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Abstract

OPA1mutations are responsible for autosomal dominant optic atrophy (ADOA), a progressive blinding disease characterized

by retinal ganglion cell (RGC) degeneration and large phenotypic variations, the underlying mechanisms of which are poorly

understood. OPA1 encodes a mitochondrial protein with essential biological functions, its main roles residing in the control

of mitochondrial membrane dynamics as a pro-fusion protein and prevention of apoptosis. Considering recent findings

showing the importance of the mitochondrial fusion process and the involvement of OPA1 in controlling steroidogenesis, we

tested the hypothesis of deregulated steroid production in retina due to a disease-causing OPA1mutation and its contribution

to the visual phenotypic variations. Using the mouse model carrying the human recurrent OPA1mutation, we disclosed that

Opa1 haploinsufficiency leads to very high circulating levels of steroid precursor pregnenolone in females, causing an early-

onset vision loss, abolished by ovariectomy. In addition, steroid production in retina is also increased which, in conjunction

with high circulating levels, impairs estrogen receptor expression and mitochondrial respiratory complex IV activity, promot-

ing RGC apoptosis in females. We further demonstrate the involvement of Muller glial cells as increased pregnenolone

production in female cells is noxious and compromises their role in supporting RGC survival. In parallel, we analyzed
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ophthalmological data of a multicentre OPA1 patient cohort and found that women undergo more severe visual loss at ado-

lescence and greater progressive thinning of the retinal nerve fibres than males. Thus, we disclosed a gender-dependent ef-

fect on ADOA severity, involving for the first time steroids and Müller glial cells, responsible for RGC degeneration.

Introduction

Autosomal dominant optic atrophy (ADOA) is a slowly progres-

sive disease typically diagnosed during childhood. ADOA is

characterized by a retinal ganglion cell (RGC) degeneration and

loss of retinal nerve fibres, leading to reduced visual acuity (1).

This blinding disease is in most cases due to mutations in OPA1,

a gene encoding a mitochondrial GTPase essential for mito-

chondrial dynamics, maintenance of the mitochondrial DNA

and regulation of apoptosis (2–4). The majority of OPA1 patients

present isolated optic neuropathy, but a subpopulation of them

show extended clinical spectrum including deafness, myopa-

thy, peripheral neuropathy known as ADOAþphenotype (5–7),

as well as recently reported, parkinsonism and dementia (8).

Additionally, there are also intra-familial and inter-familial var-

iations in severity of the disease among patients with the same

mutation. Despite important advances related to the OPA1 roles

in mitochondrial physiology, little is known about how its mu-

tations lead to neuronal loss, and no clear explanation for the

large phenotypic variations has been proposed, rendering

phenotype-genotype correlations arduous. Recently, we de-

scribed the phenotype of the Opa1 mouse model carrying the re-

current c.2708delTTAG mutation present in 20–30% of ADOA

patients. We found that heterozygous mice displayed various

degrees of neuronal and muscular alterations reflecting multi-

systemic degenerative symptoms, which reproduce syndromic

ADOAþ (9). Interestingly, re-assessment of phenotypic and mo-

lecular pathological parameters considering sexes revealed

some clues for early and severe visual phenotype in females.

Thus, we explored intrinsic mechanisms which could contrib-

ute to this phenotypic variability as clinical and biological fac-

tors influencing the visual outcome in ADOA are not well

known, except for aging, which is associated with progressive

visual loss (10). Recent studies have suggested the influence of

sex steroids on brain mitochondrial metabolism and retinal

function (11–13). Moreover, mitochondria are essential sites for

steroid-hormone synthesis (14), and the importance of the mi-

tochondrial fusion in this process has been demonstrated (15)

with the involvement of OPA1 in the steroidogenic machinery

(16,17). Although several large ADOA series have been studied

for many clinical criteria, the influence of gender on ADOA vi-

sual outcome has not yet been raised (10,18–20). Consequently,

we tested the hypothesis of a sex-dependent visual phenotype

in ADOA. For this purpose, we explored the visual function as

well as the retinal histology and metabolism of the Opa1delTTAG

mouse considering age, sex and ovariectomy. In parallel, we

performed a reassessment of two relevant ophthalmological pa-

rameters, i.e. the visual acuity and the retinal nerve fibre layer

(RNFL) thickness, on a large OPA1 patient cohort with emphasis

on gender. Here, we demonstrate the existence of a sex-

dependent vision loss in female Opa1 mice characterized by an

early loss of visual acuity and RGC degeneration, which were

abolished by ovariectomy. Further, we found that the

Opa1delTTAG mutation, by interfering with steroidogenesis pro-

cess, impacts the visual phenotype in a sex-dependent manner.

Finally, using a cross-sectional analysis of OPA1 patient clinical

data, we revealed an increased severity of the vision loss at ado-

lescence and a greater progressive retinal nerve fibre decrease

in women, not related to the most severe dominant negative

mutations in OPA1, supporting the existence of a sex-

dependent visual phenotype in ADOA.

Results

Opa1delTTAG mutation leads to earlier onset of visual
phenotype in female mice

To address our hypothesis of sex differences in ADOA, we per-

formed a deep exploration of the visual phenotype in the

Opa1delTTAG mouse model taking into account age and sexes.

Based on our previous data, and with the exception of electro-

physiological measurements, we focused our observations on

the age of phenotype appearance and on a late stage of the dis-

ease, i.e. 5 and 11 months. First, we assessed the visual function

by analyzing visual-evoked potential (VEP) recordings. When

compared with controls, Opa1þ/� females displayed significant

increased N- and P-wave latencies starting at 9 and 6 months,

respectively, whereas Opa1þ/� males only displayed an in-

creased P-wave latency at the latest time-point of 13 months

(Fig. 1A). VEP amplitudes were, however, not significantly af-

fected in both Opa1þ/� males and females versus controls (data

not shown). At 5 months of age, mouse visual acuity assess-

ment showed reduced capacity in Opa1þ/� females, while it was

unaffected in Opa1þ/� males (Fig. 1B). At 11 months of age, both

sexes had a visual acuity decrease of similar levels. Then, we

performed retinal thickness measurements using Optical

Coherence Tomography (OCT) and showed a progressive in-

crease of the RNFL and of the inner plexiform layer in Opa1þ/�

females, becoming statistically significant at 11 months, while

not in males (Fig. 1C and D). Peripapillary OCT measurements

confirmed RNFL thickening in Opa1þ/� females (Fig. 1E), which

was associated with the presence of a noticeable edema evoca-

tive of an excitotoxic swelling of inner retinal layers (Fig. 1F).

Finally, although both Opa1þ/- males and females displayed sig-

nificant similar RGC loss at 11 months, females displayed an

earlier and exacerbated RGC degeneration readily observable at

5 months (Fig. 1G). Thus, exploration in mouse revealed earlier

onset of retinal structure alterations and visual dysfunctions in

Opa1þ/� females compared with Opa1þ/� males, reaching later a

similar severity in both sexes. These results disclosed the early

onset of visual phenotype in females, which emphasizes a puta-

tive role of sex steroids in modulating retinal functions and

raises the question of the Opa1delTTAG mutation effect on sex ste-

roid production.

Opa1delTTAG mutation leads to increased
steroidogenesis in retina and blood

To investigate whether sex differences in ADOA visual pheno-

type may result from the lack of Opa1, we carried out hormonal

assays in Opa1 mice by focusing our experiments at 5 months,

i.e. when the diseased phenotype has appeared in females

while not yet in males.

We first monitored neurosteroidogenesis metabolic pathway

in the retina by measuring the production of pregnenolone
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(PREG), the steroid precursor resulting from the first step of ste-

roidogenesis in mitochondria. We monitored the basal and the

maximal PREG production which reflected respectively the

quality of cholesterol import and the CYP11A1 activity, the en-

zyme responsible for pregnenolone synthesis from cholesterol.

We showed increased PREG basal production in Opa1þ/- male

and female retinas, although the maximal production remained

unchanged (Fig. 2A). We also monitored the basal production of

17-beta estradiol, one of the main sex steroid produced in retina

at the end of steroidogenesis. We found that both male and fe-

male Opa1þ/� retinas displayed increased 17-beta estradiol

production (Fig 2B), which was nevertheless much higher in

Opa1þ/� females than in males. These results demonstrated

that the Opa1delTTAG mutation alters the efficiency of steroido-

genesis and results in abnormally increased levels of PREG and

17-beta estradiol in both male and female heterozygous retinas.

The difference in this retinal hormonal deregulation be-

tween male and female Opa1þ/� mice probably does not ex-

plain by the sex-dependent retinal alterations and disease

onset. Thus to go further, we performed PREG assays in blood

serum samples from Opa1 mice. Results showed a 21-fold in-

crease in Opa1þ/� female serum compared with controls

Figure 1. Functional and histological exploration of the Opa1delTTAG mouse visual phenotype disclose early onset in Opa1þ/� females. (A) Electrophysiological record-

ings of VEP N- and P-wave latencies in Opa1þ/þand Opa1þ/� male (Left) and female (Right) mice (n¼3–7/sex/genotype). (B) Visual acuity assessments on 5- and 11-

month-old male (Top) and female (Bottom) Opa1þ/þ and Opa1þ/� mice (n¼5–11/sex/genotype). (C) OCT assessments of retinal layers (Left) and retinal nerve fibre layer

(RNFL, Right). RNFL/GCL, nerve fibre layer and ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear

layer; OLM, outer limiting membrane; IS/OS: inner/outer segment; RPE, retinal pigment epithelium; C, choroid. (D) RNFL plus IPL thickness measurements on 5- and 11-

month-old mice. (E) Female peripapillary RNFL thickness was determined as RNFL area calculation per field analyzed (n¼5–11/sex/genotype). (F) Representative picture

of retinal cross sections stained with hematoxylin/eosin from 11-month-old Opa1þ/þ (Left) and Opa1þ/� (Right) females (n¼4/genotype), scale bar¼ 25 mm. (G) RGC

counting (Left) using a specific Red Brn3a immunolabelling (Right) was performed on retinal cross sections of 5- and 11-month-old mice (n¼4/sex/genotype). Data rep-

resent mean6SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 using one-way ANOVA (B,D,E,G) and Mann Whitney U test (A).
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(26.686 15.4ng/ml versus 1.276 0.47), whereas similar low

PREG levels (1.526 0.26ng/ml versus 1.1960.13) were observed

in Opa1þ/� and control males (Fig. 2C). We also quantified 17-

beta estradiol in Opa1þ/� female serum and found a significant

increase of circulating levels compared with wild-type serum

(Fig. 2D). Thus, we disclosed the existence of deregulated circu-

lating levels of pregnenolone and 17-beta estradiol in Opa1þ/�

females, suggesting that Opa1 haploinsufficiency affects the

production of the circulating sex steroids, mainly produced by

ovaries.

Ovariectomy abolishes sex differences and early onset
of visual phenotype

To estimate the influence of ovarian circulating sex steroids on

the visual phenotype expressivity, we ovariectomized wild-type

and Opa1þ/� mice at 3 weeks of age. Following this surgery, the

Opa1þ/� related weight loss evidenced from the age of 6 months

was abolished (Fig. 3A). Then, while ovariectomy (Ovx) did

not affect the N-wave latency, we showed that Ovx Opa1þ/-

displayed increased P-wave latency only at 11 months (Fig. 3B).

OCT measurements did not show any modification of

the RNFLþ IPL thickness (Fig. 3C), but significant RGC loss

was found in Ovx Opa1þ/� also only at 11 months (Fig. 3D).

Taken together, these results demonstrated that ovariec-

tomy abolishes sex differences observed in visual pheno-

type between males and females, and delays the disease

onset at a time similar to that of males. This finding con-

firmed the influence of sex steroids in the modulation of reti-

nal functions and moreover, pointed to a negative impact

of excessive circulating female sex steroids on retinal

metabolism.

Opa1delTTAG -induced steroid deregulation leads to early
mitochondrial complex IV defect in female retinas

Previously, we disclosed that the Opa1delTTAG mutation altered

the mitochondrial respiratory chain leading to a cytochrome c

oxidase (complex IV) enzymatic activity deficiency. In the line

of these results, we studied whether abnormal increased circu-

lating and retinal steroids levels could alter the complex IV ac-

tivity in the retina. Thus, we monitored mitochondrial complex

IV and citrate synthase activities considering sexes.

Interestingly, although no difference was found between male

and female controls, a significant reduction in complex IV activ-

ity was found in Opa1þ/� female retinas at 5 months (Table 1),

while that of Opa1þ/� male was only found affected later at 11

months (data not shown). In order to determine whether these

Figure 2. Opa1delTTAG mutation impacts the steroidogenesis efficiency and leads to increased retinal and circulating sex steroid production. All experiments were per-

formed on 5-month-old Opa1mice. (A) Basal and maximal pregnenolone productions were quantified in retinal explant supernatants from both male and female mice.

Data are expressed related to retinal protein content and to control mouse basal values (n¼4–14/sex/genotype). (B) 17-beta estradiol basal production was quantified in

retinal explant supernatants from both male and female mice. Data are expressed related to the retinal protein content (n¼4–14/sex/genotype). (C) Blood serum preg-

nenolone assays in both male and female mice (n ¼ 4–7/sex/genotype). (D) Blood serum 17-beta estradiol assays from female mice (n¼5/sex/genotype). Data represent

mean6SEM. *P < 0.05 and **P < 0.01 using one-way ANOVA (B,C,D) and Mann Whitney U-test (A).
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mitochondrial enzymatic activities undergo the influence of sex

steroids, we repeated these experiments on mouse retinas after

ovariectomy. Remarkably, we found that ovariectomy increased

drastically citrate synthase activity in both control and Opa1þ/�

retinas. As previously observed for functional and histological

parameters following ovariectomy, mitochondrial complex IV

activity reached normal values in Opa1þ/� female retinas

(Table 1). Thus, these results demonstrated the early onset of

mitochondrial complex IV defect in female Opa1þ/� retinas and

showed that ovariectomy delays Opa1þ/� female visual pheno-

type appearance to a time course similar to that of males,

supporting the negative impact of circulating female sex ste-

roids on the retinal mitochondrial metabolism.

Retinal and circulating steroid deregulations impact on
retinal steroidogenic metabolism and RGC survival

We further studied the consequences of cumulative circulating

and retinal pregnenolone and 17-beta estradiol increases on the

mitochondrial steroidogenic metabolism in retina. First, we

quantified the mRNA expression of the StAR gene, which en-

codes a crucial protein regulating cholesterol transfer into

Figure 3. Ovariectomy abolishes sex differences in ADOA phenotype. Ovx, ovariectomized. (A) Body weight monitoring without (left) and following (right) ovariectomy.

(B) VEP recordings show unaffected N-wave latency but increased P-wave latency at 11 months in Ovx Opa1þ/� compared with Ovx controls (n¼9–11/sex/genotype). (C)

OCT measurements do not show modification of RNFL þ IPL thickness between control and Ovx animals (n¼4–7/sex and genotype). (D) Brn3a immunolabelling on

cross retinal sections shows RGC loss at 11 months (n¼5–11/sex/genotype). Data represent mean6SEM. **P < 0.05 with Mann-Whitney U test (B), **P < 0.01 and ***P <

0.001 using one-way ANOVA (A and D).

Table 1. Mitochondrial cytochrome c oxidase (CIV) and citrate synthase activities in 5-month-old Opa1þ/� female retinas before and after
ovariectomy

Sex Genotype Enzyme activity (nmol/min/mg protein)

CIV CS CIV/CS P-value

Males Opa1þ/þ 780 6 172.4 623 6 104.1 1.246 6 0.150 0.1143

Opa1þ/� 500 6 81.61 678 6 83.41 0.751 6 0.092

Females Opa1þ/þ 446 6 115.9 432 6 71.2 0.874 6 0.053 0.0092**

Opa1þ/� 155 6 18.8 360 6 26.7 0.443 6 0.053

Ovx Females Opa1þ/þ 726 6 131.5 3537 6 705 0.210 6 0.023 0.2879

Opa1þ/� 897 6 83.2 3543 6 244 0.253 6 0.0164

CIV, mitochondrial complex IV or cytochrome c oxidase; CS, citrate synthase. Results statistically significant are specified in bold font (n¼4–7/sex/genotype). Data are

expressed as mean6 SEM.

**P < 0.01 using Mann Whitney U-test.
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mitochondria. We found that StAR expression did not change

between sexes and genotypes (Fig. 4A). We also studied the ex-

pression of genes encoding mitochondrial steroidogenic en-

zymes as Cyp11a1 and 3bHSD1, encoding the 3b-hydroxysteroid

dehydrogenase type 1. In contrast with StAR expression, we

found an up-regulation of Cyp1a11 and 3bHSD1 expressions in

Opa1þ/� female retinas compared with female controls (Fig. 4A).

Then, we monitored the expression of Estrogen Receptors (ERs)

in the retina (Fig. 4B) and found that Esr2 expression is 50-fold

higher than that of Esr1 in control retinas. Remarkably, while no

differences were found between control and Opa1þ/� male mice,

we observed an up-regulation of Esr1 and a down-regulation of

Esr2 mRNA expressions in Opa1þ/� female retinas compared

with controls (Fig. 4B). Finally, in this context of deregulated ste-

roid levels and earlier female disease onset, we found higher

levels of TUNEL positive RGCs in female retinas compared with

controls (Fig. 4C). Specific RGC TUNEL identification was con-

firmed with the Brn3a co-immunolabelling (data not shown).

Our results showed that increased retinal and circulating levels

in pregnenolone and 17-beta estradiol affect mitochondrial

steroidogenesis efficiency and alter ER-dependent regulations

specifically in Opa1þ/� females, promoting earlier RGC

apoptosis.

Early deleterious steroidogenesis deregulation
occurs in female Müller glial cells

In order to evaluate whether RGC cellular environment is af-

fected by excessive retinal and circulating steroid levels, we

studied Müller glial cells. Indeed, these cells are crucial for RGCs

as they are in contact with retinal blood vessels, receiving circu-

lating steroids and participate to retinal neurosteroid produc-

tion. In addition to this steroidogenic support, Müller glial cells

exert a crucial role in removing extracellular glutamate, which

is critical for RGC functioning and survival. The study of primary

cultures of postnatal day 10 Müller cells from both Opa1þ/�

males and females evidenced a fissioned mitochondrial net-

work (Fig. 5A). Before performing hormonal assays, we validated

the intrinsic capacity of Müller cells to produce PREG with the

Figure 4. Cumulative retinal and circulating steroid overproductions alter retinal mitochondrial steroidogenic metabolism and RGC survival. All experiments were per-

formed on 5-month-old Opa1 retinas. (A) Quantification of steroidogenic gene expressions by real-time quantitative PCR (n¼4–6/sex/genotype). (B) Quantification of ER

expressions by real-time quantitative PCR experiments (n¼4–6/sex/genotype). (C) Apoptotic RGC counting (left) was done in retinal cross sections (right). Data were ex-

pressed in percentage of red TUNEL positive RGCs observed by confocal microscopy (arrow head on the right panel), INL, inner nuclear layer; IPL, inner plexiform layer;

GCL, ganglion cell layer (n¼4–7/sex/genotype). Data represent mean6SEM. *P < 0.05 and **P < 0.01 using one-way ANOVA (C) and Mann Whitney U-test (A,B).
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quantification of the Cyp11a1 gene expression in Müller cell cul-

tures (data not shown). We then measured PREG production

and disclosed an increased basal PREG production in Opa1þ/� fe-

male cells compared with that of wild-type and male cells,

while maximal production was also found unchanged (Fig. 5B).

Then, unlike Opa1þ/� male cells, we found that the viability of

Opa1þ/� female cells was impacted by increased glutamate con-

centrations (Fig. 5C). Although we found significant level of

TUNEL positive apoptotic cells in both male and female Opa1þ/�

cells compared with controls, a higher level of apoptosis was

observed in female cells (Fig. 5D). Exploration of 5-month-old

in vivo retinas disclosed that the specific Sox2 labelling did not

reveal any quantitative modification of the Müller glial cell

number (Fig. 5E). In contrast, assessment of Müller glial cell

morphology, using Cralbp1 Müller immuno-labelling, revealed

endfoot swelling specifically in female retinas (Fig. 5F). Thus,

these results showed that Opa1delTTAG mutation alters

steroidogenesis in female Müller glial cells and leads to toxic

pregnenolone overproduction, inducing stress-related modifica-

tions of their cellular appearance and sensitizing them to

apoptosis.

OPA1 female patients display an earlier and a more
severe visual phenotype than male patients

To address the question of a gender difference in ADOA pa-

tients, we analyzed ophthalmological data from 154 non-

syndromic ADOA patients with an OPA1 mutation recruited in

three reference centres. Clinical data were stratified into three

age groups: <20-years old (yo), between 20 and 45 yo and over

45 yo (Table 2). First, we analyzed the best-corrected visual acu-

ity data, considered here as the logarithm of the minimum an-

gle of resolution (LogMAR). In accordance with the progressive

Figure 5. Early deleterious effect of pregnenolone overproduction in female Opa1þ/- Müller glial cells. (A) Assessment of the mitochondrial network structure using ATP

synthase immunolabelling (in green) on Müller glial cell primary cultures, obtained from retinas of postnatal day 10 mice. Arrow heads point to abnormal mitochon-

drial aggregates. (B) Pregnenolone basal and maximal productions were measured in supernatants of Müller glial cell primary cultures (n¼6–10/sex/genotype), data are

expressed as the ratio of Opa1þ/� values related to Opa1þ/þbasal values. (C) Assessment of cell viability from a glutamate dose response (0, 0.1, 1 and 10mM) experiment

performed on Müller cell primary cultures. Data are expressed as the percentage of control Müller cell viability from three independent experiments. (D) Assessment of

Müller glial cell apoptosis in primary cultures expressed in percentage of red TUNEL positive cells observed by confocal microscopy. (E) Müller glial cell counting (left)

using a nuclear Sox2 antibody immunostaining on 5-month-old cross retinal sections (right). Specificity of Sox2 labelling was confirmed with Cralbp1 co-immunolabel-

ling (Right). Arrow head: Müller cell nucleus, double arrow head: cholinergic amacrine nucleus (n¼4/sex/genotype). (F) Cralbp1 immunolabelling on retinal cross sec-

tions of 5-month-old mice reveals Müller cells (arrow head: soma; double arrow head: cytoplasmic arm) and their endfeet (between doted frame). Data represent

mean6SEM. *P < 0.05 and **P < 0.001, using one-way ANOVA.
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evolution of the disease, we observed a progressive decrease in

visual acuity with age in male patients as shown by logMAR val-

ues increasing with time (Fig. 6A). By contrast, female vision

loss did not reveal any significant evolution. Nevertheless, fe-

male patients younger than 20 yo displayed a significantly

higher diminution of visual acuity compared with young males,

reaching values observed only for males >45 yo (Fig. 6A). When

the group of youngest patients was split into two groups (<11

and 11–19 yo), we found that only pubescent females were sta-

tistically different from males of the same age (data not shown).

Then, we reassessed clinical data obtained from the RNFL thick-

ness measurements around the optic disc, which reflects the

RGC number. We found that the RNFL was already reduced in

young OPA1 patients and slimmed down progressively with age

in both males and females (Fig. 6B, normal value¼ 110 mm6 5 in

healthy subjects). In the group of eldest patients, a higher RNFL

loss was found in females compared with males, and this differ-

ence was even more significant when considering all groups to-

gether (Fig. 6C). Although results from the visual acuity

reassessment suggested an earlier increase of disease severity

in females, we found a more severe clinical presentation with

greater progressive retinal nerve fibre degeneration in female

than in male patients, when considering altogether the 154

OPA1 patients. Finally considering that dominant negative mu-

tations of OPA1 GTPase domain result in more severe clinical

presentations, we tested whether the gender-dependent sever-

ity observed could be influenced by the mutational status

(Table 3). In younger patients, dominant negative mutations in

the GTPase domain account for 36% in female versus 39% in

male patients. Conversely, mutations leading to premature

frameshifts and thus to haploinsufficiency are predominant in

these groups and the others, representing the main mutation

type in our cohort (69.3% in females versus 74.4 in males).

Discussion

Since the initial description of patients with dominant optic at-

rophy, it has been a main concern to explain the wide panel of

severity among affected persons. This rendered phenotype—ge-

notype studies tedious, as a same OPA1 mutation, for example

the common c.2708delTTAGmutation, could lead to asymptom-

atic patients or to severely affected syndromic cases. Genetic

analyses intending to identify secondary markers, and in

Figure 6. Cross sectional analysis reveals early and more severe ophthalmological phenotype in female ADOA patients. 154 OPA1 patients were separated in three

groups according to their age: young patients <20 yo, adults (20–45 yo) and seniors (>45 yo) (see also Table 2) F: female, M: males. (A) Mean visual acuity expressed as

the logarithm of the minimum angle of resolution in minutes of arc (LogMAR, 0.0¼1.0 decimal (normal visual acuity), 1¼ 0.1 decimal (level of social blindness). (B)

Mean RNFL thickness assessed by OCT in the <20 yo, 20–45 yo and >45 yo groups (C) Mean RNFL thickness considering all females and all males together. Data repre-

sent mean6SEM. *P < 0.05 and **P < 0.01 using one-way ANOVA.

Table 2. Cross-sectional analysis of 154 OPA1 patients

OPA1 patients

Age (years) Females (n) Males (n)

Total 78 83

Average 35 6 11.2 33.6 6 10.1

<20 11 23

Average 12.96 1.5 13.1 6 0.8

20–45 33 34

Average 32.16 1.3 31.6 6 1.3

>45 31 21

Average 60.06 1.7 56.0 6 1.3

Patients are classified in three different groups: before the age of 20 yo, between

20 and 45 yo and over 45 yo. In each group, males and females are studied

separately.
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particular the contribution of the mitochondrial DNA hap-

logroup, have not allowed solving this conundrum suggesting

that environmental or systemic parameters could modulate

ADOA severity (21).

The study presented here has been inspired from previous

observations gathered on the Opa1delTTAG mouse that suggested

the presence of sex differences in the visual phenotype of het-

erozygous mice. Consequently, the deep exploration of this

mouse revealed an earlier onset of vision loss in female than

male Opa1 mice. Furthermore, we disclosed that Opa1 haploin-

sufficiency, by early altering steroidogenesis efficiency, leads to

abnormal high steroid levels, which impair mitochondrial me-

tabolism in retina and predispose females to early vision loss.

Indeed, we confirmed the involvement of Opa1 in the control of

steroidogenesis efficiency as its haploinsufficiency results, in

both Opa1þ/� male and female retinas, in increased pregneno-

lone production, the mitochondrial steroid precursor, as well as

17-beta estradiol, the major end product of this pathway.

Moreover, the fact that Opa1 interferes with the basal pregneno-

lone production without modification of the maximal produc-

tion, reflecting the CYP11A1 enzyme activity, supports recent

findings showing that in vitro OPA1 silencing enhances steroido-

genesis efficiency by regulating cholesterol import through mi-

tochondrial membranes. Indeed, OPA1 has been found to

belong to the transduceosome, a multi-protein complex re-

quired for mitochondrial cholesterol trafficking and cleavage

into pregnenolone by the CYP11A1 enzyme (16,17). Thus, in

pathological conditions, pregnenolone and neurosteroid syn-

thesis might consequently be stimulated in gonads to produce

steroid hormones, and in the central nervous system, among

which the retina. This might lead to key consequences on the

brain structures and functions, as pregnenolone is the most

abundant steroid in this organ and is crucial for the modulation

and the protection of neuronal activities (13,22–24), and contrib-

utes to sex-dependent mitochondrial functions (11). It has also

key consequences on the retinal functions, as pregnenolone

synthesis is abundant in the inner nuclear and ganglion cell

layers, where interneurons, Müller glial cells and RGCs not only

synthetize this steroid, but also depend upon its level to modu-

late their activity (22,25,26).

These data raise a first question concerning the effects of

steroid overproduction on the retinal function and structure.

Indeed, the difference observed in steroid deregulation between

Opa1þ/� male and female retinas cannot explain by itself the

sex-dependent retinal alterations and the early disease onset in

females. Actually, we disclosed specifically in females a drastic

increase in pregnenolone and 17-beta estradiol circulating lev-

els, which suggests that Opa1 insufficiency impairs the ovarian

steroidogenesis. In addition, the fact that ovariectomy abolishes

sex differences observed in visual phenotype confirms that sex

steroids produced by ovaries modulate the retinal function and

points undeniably to a negative impact of excessive circulating

female sex steroids on vision.

A second question concerns the mechanism by which high

circulating steroid levels affects RGC structure and functions.

Our data suggest that circulating steroids impact negatively the

RGC mitochondrial metabolism, in particular the activity of the

respiratory complex IV, compromising RGC physiology.

Although 17-beta estradiol is known to induce a neuroprotec-

tive effect in physiological conditions, its 4-fold increase to-

gether with a 21-fold increase in pregnenolone in Opa1þ/�

female blood must lead to a noxious effect on the inner retinal

neurons, maybe through deregulation of ER activation that are

mostly expressed in retinal inner layers especially in RGC

(12,25). In this respect, considering the capacity of pregnenolone

to activate ERs (27), modification of Esr1 and Esr2 gene expres-

sions found in retina could represent an adaptive response, as

already reported in response to long-term estrogen treatment

notably in brain visual regions (28–31). Interestingly, Esr2 is al-

most exclusively localized in mitochondria (32) to regulate mi-

tochondrial function, partly through the regulation of

mitochondrial complex IV subunit mRNA expression (33). It is

further known that Esr2 down-regulation correlates with re-

duced mitochondrial respiratory complex IV activity, what we

observed specifically in retina from Opa1þ/� females (34). Thus,

these results suggest that quantitative and regulatory modifica-

tions of the retinal ERs in response to excessive steroid levels

impact the retinal mitochondrial metabolism from Opa1þ/� fe-

males compromising RGC functions and survival.

The third question concerns the effects of the retinal pro-

duction of steroids on the direct environment of RGCs. Indeed,

the study of Müller glial cells that are essential for RGC func-

tioning and survival (25,35), revealed increased pregnenolone

basal production, together with a higher response to glutamate

excitotoxicity and a greater level of apoptotic death, specifically

in cells purified from Opa1þ/� females. Accumulation in retina

of pregnenolone triggers excitotoxicity by induction of NMDA

receptors, leading to ganglion cell layer swelling and RGC apo-

ptosis, while NMDA receptor activation stimulates in turn preg-

nenolone synthesis, potentiating its excitotoxic effects (36–38).

Cyp11a1 and 3bHSD1 up-regulations specifically found in

Opa1þ/� females support the existence of this vicious cycle and

probably contribute to explain the higher increase in 17-beta es-

tradiol in female retinas. These data suggest the toxicity of

pregnenolone overproduction which, by increasing Müller cell

sensitivity to glutamate, promotes endfoot swelling formation

around RGC soma in vivo. This latter observation could explain

the increased RNFL thickness found by OCT measurements, and

contribute to RGC dysfunction and susceptibility to premature

cell death, especially in Opa1þ/� females. Remarkably, these re-

sults reveal the involvement of Müller glial cells in OPA1-related

pathophysiology, a process probably occurring early in the de-

velopment of the disease, i.e. in the post-natal period.

Altogether, results found in mouse confirm the existence of

a sex-dependent visual phenotype, reported for the first time in

ADOA. The underlying mechanism responsible for this process

Table 3. Percentage of dominant negative and haploinsufficient mutations in the OPA1 patient cohort

Mutation Females Males

Percentage (%) Total <20 20–45 >45 Total <20 20–45 >45

Dominant negative (GTPase domain) 21.3 36.4 15.2 22.6 19.2 39 14.7 4.8

Haploinsufficiency (frameshift) 69.3 54.5 72.7 71 74.4 52.2 79.4 90.5

Dominant mutations in the GTPase domain are reported. Haploinsufficient mutations gather mutations leading to premature frameshift. Results are expressed in

percentage.
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is related primarily to Opa1 haploinsufficiency which, by signifi-

cantly enhancing steroidogenesis, leads to the accumulation of

deleterious high circulating and retinal steroid levels. Our re-

sults collected from a retrospective analysis of ophthalmologi-

cal data from 154 OPA1 patients supported the hypothesis of a

sex-dependent visual phenotype, with an earlier and more se-

vere vision loss in females than in males. Indeed, although

male patients displayed a progressive visual acuity decrease

with age, females presented an increased severity of visual acu-

ity before the age of 20, which straightaway reached a severity

similar to the one found in oldest male group. In parallel, OPA1

female patients harbored a greater loss in retinal nerve fibres,

reflecting RGC degeneration. Thus these results suggest that ad-

olescence is a critical period influencing the loss of visual acuity

in young ADOA females, evoking a negative influence of sex ste-

roids, produced massively during puberty and later with lifelong

cyclic fluctuations. In this line, the increased severity observed

in female patients is further supported by the fact that CYP11A1

expression and circulating pregnenolone reach high levels dur-

ing female puberty, and vary according to lifelong female hor-

monal cycle (39,40). Moreover, the fact that young females

develop an earlier and a more severe decrease in visual acuity,

while both young males and females harbored the same level of

RGC degeneration, supports the concept that sex steroids mod-

ulate retinal and RGC functions favouring, with time, greater

RGC degeneration in females. Finally, the inventory of domi-

nant negative versus haploinsufficient mutations provided an

additional insight in the consideration of DOA severity. Indeed,

the lower amount of dominant negative mutations in the young

female group reduced their eventual impact in controlling the

severity of the disease found in this specific group. Both in

mouse and human, our results emphasize a causative effect of

OPA1 haploinsufficiency.

Thus, our data warrant prospective clinical studies in which

the number of young subjects should be increased and various

parameters such as pubertal development, pregnancies, expo-

sure to contraceptives and hormonal supplements, and circu-

lating concentrations of steroid hormones should be carefully

considered in ADOA patients, in addition to their ophthalmolog-

ical examination. In a more general consideration, our data also

put emphasis on the role of mitochondrial physiology in the

control of the neurosteroidogenesis pathway. A particular at-

tention should be given to puberty since this is a critical period

in lifetime, in which the novel hormonal status renders cells

and tissues more dependent on mitochondrial energy metabo-

lism. Therefore, impairment of neurosteroidogenesis should be

considered as a pathophysiological mechanism that could be

involved in other mitochondrial disorders affecting the central

and peripheral nervous systems, in a sex dependent manner.

Finally, we extended the knowledge on the OPA1-related

pathophysiology by providing the evidence of steroid deregula-

tions impacting the visual phenotype in a sex-dependent man-

ner. Moreover, we reveal the involvement of the Müller glia, in

controlling the fate of RGC in ADOA. Thus, we provide new in-

sights to explain some variability of the ADOA phenotype,

which might lead to improved diagnosis approaches and thera-

peutic strategies in the near future.

Materials and Methods

Opa1delTTAG mouse model

The Opa1 knock-in mice carrying the c.2708_2711delTTAG mu-

tation was described in Sarzi et al (9). Mice were kept in the

animal facility of the Institute for Neurosciences of Montpellier

(B 3417236, March 11, 2010). All protocols were carried out on

males and females Opa1þ/� mice and their Opa1þ/þ littermates.

Examination of the visual electrophysiology

Every 2–3 months, VEPs were performed on anesthetized mice

and recorded using three phases of 60 flashes as previously de-

scribed in (41). Flash duration was 5 ms with a frequency of 1Hz

and intensity of 159 cd.s�1.m�2. Amplitudes and latencies ob-

tained during each phase were averaged. A cut-off filter was set

at 35Hz.

Virtual-reality optokinetic system

Mouse visual acuity was assessed as described by Prusky et al.,

2004 (42). The apparatus included a virtual optomotor consti-

tuted by four computer monitors arranged in a quadrangle

arena generating a virtual rotating cylinder with drifting vertical

sine wave grating. The OptoMotry (Cerebral Mechanics,

Lethbride, Alberta, Canada) was used to control grating parame-

ters and video recordings. Then, mice were placed on a central

platform allowing them to track the grating with reflexive head

and neck movements. The increasing of the grating frequency

(from 0.042 to 0.442 cyc/deg) until the optomotor reflex could

not be detectable, defined the visual acuity. Contrast sensitivity

was given at the 0.042 cyc/deg frequency. Mice were tested for

both eyes in the morning at the beginning of their daylight cy-

cle. Experiments were done blind to the genotype.

Retinal cell counting

Mice were euthanized by cervical dislocation. Eyes still con-

nected to their optic nerve were immediately frozen in isopen-

tane cooled by liquid nitrogen and embedded in Tissue-Tek

O.C.T. compound. For RGC counting, 14 lm cryostat sections

were immunolabelled using a Brn3a primary antibody (1:500,

Santa Cruz Biotechnology) along with an Alexa 594 conjugated

anti-goat secondary antibody (1:800, Invitrogen, Oregon, USA). A

Sox2 primary antibody (1:200, Santa Cruz Biotechnology) com-

bined with an Alexa 594 conjugated anti-goat antibody was

used to quantify Müller glial cell nuclei. Sections were scanned

using the NanoZoomer 2.0-HT automatized microscope

(Hamamatsu) or visualized by confocal microscopy (Zeiss

LSM510 META). RGC counting was calculated as the ratio of the

RGC number encountered related to the total retinal area per

section. Müller cell counting was determined as the ratio of the

Sox2 positive cell number to the interneuron layer area per sec-

tion. Four sections per retina were analyzed.

Endocrine assays

Menstrual cycle synchronization was ensured using conjoined

mice breeding from birth to sacrifice. Pregnenolone and 17-

beta-estradiol assays were adapted from Wasilevski et al. (17)

and carried out on Opa1 mouse retinal explant supernatants as

well as on Müller cell primary culture supernatants.

Pregnenolone assay

Müller glial cells (2 � 104) were seeded onto 24-well plate for

48h in appropriate culture medium. Basal rate of pregnenolone

production was assessed after 24 h incubation of cells in FBS-

free DMEM-F12 culture medium containing trilostane (2 mg/ml,
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Sigma). Maximal rate was then determined during 1-h incuba-

tion with trilostane and saturating concentration of 22(R)-

hydroxycholesterol (0.5 mg/ml, Sigma). After removing the

supernatant, cells were harvested and protein concentration

determined by BCA colorimetric assay (Thermo Scientific

Pierce). Pregnenolone was quantified by ELISA (IBL International

GmbH). Retinal explants were incubated 2 h at 37 �C in Hanks

Balanced Salt Solution (HBSS) in the presence of trilostane to

measure basal pregnenolone production, then 1 h in HBSS con-

taining both trilostane and 22(R)-hydroxycholesterol to assess

maximal pregnenolone production.

17-beta-estradiol (E2) assay

E2 production was measured in retinal explant supernatants.

Retinas were incubated 3 h at 37 �C in HBSS with 22(R)-hydroxy-

cholesterol (0.5 mg/ml, Sigma). E2 was quantified by ELISA tech-

nique (Enzo Life Science). Circulating E2 was directly quantified

on blood serum.

Mouse ovariectomy

Twenty-one-day old mice (12 wild-type and 11 heterozygous)

were anesthetized by intra-peritoneal injections mixture of ke-

tamine (120mg/kg) and xylasine (10mg/kg). Animals were

placed on the dorsal position, shaved and cleaned. A ventral

single midline skin incision was made halfway between the ba-

sis of the ribcage and the genital organ. A single incision was

done into the muscle wall and each ovary was removed. Muscle

and skin incisions were successively sutured with specific nee-

dle and surgical thread.

Mitochondrial enzymatic activities

Mitochondrial cytochrome c oxidase and citrate synthase activi-

ties were measured on retinal homogenates, at 37 �C using a

Beckman DU-640B spectrophotometer (Beckman Coulter, CA,

USA), and standard method (43).

Molecular characterization

Quantitative real-time PCRs were performed on total RNA ex-

tracted from retinas using the RiboPure Kit (Ambion, Inc.). One

lg of RNA product was reverse-transcribed with the Verso cDNA

Kit (Thermo Fisher Scientific Inc.) according to the manufac-

turer’s instructions. StAR, Cyp11a1, 3bHSD1, Esr1 and Esr2 tran-

scripts were quantified using specific pairs of primers with

SYBR Green/LightCycler technology (Roche) and reported to the

ribosomal protein L27 gene expression.

Müller glial cell primary cultures

Mouse primary retinal Muller cells were generated from 10-day-

old neonatal Opa1delTTAG pups. Animals were euthanized and

their eyes enucleated. The globes were dissected and rinsed

with HBSS. The anterior segment and vitreous were excised and

the RPE layer removed. Retinas were transferred into DMEM-F12

containing 10% FBS and triturated several times with a pipette.

Dissociated cells were transferred into 25 cm2 flasks and grown

at 37 �C for 4 days. After the mixed culture had grown confluent,

flasks were rinsed twice with DPBS to remove loosely attached

cells. Cells were trypsinized and split in new 25 cm2 flasks

to be further investigate at low passages (P3 to P6).

Immunohistochemistry was done to estimate the Müller cell

enrichment of primary cultures using a Cralbp1antibody

(AGRO-BIO, France, 1:500) and using Gfap antibody (Dako,

1:1000) for astrocyte detection. The purity of Muller cells in our

primary cultures exceeded 99%. Mitochondrial network was as-

sessed using the ATP synthase antibody coupled with a second-

ary Alexa 488 anti-rabbit antibody (1:500, Abcam).

Glutamate dose-response effect

Müller glial cells (8 � 103) were seeded onto 96-well plate for

48h in appropriate culture medium. Then, cells were incubated

with increased glutamate concentrations (0, 0.1, 1 and 10 mM)

in FBS-free DMEM-F12 culture medium and cell viability was as-

sessed using the Prestoblue Reagent (Life technologies).

Quantification of apoptosis (TUNEL technology)

In vivo detection of individual apoptotic cells was done in frozen

and formalin-fixed retinal sections of Opa1 mice using the In

Situ Cell Death Detection Kit, TMR red (Roche Diagnostics). The

same experiment was applied to primary cultures of Opa1delTTAG

Müller glial cells. Cells were seeded on a 24-well plate (20 000

cells/well) and cultivated with appropriate culture medium for

48 h. TUNEL labelling was done on formalin-fixed cells. Retinal

and cell samples were then analyzed under a fluorescence mi-

croscope (Confocal Zeiss LSM510 META) and positive cells were

counted. Co-immuno labelling with the Brn3a antibody was

done to identify RGC nuclei.

OPA1 patient cohorts

One hundred and sixty-one ADOA patients with confirmed

OPA1 mutation were retrospectively analysed from three cen-

tres: 1/the centre for sensorineural diseases, Gui de Chauliac

Hospital, Montpellier, France (71 patients), 2/the Ophthalmology

Department, Glostrup University Hospital, Copenhagen and the

National Eye Clinic, Kennedy Centre, Glostrup, Denmark (68 pa-

tients) and 3/the Department of Ophthalmology, University

Hospital Angers, France (15 patients). We considered visual acu-

ity measurement on Snellen or Monoyer charts, which was sub-

sequently transformed in LogMAR units for statistical purposes,

and RNFL measurements using a Heidelberg Retinal Tomograph

(HRT-II, software version 2.0, Heidelberg Engineering GmbH,

Heidelberg, Germany) on patients from Montpellier and using

HD-OCT (Cirrus, software version 6.0, Carl Zeiss Meditec,

Dublin, CA) on patients from Denmark and Angers.

Statistical analysis

Mann-Withney U-test and one-way ANOVA followed by the

Student-Newman-Keuls multiple comparison test were used

when appropriated. Statistical significance thresholds were de-

termined at P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***) values.

Study approval

All protocols carried out on animals were approved by the

Animal Care and Use Committee Languedoc-Roussillon and re-

corded under the reference: CEEA-LR-11058, in agreement with

the ARRIVE guidelines. All efforts were made to minimize the

number of used animals and their suffering, according to the

European directive 2010/63/UE. The authors confirm that they

are in compliance with their Institutional Review Boards. The
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