotenone-sensitive NADH decylubiquinone reductase (complex I 

[CI]) and the ATP hydrolase activity of complex V (CV),33 which is oligomycin sensitive. Each 

measurement was made in triplicate with 50 µL of the homogenate. In the second assay, the activity of 
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cytochrome c oxidase (complex IV [CIV]) was measured by adding reduced Cyt-C and recording the 

oxidation rate. Next, the activity of succinate–cytochrome c reductase (complexes II–III [CII + CIII]) 

was initiated by adding succinate, which triggers the reduction of Cyt-C. Adding the SDH competitive 

inhibitor malonate fully inhibited the SDH-dependent activity. Finally, after metal chelation with 

EDTA, decylubiquinol was added to initiate the reduction of Cyt-C by complex III (CIII). CIII-

specific activity was determined after adding antimycin, its specific inhibitor. The assay was 

performed in duplicate with 10 µL of each homogenate. After the protein had been quantified by the 

Bradford method, the values obtained from the assays were converted to specific activities for each 

complex, as presented in Table 1. All the chemicals used for the assays were of the highest grade 

available from Sigma-Aldrich. 

 

Statistical analysis 

Statistical analyses were performed with GraphPad Prism 6.0 software, assuming a confidence 

interval of 95%. Generally, the observations within each group did not fit a normal distribution; 

therefore, nonparametric methods were applied to evaluate the significance. Data were compared 

using the Mann–Whitney U test for unpaired nonparametric significance. For mice that received gene 

therapy in only one eye, a comparison of the treated eyes and their untreated counterparts was 

performed using the paired nonparametric significance test of Wilcoxon. 
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FIGURE LEGENDS 

 

Figure 1: Anterior segment and intraocular pressure changes in DBA/2J mice with age.  

(A) In vivo confocal microscopy images of the anterior segments of DBA/2J mice, including the 

corneal superficial epithelium (column 1), basal epithelium (column 2), stroma (column 3), 

endothelium (column 4), and iris (column 5), for DBA/2J mice aged 2 months (row 1), 4 months (row 

2), 8 months (row 3), and 12 months (row 4). For each age group, usually four mice were evaluated 

over time. The black and white arrowheads indicate changes in the cornea and the iris during aging. 

(B) Male DBA/2J and C57BL/6J mice aged between 2 and 14 months were subjected to noninvasive 

IOP measurements that were performed monthly on both eyes during daylight. The histogram shows 

the means ± SEMs, as well as the age in months (m) and the number of eyes evaluated in each group. 

Although IOP measurements can differ between the right and left eyes in some animals, the data 

shown did not discriminate between the values for individual eyes. The P-values were calculated with 

respect to measurements collected from 2-month-old DBA/2J mice; only the values close to 

significance or significant are shown (for mice aged 7–12 months).  

 

Figure 2: Ganglion cell loss and gliosis in retinas of DBA/2J mice during the progression of 

glaucoma.  

(A) Immunohistochemical staining for BRN3A (red) and GFAP (green) in retinas from mice aged 2, 8 

and 15 months; the nuclei were stained with DAPI (blue) for contrast. Abbreviations: ONL, outer 

nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer; OPL, outer plexiform layer; IPL, 

inner plexiform layer. The scale bar corresponds to 20 µm. 

(B) The overall number of RGCs was estimated in DBA/2J mice of different ages by counting 

BRN3A-positive cells in the GCL after reconstructing retinal sections, as described in the Materials 

and Methods section. The histogram shows the number of RGCs as the mean ± SEM; the number of 

mice evaluated by age group in months (m) is shown in brackets (n) below each bar. 
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(C) The intensity of the GFAP labeling was estimated with ImageJ in whole retinas from mice in the 

three age groups: 2 months (healthy), 8 to 10 months (with well-established glaucoma), and 12 to 15 

months (with advanced glaucoma). The histogram illustrates the data for each age group; the number 

below each bar corresponds to the number of independent retinal sections evaluated per group (n). The 

P-values in (B) and (C) were calculated with respect to data collected in 2-month-old DBA/2J mice; 

only the values close to significance or significant are shown. 

 

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

(A) Proximal ON transverse sections (near the globe) for mice aged 2, 8, and 12 months were 

subjected to immunohistochemical staining with an antibodies against NF200 (green) and GFAP (an 

astrocyte marker) (red).  

(B) Bar graph of axon numbers (mean ± SEM) for optic nerves collected from mice aged 2, 8, and 12 

months, as displayed with GraphPad Prism 6. Values are shown after normalization against those 

obtained from 2-month-old mice. NF200-positive spots were counted in three separate entire 

transverse sections with the ImageJ software. P-values were calculated with respect to fiber number in 

2-month-old DBA/2J mice; the number of mice evaluated (n) is shown in brackets below each bar of 

the histogram. 

(C) Immunohistochemical staining with antibodies against IBA1 (green) and vimentin (red). Both 

proteins were more abundant in ON sections from the older mice than in those from 2-month-old mice. 

The nuclei were stained with DAPI (blue) for contrast. The scale bar corresponds to 50 µm for panels 

A and C.  

(D) The bar chart illustrates the normalized values of the fluorescence intensities in ONs for GFAP, 

IBA1, and vimentin labeling as evaluated in mice at 2 months, 8 to 10 months, or 12 to 14 months of 

age. The results were normalized against the mean fluorescence in ONs from 2-month-old mice. The 

number of ON sections evaluated with ImageJ (n) is indicated in brackets below each bar 

corresponding to a specific age group. Values were plotted as means ± SEMs 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, II + III, III, IV, and V were measured in single ONs isolated 

from DBA/2J mice of different ages, namely 2, 5, 8, 10 to 12, and 14 to 16 months. The values in each 

histogram represent the mean ± SEM of triplicates (CI and CV) or of duplicates (CII + CIII, CIII and 

CIV) for the samples evaluated; the CI/CV ratio is also shown. P-values were calculated with respect 

to the activity assessed in 2-month-old DBA/2J mice. The age of the group in months (m) and the 

number of independent measurements performed is shown beneath each bar. 

 

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

(A) Western blots were performed with protein extracts from mice aged 2 months (the young group, Y) 

or 12 months (the old group, O), using various antibodies against mitochondrial proteins. A total of 17 

individual retinas were evaluated for each group. The signals obtained with the antibody against β-

actin (the loading control) and with two other antibodies against mitochondrial proteins are shown for 

five independent membranes. With the antibody against NGB, the strongest signal was detected at 17 

kDa, and additional faint signals were often detected at approximately 19, 21, 25, and 34 kDa. We had 

previously observed the 19-kDa and 21-kDa proteins in rodent retinas.18,20 The other signals 

corresponding to higher apparent molecular masses may indicate post-translational modifications such 

as phosphorylation70 or dimerization of the protein.71 The bottom row shows a membrane that was 

incubated with antibodies against two proteins simultaneously (1 and 2). 

(B) Bar charts showing the means ± SEMs calculated from separate immunoblots after they were 

scanned and their signals quantified with the Quantity One software. The relative levels of 

mitochondrial proteins were normalized against β-actin signals. For each protein, P-values were 

calculated as the difference between the signals obtained in young and old DBA/2J mice. The number 

of individual signals for independent retinas used for the calculations is shown for each protein below 

the corresponding bars.  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

41 
 

 

Figure 6: Mitochondrial protein abundance and distribution in different retinal cell layers.  

The abundance and cellular distribution of the mitochondrial proteins NGB, OPA1, and SOD2 was 

examined by indirect immunofluorescence in retinal sections from 2- and 12-month-old DBA/2J mice 

(approximately six mice were evaluated for each age group). Nuclei were stained with DAPI (blue). 

The scale bars correspond to 20 µm. Abbreviations: ONL, outer nuclear layer; IS, inner segments of 

photoreceptors; INL, inner nuclear layer; GCL, ganglion cell 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 sections from a 1-year-old mouse in which one eye 

underwent intravitreal injection of AAV2/2-NGB at 2 months of age (early treatment) and the 

contralateral eye remained untreated.  

(B) Immunofluorescence analysis of retinal sections from a 1-year-old mouse in which one eye 

underwent intravitreal injection of AAV2/2-NGB at 8 months of age (late treatment) and the 

contralateral eye remained untreated. For (A) and (B), confocal images illustrate immunolabeling for 

BRN3A (red) and GFAP (green). The nuclei were stained with DAPI (blue). The scale bars 

correspond to 20 µm. Abbreviations: ONL, outer nuclear layer; INL, inner nuclear layer; GCL, 

ganglion cell layer.  

(C) The overall number of RGCs was estimated by counting BRN3A-positive cells in retinas from the 

treated eyes of DBA/2J mice that underwent intravitreal injection of AAV2/2-NGB at 2 months (early 

treatment) or 8 months (late treatment) of age; all the mice were euthanized at 1 year of age. The 

values obtained for treated retinas were compared to those obtained for untreated retinas from 1-year-

old mice. The bar chart illustrates the mean numbers of RGCs ± SEMs; the number of mice evaluated 

in each group is shown in brackets. P-values in treated retinas were calculated with respect to RGC 

values in untreated retinas from 1-year-old mice. 
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(D) The bar chart illustrates the normalized values of the fluorescence intensity for GFAP labeling in 

entire retinal sections. The values were normalized against the mean fluorescence in retinas from 12-

month-old mice. The number of retinal sections from independent mice evaluated with ImageJ is 

indicated below each bar. Values were plotted using GraphPad Prism 6 as means ± SEMs. 

 

Figure 8: Morphology of neurons in the ganglion cell layer after “early treatment” with 

AAV2/2-NGB. 

Flat-mounted retina preparations (vitreal side up, with the GCL visible) were subjected to 

immunohistochemical staining with antibodies against BRN3A (red) and β3-tubulin (green). The 

results shown were obtained with three retinas: one isolated from a 2-month-old untreated mouse and 

two from a 12-month-old mouse subjected to AAV2/2-NGB administration at the age of 2 months 

(early treatment) and euthanized 10 months later. The observations were performed with a confocal 

microscope, and regions from the periphery are illustrated. A composite image for BRN3A and β3-

tubulin labeling is shown at right. The nuclei were stained with DAPI (blue). The scale bars 

correspond to 25 µm. In the β3-tubulin panel, some BRN3A-positive cells are highlighted: white 

arrowheads indicate cells displaying short or few dendrites (untreated retina), and red arrowheads 

indicate cells with long dendrites (transduced retinas). 

  

Figure 9: Morphology of neurons in the ganglion cell layer after “late treatment” with AAV2/2 -

NGB. 

Flat-mounted retinas from two untreated 12-month-old mice were compared to retinas from two mice 

that underwent intravitreal injection of AAV2/2-NGB in each of their eyes at 8 months of age (late 

treatment). The confocal images shown correspond to the peripheral region of the retinas. A 

composite image for BRN3A and β3-tubulin labeling is shown at right. The nuclei were stained with 

DAPI (blue). The scale bars correspond to 25 µm. In the β3-tubulin panel, some BRN3A-positive 
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cells are highlighted: white arrowheads indicate cells displaying short dendrites (untreated retinas 

from old mice), and red arrowheads indicate cells with long dendrites (transduced retinas). 

  

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

(A) Proximal ON transverse sections were subjected to immunohistochemical staining with antibodies 

against NF200 (green) and GFAP (red). Results obtained from four mice are shown. From top to 

bottom: untreated 2-month-old mouse; untreated 1-year-old mouse; 1-year-old mouse subjected to 

early treatment; and 1-year-old mouse subjected to late treatment. The scale bar corresponds to 50 µm.  

(B) Bar chart of estimated axon numbers (NF200-positive spots) for mice in the same groups as in (A); 

the number of mice evaluated in each group is shown in brackets below each bar (n). P-values were 

calculated with respect to the number of fibers in untreated 2-month-old DBA/2J mice.  

(C) Results of immunohistochemical staining with antibodies against IBA1 (green) and vimentin (red) 

of ON sections from three 12-month-old mice. From top to bottom: untreated mouse; mouse treated at 

2 months of age (early treatment); mouse treated at 8 months of age (late treatment). The nuclei were 

stained with DAPI (blue). The scale bar corresponds to 50 µm.  

(D) Normalized values (against the mean fluorescence in 12-month-old mice) for GFAP, IBA1, and 

vimentin labeling for the number of ON sections indicated beneath each bar (n). Values were plotted 

using GraphPad Prism 6 as means ± SEMs. 

  

Figure 11: Effect of NGB overexpression on respiratory chain activity in optic nerves and on 

visual cortex activity. 

The enzymatic activities of complexes I, II + III, III, IV, and V were measured in the following 

samples from 12-month-old mice: (1) 26 ONs from the treated eyes of mice that underwent 

intravitreal injection of AAV2/2-NGB at 2 months of age (early treatment); (2) 26 ONs from the 

untreated contralateral eyes of those same mice; and (3) 20 ONs from eyes that underwent intravitreal 

injection of AAV2/2-NGB at 8 months of age (late treatment). 
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(A) The values shown in each bar chart represent the mean ± SEM of triplicates for CI and CV; the 

CI/CV ratio is also shown.  

(B) The values shown in each bar chart represent the mean ± SEM of duplicates for CII + CIII, CIII, 

and CIV for the samples evaluated. P-values were calculated with respect to each activity as assessed 

in untreated 12-month-old mice. 

 (C) Plots of F-VEP recordings with the N1 and P1 waveforms from two untreated DBA/2J mice aged 

2 months and 1 year, one 1-year-old DBA/2J mouse in which one eye received early treatment, and 

one 1-year-old DBA/2J mouse in which both eyes received late treatment.  

(D) Bar chart of the peak amplitudes of the N1 waves for the four groups of mice evaluated. The data 

represent the means ± SEMs. P-values were calculated with respect to data recorded in 12-month-old 

untreated mice; the number of individual responses for each group is indicated in brackets.  
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Table 1: Respiratory chain complex enzymatic activities 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 I (CI) 40.5 ± 1.9 

(n = 26) 

32.14 ± 1.7 

(n = 10) 

31.8 ± 1.1 

(n = 10) 

21.5 ± 1.6 

(n = 18) 

24.7 ± 1.6 

(n = 20) 

P-value vs 2-month-old 

mice 

 0.02 0.009 <0.0001 <0.0001 

Complex V 103 ± 4.2 

(n = 26) 

96.7 ± 7.7 

(n = 10) 

102.8 ± 5.0 

(n = 10) 

94.8 ± 4.3 

(n = 18) 

97.1 ± 6.6 

(n = 20) 

P-value vs 2-month-old 

mice 

 0.41 0.99 0.26 0.85 

CI/CV 0.42 ± 0.03 0.36 ± 0.03 0.30 ± 0.02 0.24 ± 0.021 0.25 ± 0.016 

P-value vs 2-month-old 

mice 

 0.37 0.02 <0.0001 <0.0001 

Complexes II + III 48.5 ± 4.2  

(n = 24) 

nd nd 30.3 ± 2.6 

(n = 17) 

24.3 ± 1.6 

(n = 22) 

P-value vs 2-month-old 

mice 

   0.0055 <0.0001 

Complex III 247.9 ± 31.3 

(n = 24) 

nd nd 86.1 ± 9.5  

(n = 17) 

82.9 ± 12.1 

(n = 22) 

P-value vs 2-month-old 

mice 

   0.0007 <0.0001 
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Complex IV 357.0 ± 9.7 

(n = 24) 

nd nd 255.3 ± 19.4 

(n = 17) 

246.4 ± 13.97 

(n = 22) 

P-value vs 2-month-old 

mice 

   <0.0001 <0.0001 

nd: not determined 

Complex I and complex V activities are expressed as nanomoles of oxidized NADH/min/mg protein. 

Complex II + III activity is expressed as nanomoles of reduced cytochrome c/min/mg protein. 

Complex III activity is expressed as nanomoles of oxidized decylubiquinone/min/mg protein.  

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

The number of independent retinas evaluated is indicated in brackets.  
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