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Introduction
Autosomal dominant optic atrophy (ADOA) is one of  the most 
common hereditary optic neuropathies, affecting approximately 
1 in 30,000 individuals worldwide (1, 2). ADOA primarily caus-
es degeneration of  retinal ganglion cells (RGCs) and their axons, 
which form the optic nerve (3). Vision loss in patients with ADOA 
typically begins during the first decade of  life, with symptoms that 
usually progress slowly and can lead to legal blindness in severe 
cases (4). At least 70% of  ADOA cases are caused by mutations 
in optic atrophy type 1 (OPA1) (2, 5–8), a nuclear gene encoding 
a conserved GTPase essential for inner mitochondrial membrane 
fusion and cristae maintenance (9, 10). Homozygous loss of  OPA1 
is embryonically lethal, and most patients with ADOA are hetero-
zygous carriers exhibiting haploinsufficiency (11). However, cer-
tain missense mutations in the GTPase domain can act in a domi-
nant-negative (DN) fashion (12, 13) and are often associated with a 
higher risk of  developing a more severe syndromic disorder known 
as ADOA-plus and characterized by additional symptoms such as 
deafness, ataxia, myopathy, peripheral neuropathy, and progressive 
external ophthalmoplegia (12, 13). Previous ADOA mouse mod-
els, including those with a Q285stop mutation (14), a c.1065+5G 
splice site mutation (15), and a c.2708_2711delTTAG mutation 
(16), reflect OPA1 haploinsufficiency and exhibit mitochondrial 
fragmentation and cristae abnormalities. Consequently, these mice 

show varying degrees of  age-dependent RGC loss, optic nerve 
degeneration, dendritic loss, demyelination, and reduced visual 
responses (14–17). In contrast, mouse models addressing missense 
mutations, which comprise over a quarter of  pathogenic human 
OPA1 variants (18), have not been established. Knocking out both 
copies of  OPA1 selectively in RGCs, though unlikely to reflect real 
patient conditions, appears to cause even more severe visual defects 
at a younger age (19). Despite our understanding of  the genetic 
underpinnings, there are currently no treatments available, and our 
comprehension of  the pathological mechanisms of  ADOA remains 
limited.

OPA1 is tightly regulated at both the RNA and protein levels. 
Alternative splicing of  exons 4, 4b, and 5b produces 8 OPA1 iso-
forms in humans and 4 in mice. The full-length OPA1 protein, 
which contains an N-terminal transmembrane domain, is embed-
ded in the inner mitochondrial membrane. It undergoes proteolytic 
processing, with cleavage at the S1 site by the OMA1 protease (20, 
21) and at the S2 and S3 sites by the YME1L protease (22–24), 
producing shorter forms that are released into the mitochondrial 
intermembrane space (IMS). Regulation of  these protease activities 
(25, 26) maintains a balance between long and short OPA1 forms 
that cooperate to mediate membrane fusion and preserve cristae 
structure (27–30). Disruption of  OPA1 function can cause severe 
mitochondrial damage, including reduced respiratory efficiency, 
increased oxidative stress, and loss of  mitochondrial DNA (mtD-
NA) (31, 32).

SARM1, a major prodegenerative factor in neurons, encodes 
a conserved NADase that cleaves nicotinamide adenine dinucle-
otide (NAD+) into nicotinamide and cyclic ADP-ribose (cADPR) 
(33). Sterile alpha and TIR motif  containing 1 (SARM1) has a 
mitochondrial targeting sequence, an N-terminal ARM domain 
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WT littermate controls. In cultured 9 days-in-vitro (DIV9) cortical 
neurons, mitochondria were labeled via lentiviral transduction of  
MitoDsRed, and the network in the somata was resolved using a 
hydrogel-based expansion technique (48) (Figure 1B). Opa1R290Q/+ 
neurons exhibited mitochondrial fragmentation, with the average 
mitochondrial length reduced by 57% compared with WT (Figure 
1, B and C). We observed a similar reduction (62%) in microtu-
bule-associated protein 2 (MAP2–) glial cells (Figure 1, B and C). 
In cultures of  Opa1R290Q/+ embryonic fibroblasts stained for endoge-
nous ATP5α, we observed that mitochondria were also fragmented, 
with average length reduced to 43% of  WT lengths (Figure 1, B 
and C). These phenotypes are consistent with severe impairment of  
the fusion activity of  OPA1 by the R290Q mutation, as previous-
ly reported in human fibroblasts (46), and with the significance of  
OPA1 function for all cells.

The OPA1R290Q/+ allele has DN properties that can cause the 
ADOA-plus phenotype in some patients (45, 46). To test whether 
the R290Q mutation acts dominantly in mice, we induced overex-
pression of  WT OPA1 or the R290Q OPA1 isoform 1 as a GFP 
fusion protein in WT fibroblasts (Supplemental Figure 2A). While 
WT OPA1 overexpression did not significantly alter mitochondrial 
length, the OPA1 R290Q transgene reduced it by 40% (Supplemen-
tal Figure 2B), indicating a DN effect stronger than a simple loss-
of-function mutation.

In addition to morphological changes, the R290Q mutation 
also induced cellular changes consistent with mitochondrial dys-
function. Opa1R290Q/+ fibroblasts proliferated at a slower rate than 
did WT control fibroblasts (Figure 1D) and had a significantly 
lower ratio of  reduced glutathione to oxidized glutathione disul-
fide (GSH/GSSG), as measured by liquid chromatography tandem 
mass spectrometry (LC-MS/MS) (49), indicating cellular oxidative 
stress (Figure 1E) (50). We observed the same change in glutathi-
one redox in whole brain metabolites (Supplemental Figure 3A). 
In the Agilent Seahorse assay of  mitochondrial respiration, mutant 
fibroblasts showed slightly reduced baseline oxygen consumption 
rates and proton leakage, with minimal changes in maximum res-
piration (Supplemental Figure 3, C and D). Additionally, mtDNA 
copy numbers remained unchanged, as measured by reverse tran-
scription quantitative PCR (RT-qPCR) using 3 mitochondrial genes 
(Supplemental Figure 3B), consistent with findings from 2 previous 
Opa1 haploinsufficiency mouse models (15, 16). In summary, the 
Opa1R290Q/+ mutation induced mitochondrial fragmentation and oxi-
dative stress but had little effect on respiration and mtDNA copy 
numbers.

Mitochondria in Opa1R290Q/+ fibroblasts have aberrant cristae. In addi-
tion to mediating membrane fusion, OPA1 plays an important role 
in shaping mitochondrial cristae (10). We performed cryo–electron 
tomography (cryo-ET) to examine 3D cristae ultrastructure on 
cryo-focused ion beam–milled (cryo-FIB–milled) fibroblasts. We 
focused on the fibroblasts, given their homogeneity, abundant mito-
chondria, and ability to be grown on the appropriate support grids. 
WT and Opa1R290Q/+ fibroblasts were deposited on grids, back-blot-
ted, and vitrified in liquid ethane. Windows in the cells were milled 
with a cryo-focused ion beam scanning electron microscope (cryo-
FIB-SEM) to generate 150–200 nm thick lamellae, where mitochon-
dria were targeted and tilt series were collected in a 300 keV Titan 
Krios and processed to generate 3D tomograms (Figure 1, F and G).

followed by 2 SAM domains, and a C-terminal TIR domain. The 
TIR domain possesses intrinsic NAD+ cleavage activity but in 
healthy neurons is autoinhibited by the ARM domains (34). Under 
certain degenerative conditions, the autoinhibition is released by 
an elevated NMN/NAD+ ratio and triggers a positive feedback 
loop that rapidly consumes cytosolic NAD+ (35). NAD+ depletion 
initiates a cascade of  cellular events including ATP loss, calcium 
influx, and calpain activation that culminates in axon degenera-
tion and neuronal cell death (36). Sarm1 KO can prevent degen-
eration in several neurodegenerative conditions, including glauco-
ma, traumatic brain injury, and peripheral neuropathy (37–40). Of  
particular interest is the role of  SARM1 in degeneration induced 
by mitochondrial dysfunction, such as in Charcot-Marie-Tooth 
disease type 2A (CMT2A), which is caused by mitofusin muta-
tions that disrupt mitochondrial outer membrane fusion (41–43). 
Because SARM1 inhibition has little or no effect in normal tissues 
and appears to be activated only to trigger neurodegeneration, it 
has been identified as a promising therapeutic target (44). The con-
nection between SARM1, mitochondrial dysfunction, and retinal 
degeneration prompted us to investigate whether SARM1 drives 
RGC degeneration in ADOA.

In this study, we developed and characterized a mouse mod-
el of  ADOA by introducing the pathogenic Opa1R290Q/+ missense 
mutation, which has been reported in several ADOA families (11, 
45, 46). We then studied the effect of  Sarm1 deletion on the progres-
sion of  optic atrophy in this mouse model.

Results
Generation of  the Opa1R290Q/+ mouse and allele characterization. We 
used the CRISPR/Cas9 technique to introduce R290Q, a patho-
genic mutation identified in patients (11, 45, 46), into the Opa1 
locus of  C57BL/6J mice (Supplemental Figure 1A; supple-
mental material available online with this article; https://doi.
org/10.1172/JCI191315DS1). Homozygous mice are embryoni-
cally lethal, but heterozygotes are viable and fertile, as has been 
seen with other OPA1 mutations (14–16). The R290Q mutation is 
located in the first β-strand of  the dynamin-type GTPase domain 
and included in all Opa1 isoforms and cleavage products (Figure 
1A and Supplemental Figure 1B). This mutation is distal from 
the nucleotide binding site and potentially alters the folding of  
the GTPase domain core while leaving the C-terminal stalk and 
paddle regions intact (47). Unlike heterozygous alleles with ear-
ly-stop codons that reduce OPA1 protein levels by half  (14–16), 
the R290Q mutation appeared to alter OPA1 protein processing: 
lower-molecular-weight isoforms were reduced and 2 higher-mo-
lecular-weight bands appeared (Supplemental Figure 1, B and C). 
Similar changes were observed in human OPA1R290Q/+ fibroblasts 
(46). The new bands likely correspond to full-length isoforms 5 
and 8, which are completely cleaved into short forms and thus 
absent in WT controls (22, 24). PCR analysis of  Opa1 isoforms 
in reverse-transcribed cDNAs from cultured Opa1R290Q/+ fibroblasts 
and primary cortical neurons showed no detectable changes in 
Opa1 transcript abundance (Supplemental Figure 1D).

The Opa1R290Q/+ mutation causes mitochondrial fragmentation, 
impairs mitochondrial function, and exhibits a DN effect. We first exam-
ined the effect of  the Opa1R290Q/+ mutation on mitochondrial mor-
phology in primary cells isolated from Opa1R290Q/+ mice and their 
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Figure 1. The Opa1R290Q/+ mutation impairs mitochondrial morphology and cristae structure. (A) Mouse OPA1 domains (90). MTS, mitochondrial targeting 
sequence; TM, transmembrane domain; B, bundle signaling element. Schematic was created with BioRender. (B) Representative images of mitochondria 
in cortical neurons, glial cells, and fibroblasts isolated from Opa1R290Q/+ mice and WT littermate controls. Scale bars: 10 μm. (C) Quantification of mitochon-
drial length in cortical neurons (n = 16 WT neurons and 15 Opa1R290Q/+ neurons from 2 cultures), glia (n = 51 WT glia and 23 Opa1R290Q/+ glia from 1 culture), and 
fibroblasts (n = 39 WT cells from 2 experiments and 23 Opa1R290Q/+ cells from 3 experiments). (D) Opa1R290Q/+ fibroblasts grew at a slower rate than did the 
WT control (n = 6 wells per genotype). Data indicate the mean ± SEM. (E) Fibroblasts GSH/GSSG ratios measured by LC-MS/MS. n = 6 samples per gen-
otype from 2 experiments. redox, reduction-oxidation. (F and G) Representative summed projections of the central slices of cryo-electron tomograms of 
mitochondria (F) and corresponding 3D segmentations of the entire stack (G). In the Opa1R290Q/+ cell, the OMM (purple in G) has fused, while the IMMs (blue 
and pink in G) remains separate. Scale bars: 100 nm. (H) Percentage of mitochondria with fused OMM but unfused IMM. The numbers of stalled-fusion/
total mitochondria are indicated. (I) Percentage of WT mitochondria (n = 50 WT and 64 Opa1R290Q/+) displaying stacked cristae. (J) Classification of cristae 
morphology (n = 362 WT and n = 337 Opa1R290Q/+ cristae). (K–M) The highest-frequency values for OMM-IMM distance (K), cristae angle relative to the OMM 
(L), and cristae curvedness (M) (n = 19 WT and 22 Opa1R290Q/+ mitochondria). Box plots denote minimum, first quartile, median, third quartile, and maximum 
values. *P < 0.05, **P < 0.01, and ****P < 0.0001 by Mann-Whitney U test (C, E, and K–M) and 2-way ANOVA with Šidák’s multiple-comparison test (D). ctrl, 
control; mito, mitochondria.
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mice displayed a 3-fold increase in dying RGCs compared with 
age-matched WT controls, although this was not yet reflected in 
a significant decrease in the total RGC count (Figure 2, A–C). At 
12 months, a reduction in total RGCs was apparent in Opa1R290Q/+ 
mice alongside an increase in dying RGCs. By 15 months, the 
mean total RGC number had decreased by 16% compared with 
WT, with dying RGCs rising to 4-fold of  the WT level (Figure 2, 
A–C). At 18 months, the difference in dying RGCs was largely 
diminished, and there was no further decrease in the total RGC 
number (Figure 2, B and C, also see Supplemental Figure 4, A and 
B, for un-normalized quantifications). Taken together, these find-
ings indicate that retinas developed normally in Opa1R290Q/+ mice 
and that subsequent RGC death predominantly occurred in mice 
between 9 and 15 months of  age. The speed and degree of  RGC 
degeneration were consistent with observations in patients with 
ADOA, in whom vision decline is typically slow, heterogeneous, 
and does not involve massive RGC loss across the entire retina, but 
rather predominantly affects subsets of  RGCs, such as those with 
small fibers in the papillomacular bundle (2, 60, 61).

Electron microscopy (EM) images of  optic nerve cross-sec-
tions indicated progressive degeneration of  RGC axons. Healthy 
axons are characterized by well-aligned microtubules and a com-
pact myelin sheath (Figure 2D and Supplemental Figure 5A). 
In Opa1R290Q/+ mutants, we observed that a fraction of  the axons 
were undergoing recognizable stages of  degeneration: early-stage 
degeneration included axon swelling and accumulation of  organ-
elles or neurofilaments, followed by axoplasm darkening in the 
late stage, and eventually leading to fully degenerated axons with 
only empty myelin sheaths remaining (Figure 2D and Supplemen-
tal Figure 5A). Between 9 and 15 months, the fraction of  degen-
erating axons was significantly higher in mutants compared with 
WT (Figure 2E and Supplemental Figure 4C). By 18 months, the 
difference was no longer significant, consistent with the observed 
pattern of  RGC cell death (Figure 2B).

We also assessed mitochondrial density in RGC axons by 
EM in 12MO optic nerves and observed no appreciable changes 
(Supplemental Figure 5, B and C), suggesting that mitochondria 
transport from the soma to the axon was not impaired by the 
Opa1R290Q/+ mutation.

Visual evoked potentials decline with age in Opa1R290Q/+ mice. 
To assess whether RGC degeneration leads to vision deficits 
in Opa1R290Q/+ mice, we performed longitudinal recordings of  
dark-adapted electroretinograms (ERGs) and visual evoked poten-
tials (VEPs) in a large cohort of  mice (n = 16 per genotype: 8 males 
and 8 females). Two LED stimulators with built-in electrodes were 
placed in close contact with the eyes of  anesthetized mice to deliver 
light stimuli and record ERGs from the cornea. A subcutaneous 
needle electrode was positioned along the midline above the visual 
cortex to capture VEPs, while a reference electrode was placed in 
the snout and a ground electrode was inserted under the skin near 
the tail (Figure 3A). This setup allowed for noninvasive, simultane-
ous recordings of  ERGs and VEPs in the same cohort of  mice as 
they aged (example responses are shown in Figure 3B).

For ERGs, light flashes evoke responses from a mixed neuro-
nal cell population in the retina, excluding RGCs. The response 
waveform is characterized by a negative a-wave, followed by oscil-
lations and a positive b-wave (62, 63). The a-wave is generated 

When examining gross mitochondrial morphology, we 
observed a notable fusion defect: 11 of  64 Opa1R290Q/+ mitochon-
dria exhibited a fused outer mitochondrial membrane (OMM) but 
separated inner mitochondrial membrane (IMM). This half-fused 
state was not observed in WT mitochondria (Figure 1, G and H), 
and this defect, specifically lacking inner membrane fusion, is con-
sistent with impaired OPA1 function. We interpret these mitochon-
dria as having stalled IMM fusion, rather than being in the process 
of  fission, based on 2 observations: (a) the absence of  endoplasmic 
reticulum (ER), actin, or septin filaments proximal to the contact 
site of  the 2 mitochondria (51, 52); and (b) the lack of  any poten-
tial dynamin-related protein 1 (DRP1) densities corresponding to a 
constriction ring at the OMM (53, 54). Furthermore, IMM severing 
likely occurs either simultaneously or shortly after OMM severing 
during fission, making visualization of  intermediates unlikely. We 
propose that the observation of  2 distinct IMMs with a fused OMM 
in the Opa1R290Q/+ mitochondria represents an intermediate state in 
the fusion process, since fusion of  the outer and inner membranes 
occurs sequentially and has been previously shown to be able to be 
decoupled in cells and in vitro (55, 56).

We also noted differences in cristae architecture in the 
Opa1R290Q/+ mitochondria. A reduction in 3 or more parallel 
stacked cristae was observed in Opa1R290Q/+ mitochondria (Figure 
1I). Cristae were classified into the following canonical shape cat-
egories: lamellar (sheet-like), tubular, globular (balloon-like), ring, 
invagination (short projections into the mitochondria matrix), or 
undetermined (Figure 1J). We observed a reduction in lamellar 
cristae and increase in tubular cristae in Opa1R290Q/+ mitochondria, 
consistent with the observed decrease in stacked cristae.

Cristae architectural differences were further quantified by 
applying a morphometrics toolkit to analyze segmented membranes 
from mitochondria in WT (n = 19 mitochondria) and Opa1R290Q/+ (n 
= 22 mitochondria) cells (57). One notable change was that the dis-
tance between the OMM and IMM was larger in Opa1R290Q/+ mito-
chondria compared with WT (Figure 1K). This suggests that, in 
addition to impairing fusion, the mutation disrupted the machinery 
that maintains the spacing between inner and outer membranes. In 
mutant mitochondria, cristae were less perpendicular relative to the 
OMM and more curved compared with WT mitochondria (Figure 
1, L and M). Thus, these Cryo-ET data reveal that the Opa1R290Q/+ 
mutation impaired cristae ultrastructure in addition to its adverse 
effects on mitochondrial networks and morphology.

Age-related RGC death and optic nerve degeneration in Opa1R290Q/+ 
mice. RGCs are the primary cells affected by ADOA. To study 
RGC death and survival, we examined retinal whole mounts from 
a large cohort of  Opa1R290Q/+ mice and their littermate WT con-
trols, with equal representation of  the sexes, and ranging from 
3–18 months of  age at 3-month intervals. Retinas were stained 
for RNA-binding protein with multiple splicing (RBPMS), a pan-
RGC marker (58), and phosphorylated H2Ax (p-H2Ax), a histone 
marker for DNA double-stranded breaks, which labels cells under-
going cell death (59) (Figure 2A, arrowheads highlight p-H2Ax+ 
RGCs). Quantifying p-H2Ax+ RGCs provides a robust readout of  
ongoing degeneration, as RGC death is very rare in control ret-
inas. In 3- and 6-month-old (MO) animals, WT and Opa1R290Q/+ 
retinas had similar numbers of  RGCs and percentages of  dying 
RGCs (Figure 2, A–C). However, by 9 months of  age, Opa1R290Q/+ 
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Figure 2. Age-related RGC and optic nerve degeneration in Opa1R290Q/+ mice. (A) Representative images of retinal whole mounts from WT and Opa1R290Q/+ 
mice. Each retina was imaged in every quadrant, approximately 1.2 mm from the optic nerve head. RBPMS (green) marks all RGCs and p-H2Ax (magenta) 
labels RGCs undergoing cell death (marked by arrowheads). Scale bars: 20 μm. (B) Quantification of dying RGCs over time. Each dot represents 1 retina. The 
counts of dying RGCs were averaged across the 4 quadrants of each retina and divided by the average RGC number of those quadrants. This value was then 
normalized to the WT average at each age. n = 9–12 WT and n =  9–14 Opa1R290Q/+ retinas per age group. (C) Quantification of total RGCs over time. Each dot 
represents 1 retina. RGC counts were first averaged across the 4 quadrants of each retina and then normalized to the WT average at each age. n = 6–10 
WT and n = 8–10 Opa1R290Q/+ retinas per age group.  (D) Diagram of optic nerve cross-sections and representative EM images from 12MO animals. Arrows 
indicate degenerating axons. Scale bars: 1 μm. Diagram was created with BioRender. (E) Quantification of degenerating axons. Each dot represents 1 optic 
nerve. The counts of degenerating axons were averaged across the 9 fields of each cross-section of an optic nerve and divided by the average axon number 
of those fields. This value was then normalized to the WT average at each age. n = 6–8 WT and n = 8 Opa1R290Q/+ retinas per age group. Box plots denote 
minimum, first quartile, median, third quartile, and maximum values. *P < 0.05, **P < 0.01, and ***P < 0.001, by Mann-Whitney U test for each age group.
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by photoreceptors, whereas the b-wave, measured from trough to 
peak, is primarily produced by bipolar cells, with potential con-
tributions from Müller glia (63, 64) (Figure 3B). The amplitudes 
of  both the a-wave and b-wave of  the flash ERG did not differ 
between WT and Opa1R290Q/+ mice at any of  the ages examined 
(Figure 3, C and D, and Supplemental Figure 4, D and E). The 
average flash ERG traces in 18MO animals were nearly identi-
cal in the 2 genotypes (Figure 3E), consistent with the selective 
degeneration of  RGCs in ADOA.

VEPs originate from the visual cortex and depend on the abili-
ty of  RGCs to transmit electrical signals to the cortex via the geni-
culo-cortical pathway. As such, VEPs are widely used to assess 
RGC connections to the brain (65–67). We measured VEP respons-
es using full-field flash stimuli (flash VEP) and patterned stimuli 
(pattern VEP) consisting of  alternating horizontal bars, which is 
more sensitive than flash VEP to lesions in the optic nerve (68). 
Each type of  stimulus produces a stereotypical waveform with a 
negative peak N1 (Figure 3B). Quantification of  the N1 ampli-
tudes revealed no differences between WT and Opa1R290Q/+ mice at 
or before 9 months of  age, suggesting normal visual development 
and function in the Opa1-mutant mice. However, starting at 12 
months, the mutant mice showed decreased responses (Figure 3, 
F and H). By 18 months, flash VEP N1 amplitudes were reduced 
to 61% of  WT levels, and pattern VEP N1 amplitudes were 75% 
of  WT levels (Figure 3, F and H, and Supplemental Figure 4, F 
and G). The average response traces also showed clear separation 
between 18MO WT and Opa1R290Q/+ mice (Figure 3, G and I). The 
timing of  VEP decline closely aligned with the trajectory of  RGC 
loss and optic nerve degeneration (Figure 2, C and E). Collectively, 
these data suggest that RGCs in Opa1R290Q/+ mice began to degen-
erate detectably around 9 months of  age, leading to vision defects 
starting at 12 months.

To determine whether RGC degeneration leads to behavior-
al deficits, we assessed visual function using the optomotor reflex 
(OMR) assay. Mice were placed in a computer-monitored arena 
surrounded by screens displaying moving sine wave gratings at 
varying spatial frequencies and contrasts, while reflexive head 
tracking of  the gratings was automatically quantified (qMOR, Phe-
noSys). However, we did not detect significant changes in OMR 
responses to varying spatial frequencies or contrasts regardless of  
the age of  the mice, even in 18MO Opa1R290Q/+ mice (Supplemental 
Figure 6). OMR is primarily mediated by ON direction-selective 
RGCs (ON DSGCs), which project to the accessory optic system 
(AOS) (69–71) and may constitute only approximately 10% of  the 
total RGC population in the mouse retina (72). Given that OMR in 
response to vertical gratings likely depends on an even smaller sub-
set of  ON DSGCs that respond to temporal-to-nasal motion, it is 
plausible that this subset is not part of  the degenerating population 
of  RGCs, or that too few of  them are lost to alter the behavioral 
response.

Opa1R290Q/+ mice exhibit altered compound action potentials in the 
optic nerve. To examine RGC function in a more direct and con-
trolled manner, we isolated the retina and attached optic nerve from 
20–21MO animals, delivered light to the retina, and recorded signals 
from the cut end of  the nerve using a suction electrode (Figure 4A). 
These signals are understood to reflect the summed action poten-
tials of  RGCs: the compound action potential (CAP) (Supplemental  

Figure 7A) (73). To our knowledge, light-evoked CAPs have not 
been reported for the ex vivo optic nerve of  the mouse. We verified 
by pharmacology that the CAPs originated from action potentials of  
RGCs driven by rods and cones (Supplemental Figure 7B).

To evaluate the effect of  Opa1R290Q/+ on the generation and prop-
agation of  CAPs, we delivered pulses of  light (2 s duration) that 
evoked activity during light onset (ON responses) and offset (OFF 
responses) across a range of  light intensities (Figure 4B, see also 
Methods). In WT mice, the response to low intensity light generally 
showed a positive peak at the onset of  the light pulse (ON P1), fol-
lowed by an undershoot that outlasted the step and then returned 
to baseline (Figure 4B). Responses to higher intensities showed 2 
successive ON response peaks (ON P1 and ON P2), which devel-
oped into an undershoot during the pulse (see Methods for details). 
The pulse offset triggered a positive peak (OFF P) that was often 
followed by an undershoot before returning to baseline. The peaks 
were consistent with elevated action potential firing of  ON, OFF, 
and/or ON/OFF RGCs.

To compare responses between WT and Opa1R290Q/+ mice 
(Figure 4C), we focused on relative rather than absolute response 
amplitudes to control for variations caused mainly by differences 
in the seal between the electrode and the nerve (73). The genotypes 
differed at higher light intensities in the relative amplitude of  the 
first and second ON peaks (ON P1 and P2). At the highest intensity 
tested, the ON P2/P1 ratios were 0.65 ± 0.19 and 0.99 ± 0.083 for 
WT and Opa1R290Q/+ mice, respectively (Figure 4D, mean ± SD, n 
= 7 and 3 retinas, P < 10–5, effect size of  1.96 by Cohen’s d). The 
larger ratio in Opa1R290Q/+ retinas could be due to a number of  fac-
tors, including RGCs having slower, more dispersed responses (e.g., 
from poorer conduction in axonal degeneration), RGCs having 
more sustained responses (e.g., changes in excitability may accom-
pany degeneration), fewer RGCs with faster kinetics, and/or more 
RGCs with slower kinetics (74, 75). Therefore, the altered CAPs in 
Opa1R290Q/+ retinas were consistent with the observed RGC loss and 
optic nerve degeneration in these mice.

Sarm1 KO prevents RGC degeneration in Opa1R290Q/+ mice. SARM1, 
the key executor of  Wallerian degeneration, has been shown to 
mediate neurodegeneration in response to mitochondrial damage 
(41–43, 76). Sarm1 KO has also been demonstrated to provide pro-
tection against retinal degeneration in glaucoma (77). We therefore 
speculated that SARM1 might also drive RGC degeneration in 
Opa1R290Q/+ mice and sought to determine whether Sarm1 KO (78) 
could protect against RGC death in Opa1R290Q/+ mice. To this end, 
we built a large mouse cohort consisting of  3 genotypes: (a) Opa1+/+ 
Sarm1–/+ mice as controls to establish baselines; (b) Opa1R290Q/+ 
Sarm1–/+ mice, expected to exhibit RGC degeneration similar to 
Opa1R290Q/+ single mutants; and (c) Opa1R290Q/+ Sarm1–/– mice, in 
which potential rescue effects could be assessed. We followed these 
mice from 9 to 21 months of  age, dissected retinal whole mounts 
every 3 months, and stained for the RGC marker RBPMS and the 
cell death marker p-H2Ax, as in Figure 2, A–C.

In 21MO Opa1R290Q/+ Sarm1–/+ mice, we found that total RGC 
numbers were decreased and that dying RGCs were more abun-
dant than in controls. Both of  these changes were rescued to a 
remarkable extent by Sarm1 KO, even at 21 months of  age (Figure 
5A), and the rescuing effect was apparent throughout the longitu-
dinal study (Figure 5, B and C). Even at 15 months, when dying 
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Figure 3. Impaired RGC function in Opa1R290Q/+ mice as measured by ERG and VEP. (A) Diagram of recording setup: (1) subcutaneous recording electrode 
for VEP; (2) integrated LED stimulator and recording electrode for ERG; (3) snout reference electrode for VEPs. A ground electrode was inserted subcuta-
neously next to the tail (not shown). Diagram was created with BioRender. (B) Representative ERG and VEP traces from WT control mice. For flash ERG, 
the amplitudes of a-waves and b-waves were measured. For flash VEPs and pattern VEPs, the amplitude of N1 was measured. (C and D) Amplitudes of 
a-waves (C) and b-waves (D) of flash ERGs across ages. Each dot represents 1 animal. Amplitudes were normalized to WT average at each age. n = 15–17 
WT and n = 16 Opa1R290Q/+ mice per age group. (E) Average flash ERG traces in 18MO animals. n = 15 WT and n = 16 Opa1R290Q/+ mice. (F) N1 amplitudes of 
flash VEP across age. Each dot represents 1 animal. Amplitudes were normalized to WT average at each age. n = 16–17 WT and n = 16 Opa1R290Q/+ mice per 
age group. (G) Average flash VEP traces in 18MO animals. n = 16 WT and n = 16 Opa1R290Q/+ mice. (H) N1 amplitudes of pattern VEP traces across ages. Each 
dot represents 1 animal. Amplitudes were normalized to the WT average at each age. n = 16–17 WT and n = 16 Opa1R290Q/+ mice per age group. (I) Average 
pattern VEP traces in 18MO animals. n = 16 WT and 16 Opa1R290Q/+ mice. Box plots (C, D, F, and H) denote minimum, first quartile, median, third quartile, 
and maximum values. Data in (E, G, and I) indicate the mean ± SEM. **P < 0.01 and ****P < 0.0001, by Mann-Whitney U test for each age group. All data 
indicate the mean ± SEM.
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Figure 4. Abnormal CAPs in the optic nerve of Opa1R290Q/+ mice. (A) Top: The recording configuration contains the retina (left) and optic nerve (center), 
with the latter drawn into an electrode. Bottom: Schematic showing the retina, nerve and electrode.  (B) Example CAPs from a WT retina. For lower 
intensities (<10 R*/rod/s), at least 3 trials were typically averaged to increase signal/noise; for brighter intensities, 1 trial sufficed. The stimulus monitor 
trace is shown at the bottom, with light intensities increasing from bottom to top (indicated on the left in units of R*/rod/s). (C) CAPs (data indicate the 
mean ± SD) of WT (left, black) and Opa1R290Q/+ (right, blue) retinas. Responses of each retina were normalized to its maximum value at each light intensity. 
The normalized Opa1R290Q/+ traces (blue) were superimposed on the mean of the normalized WT traces (gray) for comparison. Shorter trials were used for 
dimmer stimuli, leading to a lack of error bars in some intervals. n = 7 WT and n = 7 Opa1R290Q/+ retinas per age group, except for n = 3 Opa1R290Q/+ retinas 
at the highest intensity. (D) Ratio of second and first ON peaks (ON P2/P1) from C. The mean ± SD is shown for WT (black) and Opa1R290Q/+ (blue). For the 
dimmest intensity, distinct peaks were not evident (average z score <10) and were therefore not included in the analyses. *P < 0.05 and ****P < 0.0001, by 
Mann-Whitney U test with bootstrapping (see Methods).
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mitochondrial targeting sequence capable of  lipid binding (79). In 
HEK 293T cells, S27 is sufficient to localize EGFP inside mito-
chondria (79, 80). To examine SARM1 localization in neurons, 
we first induced overexpression of  SARM1-3×HA in cultured 
cortical neurons and visualized it using expansion microscopy. 
We observed that overexpressed SARM1 localized predominantly 
to mitochondria in both the soma and the neurite, with no other 
cellular compartments detectable above background (Figure 7A), 
consistent with previous reports (78, 79). This pattern remained 
unchanged in Opa1R290Q/+ neurons, despite fragmented mitochon-
dria (Figure 7A). To verify the mitochondrial localization of  
endogenous SARM1, we extracted crude mitochondrial fractions 
from WT mouse whole brain tissues and examined SARM1 local-
ization using a specific monoclonal anti-SARM1 antibody (Sup-
plemental Figure 10A) (81). While SARM1 was abundant in the 
cytosolic fraction, a portion (~26%) was present in the mitochon-
drial fraction (Figure 7B). Next, we investigated whether the acti-
vation state of  SARM1 altered its mitochondrial localization. To 
inactivate SARM1, we induced overexpression of  a DN-SARM1 
construct (82) in WT cortical neurons; DN SARM1 still associ-
ated with mitochondria (Supplemental Figure 11A). To activate 
SARM1, we treated WT cortical neurons with carbonyl cyanide 
m-chlorophenyl hydrazone (CCCP) to induce SARM1-dependent 
neuronal death (42). Compared with the DMSO control, 60 min-
utes of  50 μM CCCP treatment led to severe neurite loss and soma 
rounding (Supplemental Figure 11B). We therefore fixed neurons 
after 30 minutes of  CCCP treatment and found that SARM1 local-
ization to mitochondria was unchanged, despite CCCP-induced 
mitochondrial fragmentation (Supplemental Figure 11, C and 
D). Together, these results indicate that a fraction of  endogenous 
SARM1 was associated with mitochondria in neurons, and this 
localization was independent of  its activation state.

Despite SARM1’s mitochondrial targeting sequence, it remains 
controversial whether endogenous SARM1 in neurons is on the 
OMM, within the IMS, associated with the IMM, or inside the 
matrix (79, 80, 83). To clarify this, we conducted a proteinase K 
(PK) protection assay on crude mitochondrial fractions extracted 
from WT whole brains (Figure 7, C and D) (84). In the untreated 
control condition, endogenous SARM1, along with for translocase 
of  outer mitochondrial membrane 20 (TOMM20), translocase 
of  inner mitochondrial membrane 23 (TIM23), OPA1 (IMM), 
cytochrome C (IMS), and HSP60 (matrix), were all enriched on 
mitochondria. After a 1-hour PK digestion at room temperature, 
TOMM20, located on the OMM facing the outside space, was 
largely degraded. Notably, SARM1 and the other markers were 
well preserved in the PK-alone condition, indicating that SARM1 
was protected by the OMM (Figure 7, D and E, and Supplemental 
Figure 10, B–F). Consistent with this, the addition of  Triton dis-
rupted mitochondrial membranes, exposing all the marker proteins, 
including SARM1, to PK treatment.

To further pinpoint the localization of  SARM1, we performed 
osmotic shock (OS) to rupture the OMM and collected the mitoplasts 
and broken OMM by centrifugation (85). As expected, OS treatment 
reduced cytochrome C, which was released from the IMS upon 
OMM rupture (Figure 7D and Supplemental Figure 10D). Nota-
bly, SARM1 levels were reduced by 54% with OS treatment alone 
(Figure 7E), indicating that much of  the mitochondria-localized  

cells were most apparent in the Opa1R290Q/+ Sarm1–/+ group, the 
Opa1R290Q/+ Sarm1–/– group remained indistinguishable from the 
control group (Figure 5C). We also examined the optic nerve by 
EM in 12MO animals, when axon degeneration was prominent in 
Opa1 mutants (Figure 2E and Figure 5D). Whereas the percentage 
of  degenerating axons in Opa1R290Q/+ Sarm1–/+  mice was increased 
compared with the controls, axonal degeneration was largely res-
cued by Sarm1 KO (Figure 5E).

Sarm1 KO rescues the age-dependent decline in RGC function. To 
examine whether the preservation of  RGCs in Sarm1-KO mice 
also preserved RGC function, we performed longitudinal ERG 
and VEP recordings in a separate cohort of  mice of  the same 3 
genotypes. At all ages examined (4, 12, 15, and 18 months), we 
observed no differences in the amplitudes of  the a-wave and b-wave 
in flash ERGs (Supplemental Figure 8, A–C), confirming that pho-
toreceptors, bipolar cells, and Müller glial cells were unaffected by 
the Opa1R290Q/+ mutation.

At 4 months of  age, prior to any signs of  RGC degeneration 
and consistent with normal retinal development in these mice, the 
3 groups did not differ significantly in VEP responses, except for 
a slightly higher response in the Opa1R290Q/+ Sarm1–/– group com-
pared with the Opa1R290Q/+ Sarm1–/+  group (Figure 6, A and B). 
Starting at 12 months and persisting until 18 months, we found 
that flash VEP and pattern VEP N1 amplitudes decreased in the 
Opa1R290Q/+ Sarm1–/+  mice. Remarkably, Sarm1 KO rescued the 
VEP responses to control levels at nearly all ages examined (Fig-
ure 6, A and B). Even at 18 months when the R290Q mutation 
produced the strongest decrease in this functional assay, the flash 
VEP and pattern VEP response traces in the Opa1R290Q/+ Sarm1–/– 
group were indistinguishable from those in the Opa1+/+ Sarm1–/+  
group (Figure 6, C and D).

We also recorded CAPs in a randomly chosen subset of  this 
mouse cohort at 19–21 months of  age. To enhance signal reso-
lution, we designed and used a new electrode that increases the 
resistance between the segment of  recorded nerve and the bath 
(see Methods). As expected, the ON P2/P1 ratio differed between 
Opa1+/+ Sarm1–/+  and Opa1R290Q/+ Sarm1–/+  mice at high intensi-
ties (at the highest intensity, the ratio was 0.55 ± 0.15 and 0.82 ± 
0.20, respectively P = 0.028, effect size = 1.46, n = 4 and 8 reti-
nas) (Figure 6E shows the 2 highest intensities, and Supplemental 
Figure 8D shows the lower intensities). The ON P2/P1 ratio was 
rescued in the Opa1R290Q/+ Sarm1–/– mice (0.58 ± 0.08, P = 0.014, 
effect size = 1.54, n = 7 and 8 retinas), and the average response 
in Opa1R290Q/+ Sarm1–/– mice was indistinguishable from that of  the 
control mice (Figure 6, E and F). Thus, the CAP data support a 
protective effect from loss of  Sarm1.

SARM1 is present in the IMS and IMM. Our data suggest a model 
in which SARM1 became activated in the Opa1-mutant mice to 
trigger RGC degeneration. SARM1 expression levels, measured 
by RT-qPCR and Western blotting, were comparable between WT 
and Opa1R290Q/+ mice at both 5 and 24 months of  age (Supplemental 
Figure 9), indicating that its activation was not driven by increased 
expression but rather by metabolic changes from mitochondrial 
damage that relieved its autoinhibition. In this ADOA model, as 
in other contexts of  mitochondrial dysfunction (38–40), SARM1 
activation may be facilitated by its mitochondrial localization. 
The N-27 amino acids (S27) of  SARM1 form a noncanonical  
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Figure 5. Sarm1 KO rescues RGC and optic nerve degeneration in Opa1R290Q/+ mice. (A) Representative images of retinal whole mounts. Arrowheads 
indicate p-H2Ax+ dying RGCs. Scale bars: 20 μm. (B) Quantification of total RGCs across ages. Each dot represents 1 retina. RGC counts were first averaged 
across the 4 quadrants of each retina and then normalized to the WT average at each age. n = 10–11 Opa1+/+ Sarm1–/+, n = 10–13 Opa1R290Q/+ Sarm1–/+, and n = 
9–11 Opa1R290Q/+ Sarm1–/– retinas per age group. (C) Quantification of degenerating RGCs across ages in the same cohort as in B. Each dot represents 1 retina. 
The counts of dying RGCs were averaged across the 4 quadrants of each retina and divided by the average RGC number of those quadrants. This value was 
then normalized to the WT average at each age.  (D) Representative EM images of cross-sections of optic nerves. Arrows indicate degenerating RGC axons. 
Boxed areas are enlarged in lower panels. Scale bars: 1 μm. (E) Percentage of degenerating RGC axons quantified from EM images from 12MO animals. n = 7 
Opa1+/+ Sarm1–/+, n = 6 Opa1R290Q/+ Sarm1–/+, and n = 6 Opa1R290Q/+ Sarm1–/– optic nerves. Box plots denote minimum, first quartile, median, third quartile, and 
maximum values. *P < 0.05, **P < 0.01, and ****P < 0.0001, by 1-way ANOVA followed by Tukey’s multiple-comparison test for each age group.
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The Opa1R290Q/+ allele leads to robust mitochondrial and RGC pheno-
types. The mouse model of  Opa1R290Q/+ mutation differs from previ-
ously generated mouse models (14–16, 19), in that it is not a simple 
loss-of-function allele. The mutation did not reduce overall OPA1 
protein levels, but it did alter which protein isoforms were pres-
ent (Supplemental Figure 1C). Although some pathogenic OPA1 
mutations, including OPA1Δ58/+, the most frequent haploinsufficien-
cy allele in humans, do not cause mitochondrial fragmentation, 
the OPA1R290Q/+ mutation did (46). Therefore, the R290Q mutation 
appears to be a more severe allele than haploinsufficiency muta-
tions (45). In addition, its overexpression induced mitochondrial 
fragmentation in fibroblasts (Supplemental Figure 2), whereas over-
expression of  the WT protein did not. These findings indicate that 
the R290Q mutation possesses a DN effect that may be explained 
by the location of  the mutation. Structural studies of  the soluble 
form of  OPA1 have shown that it forms a helical lattice on the sur-
face of  membranes independent of  OPA1 GTPase activity (90, 91). 
The R290Q mutation, which falls within the GTPase domain, like-
ly permits the incorporation of  the mutant protein into the lattice. 
If  the mutation decreases GTP-stimulated reorganization of  the 
lattice, however, it may “poison” the entire lattice in a manner that 
a protein-null (haploinsufficient) allele would not.

The DN properties of  R290Q may explain why the heterozy-
gous mice exhibited phenotypes at multiple levels, including chang-
es in cristae ultrastructure (Figure 1, F–M) and mitochondrial mor-
phology (Figure 1, B and C); alterations in the glutathione redox 
state and mitochondrial respiration (Figure 1E and Supplemental 
Figure 3, A, C, and D); RGC axon degeneration and cell death 
(Figure 2); as well as a decline in physiological responses to visual 
stimuli in the optic nerve (Figure 4) and visual cortex (Figure 3). 
By following these phenotypes, we could describe the progression 
of  the pathology in detail. Previous ADOA mouse models, includ-
ing those with a Q285stop mutation (14), a c.1065+5G splice site 
mutation (15), and a c.2708_2711delTTAG model (16), all reflect 
haploinsufficiency and generally show a milder phenotype. There-
fore, the OPA1R290Q/+ mouse model is valuable from a therapeutic 
development perspective: if  a therapy proves effective in addressing 
the more severe DN scenario, it is likely to be effective in the haplo-
insufficiency cases as well.

Strong DN OPA1 mutations have been associated with ADOA-
plus in some patients, who experience additional symptoms (12, 
13). However, aside from the RGC phenotypes, the Opa1R290Q/+ mice 
appeared superficially normal and had normal lifespans, although 
the potential involvement of  other organs cannot be excluded.

Timing and identity of  dying RGCs. The relatively short lifespan of  
the mouse can pose a challenge for modeling a slow neurodegenera-
tive disease. In some cases, mutations that are pathogenic in humans, 
such as those in the PINK1 and Parkin genes that cause Parkinson’s 
disease, fail to cause robust neurodegeneration in mice (92–94). In 
patients, ADOA is usually detected within the first decade of life and 
progresses slowly over the next 2 decades or more (61). We were fortu-
nate, therefore, to be able to detect strong phenotypes in the Opa1R290Q/+ 
mouse, with RGC death and axon degeneration detectable around 9 
months of age, followed by a significant net loss of RGCs and electro-
physiological consequences detectable starting at 12 months. The DN 
properties of the R290Q mutation compared with haploinsufficien-
cy models may contribute to the robustness of the phenotypes. The 

SARM1 was freely floating in the IMS. OS slightly, but not com-
pellingly, decreased other markers, including TIM23 and OPA1, 
which are integral IMM proteins (Supplemental Figure 10, C and 
F). When PK was added after OS, SARM1, TIM23, and OPA1 
levels were considerably degraded, while cytochrome C and HSP60 
levels remained unchanged (Figure 7D and Supplemental Figure 
10, C–F). The further reduction of  SARM1 from OS alone to OS 
with PK, similar to TIM23 and OPA1, suggests that a fraction of  
SARM1 was probably anchored to the IMM. We observed a similar 
response pattern of  SARM1 and these markers in mitochondria 
purified from Opa1R290Q/+ brains (Supplemental Figure 12). These 
results place SARM1 in 2 mitochondrial pools: one unanchored 
pool in the IMS and another pool anchored on the IMM, similar 
to the localization pattern of  OPA1. However, co-IP experiments 
on purified mitochondria from WT mouse brains using a SARM1 
antibody showed no interaction between endogenous SARM1 and 
OPA1, indicating an indirect link between them (Supplemental 
Figure 10G). Thus, mitochondria-localized SARM1 may occupy a 
strategic position from which to monitor and respond to secondary 
damage induced by OPA1 mutations, such as oxidative stress (Fig-
ure 1E and Supplemental Figure 3A).

Sarm1 KO confers protection downstream of  mitochondrial fragmen-
tation in Opa1R290Q/+ neurons. SARM1 can be activated downstream 
of  mitochondrial dysfunctions (42, 43), and a recent study showed 
that SARM1 activation further exacerbates certain mitochondrial 
phenotypes in distal parts of  neurons in a rat model of  CMT2A, 
implying the existence of  a SARM1-mitochondrial feedback loop 
(41). We used expansion microscopy to analyze the mitochondrial 
network in the somata of  cortical neurons isolated from the OPA1 
Sarm1 mouse cohort (Figure 7F). We found that mitochondrial 
lengths in Opa1R290Q/+ Sarm1–/+  neurons were reduced to 44% of  the 
Opa1+/+ Sarm1–/+  control lengths, but this fragmentation phenotype 
was not rescued by Sarm1 KO (Figure 7G). Therefore, although 
we do not know if  the feedback mechanism also occurred in our 
ADOA model, we conclude that Sarm1 KO likely conferred its pro-
tection against RGC degeneration downstream of  mitochondrial 
fragmentation induced by the OPA1R290Q/+ mutation.

Discussion
ADOA is the most common type of  hereditary optic neuropathy, 
posing a serious challenge in health care. Despite the impact of  this 
disease, no therapies are currently available, highlighting a critical 
unmet need. In this study, we present a mouse model of  ADOA 
that revealed robust phenotypes. We identified SARM1 as a key 
driver of  RGC degeneration in this model. On the Sarm1-KO back-
ground, all the key features of  RGC degeneration in the Opa1R290Q/+ 
mouse were ameliorated, including the number of  surviving RGCs 
(Figure 5B), the counts of  dying RGCs (Figure 5C), the profiles of  
degenerating axons (Figure 5E), the reductions in VEPs (Figure 6, 
A–D), and aberrant CAPs in the optic nerve (Figure 6, E and F). 
The protective effect was long-lasting, as even at 21 months of  age, 
the Opa1R290Q/+ Sarm1–/– group remained indistinguishable from the 
Opa1+/+ Sarm1–/+  control group. With numerous SARM1-targeting 
approaches already demonstrating efficacy in animal and cell mod-
els, including antisense oligonucleotides, small-molecule inhibitors, 
and DN-SARM1 constructs (82, 86–89), our discovery paves the 
way for testing these therapies for treating ADOA.
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interventions; any such trials should probably be initiated within the 
first 6 months to effectively ameliorate disease onset.

In the Opa1R290Q/+ mouse, RGC degeneration predominantly occurs 
between 9 and 15 months, and tapers off  by 18 months (Figure 2, B 
and E). This pattern might be explained by differential susceptibility  

degeneration progressed slowly, such that over 80% of RGCs were 
still preserved at 18 months, near the end of the normal lifespan of  
the mice. This observation aligns with the slow progressive nature of  
ADOA in humans (61). The slow degeneration in the mouse mod-
el, however, still provides a useful window in which to test potential 

Figure 6. Sarm1 KO rescues the decline in RGC function in Opa1R290Q/+ mice. (A and B) Quantification of N1 amplitudes of flash VEPs and pattern VEPs 
measured at the indicated ages of the cohorts. Each dot represents 1 animal. Amplitudes were normalized to the WT average at each age. n = 15–18 Opa1+/+ 
Sarm1–/+, n = 16–17 Opa1R290Q/+ Sarm1–/+, and n = 15–17 Opa1R290Q/+ Sarm1–/– mice per age group. One-way ANOVA followed by Tukey’s multiple-comparison 
test. Box plots denote minimum, first quartile, median, third quartile, and maximum values. (C and D) Average flash VEP and pattern VEP traces in 18MO 
animals. Data indicate the mean ± SEM.  (E) Normalized CAP traces from the 3 genotypes at the 2 highest light intensities. Data indicate the mean ± SD. 
Stimulus monitor traces are shown at the bottom. The Opa1+/+ Sarm1–/+ traces were superimposed onto the other 2 groups for comparisons. n = 4–5 Opa1+/+ 
Sarm1–/+, n = 8–9 Opa1R290Q/+ Sarm1–/+, and n = 7 Opa1R290Q/+ Sarm1–/– retinas. (F) Ratio of the second and first ON peaks (ON P2/P1) as a function of light 
intensities from E. Data indicate the mean ± SD. Mann-Whitney U test with bootstrapping (see Methods). P values for all comparisons are presented in the 
Supporting Data Values file. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; #P < 0.05 between Opa1+/+ Sarm1–/+ and Opa1R290Q/+ Sarm1–/+ retinas; 
and †P < 0.05 between Opa1R290Q/+ Sarm1–/+ and Opa1R290Q/+ Sarm1–/– retinas.
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Figure 7. SARM1 is present in the mitochondrial IMS and IMM, and its KO does not rescue mitochondrial fragmentation. (A) Confocal images of overex-
pressed SARM1 and the mitochondrial matrix marker MitoDsRed in cortical neurons show mitochondrial localization of SARM1 in both WT and Opa1R290Q/+ 
neurons. MAP2 staining is shown in blue. Scale bars: 10 μm. (B) Western blot of SARM1, TOMM20, TIM23, cytochrome C (Cyt C), and HSP60 in the cytosolic 
and crude mitochondrial fractions from WT whole brain tissues. (C) Diagram depicting localization of the marker proteins across different mitochondrial 
compartments. (D) PK protection assay on crude mitochondrial fractions from WT whole brain samples. (E) Quantification of SARM1 abundance across 
6 conditions. n = 4 mice from 4 experiments. Protein levels were normalized to the control condition in each experiment. Data indicate the mean ± SEM. 
(F) Representative confocal images of mitochondria in expanded cortical neurons (DIV8–DIV9) isolated from Opa1+/+ Sarm1–/+, Opa1R290Q/+ Sarm1–/+, and 
Opa1R290Q/+ Sarm1–/– mice. Mitochondria are labeled with MitoDsRed. Scale bars: 10 μm. (G) Quantification of mitochondria length in OPA1 Sarm1 cortical 
neurons shows no rescue of fragmentation by Sarm1 KO (n = 33 Opa1+/+ Sarm1–/+, 24 Opa1R290Q/+ Sarm1–/+, and 38 Opa1R290Q/+ Sarm1–/– neurons from 4 exper-
iments). Box plots denote minimum, first quartile, median, third quartile, and maximum values. **P < 0.01 and ****P < 0.0001, by 1-way ANOVA with 
Tukey’s multiple-comparison test (E and G). Tx, Triton X-100.
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were only minimally affected. Notably, oxidative stress caused by 
mitochondrial toxins, rather than defective ATP production, has 
been proposed to activate SARM1 in cell culture models (42). This 
activation likely depends on the loss of  (nicotinamide nucleotide 
adenylyltransferase 2) NMNAT2, a NAD+ synthase that inhib-
its SARM1 (43). It would be informative to determine whether 
SARM1 is activated through a similar mechanism downstream 
of  oxidative stress in ADOA, e.g., by chronic administration of  
antioxidants and examination of  NMNAT2 levels during aging.

While we demonstrated the comprehensive and enduring pro-
tection of  Sarm1 KO in ADOA, it is important to note that mice in 
the degeneration control group also carried a heterozygous Sarm1 
mutation. Recent studies have shown that loss of  1 copy of  Sarm1 
reduces its activity by half  and provides partial protection against 
neurodegeneration (87, 99). Since we did not include a littermate 
control of  Opa1R290Q/+ Sarm1+/+ in the same cohort, we could not 
definitively determine whether the heterozygous Sarm1 muta-
tion also provided protective effects against RGC degeneration 
in ADOA. However, RGC death in the Opa1R290Q/+ Sarm1–/+  mice 
appeared to be delayed compared with RGCs in the Opa1R290Q/+ sin-
gle mutants in a separate cohort (Figure 2B and Figure 5C), which 
supports this possibility. This consideration is particularly relevant 
for therapy development: small-molecule inhibitors or antisense 
oligonucleotides, which hold great potential as SARM1-target-
ing therapies, are unlikely to completely inhibit SARM1 activity. 
Therefore, determining the dose dependence of  RGC degeneration 
on SARM1 activity will be crucial in the drug development process.

Since the discovery of SARM1 (83, 97), there has been tremen-
dous interest in investigating its involvement in various neurodegener-
ative diseases. Recent studies have provided compelling evidence that 
mitochondrial damage is a robust trigger for SARM1 activation and 
subsequent degeneration (41–43). Early research utilized cell culture 
systems using mitochondrial toxins (42, 43), while more recent efforts 
have expanded to in vivo models of mitochondrial neurodegenera-
tion (41). Our discovery that Sarm1 KO suppressed RGC degenera-
tion in the ADOA mouse model further supports the mitochondrial/
SARM1 axis as a critical mechanism in mitochondrial neurodegener-
ation. Although our work does not exclude the involvement of other 
degenerative pathways, particularly in the context of aging in patients 
with ADOA, it underscores the critical role of SARM1 in this pro-
cess. Given this, we propose that SARM1’s role should also be inves-
tigated in other types of mitochondrial neurodegenerative disorders, 
such as Leber hereditary optic neuropathy (LHON), which is caused 
by mitochondrial DNA mutations and leads to RGC degeneration 
similar to that seen in ADOA (61, 100, 101).

Methods
Sex as a biological variable. Our study examined male and female ani-

mals, and similar findings are reported for both sexes.

Statistics. Data points represent biological replicates. Box plots 

denote minimum, first quartile, median, third quartile, and maximum 

values. Statistical analyses were conducted using GraphPad Prism 10 

(GraphPad Software). : For comparisons between 2 groups, Mann-Whit-

ney U test was used. For comparisons between 3 groups, 1-way ANOVA 

followed by Tukey’s multiple-comparison test was used. For fibroblast 

proliferation, 2-way ANOVA with Šidák’s multiple-comparison test was 

used. P values are listed in graphs and the Supporting Data Values file. 

of  RGC subtypes to mitochondrial damage: certain subtypes may be 
more vulnerable and degenerate within this window, while others may 
be more resistant, dying at a slower rate or not at all. To date, at least 
46 RGC subtypes have been identified in mice, with no single subtype 
comprising more than 10% of the total RGC population (95). These 
RGC subtypes can be grouped into subclasses with specific molecular 
markers (95). To a large extent, these subclasses appear evolutionarily 
conserved across species, including humans, although the distribution 
of each subtype can be different (96). It has not been determined in 
patients with ADOA which RGC subtypes are more vulnerable to 
degeneration. A future direction beyond the scope of this study will be 
to screen RGC subtypes and identify those that preferentially undergo 
degeneration in the Opa1R290Q/+ mouse during aging. Given that the 
OMR assay did not reveal strong defects in the Opa1R290Q/+ mouse, it 
is likely that the ON direction-selective RGCs do not undergo appre-
ciable degeneration.

SARM1 and mitochondrial dysfunction. SARM1 was initially 
identified as the executioner of  Wallerian degeneration and was 
later shown to play an active role in the pathology of  various neu-
rodegenerative conditions, as evidenced by the protection conferred 
by Sarm1 KO in mouse models (83, 97, 98). Notably, mitochon-
drial damage activates SARM1, although the precise mechanisms 
remain elusive (42). In this study, we demonstrated that SARM1 
is also a key driver of  age-related RGC degeneration induced by 
defective mitochondria in the Opa1 mutant in vivo. Our data indi-
cate that SARM1 is likely activated downstream of  mitochondrial 
defects, as Sarm1 KO did not rescue the mitochondrial fragmenta-
tion phenotype in the Opa1-mutant neurons (Figure 7, F and G).

SARM1 has a mitochondrial targeting sequence (S27) (79), 
but the significance of a mitochondrial pool of SARM1 is unclear; 
SARM1 can still drive degeneration even without this sequence (83). 
Where SARM1 resides in mitochondria has also been ambiguous. 
Overexpressed S27-EGFP or SARM1-EGFP localizes inside mito-
chondria in HEK 293T cells, as confirmed by immunogold labeling 
and transmission EM (79, 80). In contrast, another study reported that 
overexpressed SARM1-Venus associates peripherally with the mito-
chondrial outer membrane in cultured rat neurons (83). Using immu-
nocytochemistry (ICC), we observed that overexpressed SARM1 
predominantly localized to mitochondria, with no obvious signals in 
other cellular compartments. Fractionation experiments revealed that 
a fraction of endogenous SARM1 copurified with the mitochondri-
al fraction, although most remained cytosolic. This discrepancy may 
arise from the cytosolic portion being too diffuse to detect by ICC 
or from leakage of SARM1 from mitochondria during fractionation, 
leaving the exact size of the mitochondrial pool of SARM1 uncertain. 
Nevertheless, our PK protection assay clearly indicated that mito-
chondrial SARM1 localized to the IMS and may also have associat-
ed with the IMM (Figure 7D), where OPA1 also resides. Although 
SARM1 and OPA1 do not coprecipitate (Supplemental Figure 10G), 
we speculate that localization of SARM1 in the IMS positions it at 
an advantageous position to detect defects in the electron transport 
chain, such as the production of ROS caused by OPA1 mutations.

Is there a specific aspect of  mitochondrial damage that acti-
vates SARM1? Our data suggest that oxidative stress might play 
a key role. We observed a change in the glutathione redox in both 
fibroblasts and whole brain metabolites, which is a hallmark of  
oxidative stress, while ATP production and mtDNA copy number 



The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

1 5J Clin Invest. 2025;135(12):e191315  https://doi.org/10.1172/JCI191315

(Boston Children’s Hospital, Boston, Massachusetts, USA). We thank 
Nathaniel Hodgson (Boston Children’s Hospital, Boston, Massa-
chusetts, USA) for training on the OMR assay and ERG and VEP 
recordings. We thank Yi-Ping Hsueh (Institute of Molecular Biology, 
Academia Sinica, Taiwan, China) for the mouse SARM1 antibody. 
We thank the Marcia Haigis Lab (Harvard Medical School, Boston, 
Massachusetts, USA) for use of the Seahorse machine. We thank the 
following Intellectual and Developmental Disabilities Research Center 
Cores, supported by NIH grant P50 HD105351: the Gene Manipula-
tion Core for generating the Opa1R290Q/+ mouse, the Cellular Imaging 
Core, and the Animal Behavior and Physiology Core for providing the 
Celeris ERG/VEP platform. We thank the Harvard Medical School 
Electron Microscopy core for preparing EM samples. We thank the 
Dana-Farber Cancer Institute Metabolomics Core for performing 
LC-MS on brain samples. We thank the Beth Israel Deaconess Med-
ical Center Mass Spectrometry Core for metabolomics profiling of  
fibroblasts. We are grateful to Sarah Sterling and Jennifer Podgorski at 
the MIT.nano cryo-EM facility and Zhong Li, Richard Walsh, Megan 
Mayer, Remya Nair, and Conny Leistner at the Harvard Medical 
School Cryo-EM Center for Structural Biology. This work was sup-
ported by grants from the Molloy Family Research and Innovation 
Fund for OPA1 research efforts within the Schwarz laboratory and the 
Do laboratory (to LHC); NIH R35GM142553 to LHC; the Jane Cof-
fin Childs Fund for Medical Research (to MYF); F.M. Kirby Neuro-
biology Center Innovation Grants (to LB, CC, MTHD, and TLS); the 
NIH (EY032731 and EY036071, to MTHD); a Helen Hay Whitney 
Fellowship and NIH-NLHBI HL007901 (to SRW); a Warren Alpert 
Distinguished Scholar Award; the Lefler Center of Harvard Med-
ical School and Tommy Fuss Center of Boston Children’s Hospital 
(to PM); and a Rosamund Stone Zander Translational Neuroscience 
Center (RSZ-TNC) postdoctoral fellowship (to CD).

Address correspondence to: Thomas L. Schwarz, Department of  
Neurology, Boston Children’s Hospital, 3 Blackfan Street, Boston, 
Massachusetts 02115, USA. Phone: 617.919.2219; Email: thomas.
schwarz@childrens.harvard.edu.

A P value of  less than 0.05 was considered statistically significant. Data 

in the figures are represented as box plots, mean ± SEM, or mean ± SD, 

as specified in each legend.

Study approval. All mouse procedures were approved by the IACUC 

of  Boston Children’s Hospital (BCH) and were conducted in accor-

dance with NIH guidelines. Animals were group-housed at the Animal 

Resources at the Children’s Hospital (ARCH) facility and maintained 

in the environmental conditions recommended by the Association for 

Assessment and Accreditation of  Laboratory Animal Care – Interna-

tional (AAALAC). Other procedures involving cell cultures, bacteria, 

viruses, and recombinant DNAs were approved by the BCH Institution-

al Biosafety Committee (BCH IBC).

Data availability. Values for all data points in graphs can be found 

in the Supporting Data Values file. Additional data related to this work 

may be requested from the corresponding author.

Detailed methods are included in the Supplemental Methods.

Author contributions
CD, MTHD, and TLS conceptualized the project. CD wrote the 
manuscript, and TLS revised the manuscript. CD conducted the 
experiments, except where otherwise noted. PSN built and main-
tained the mouse colony, performed the OMR assay, and conduct-
ed part of  the EM analyses. JG contributed to neuronal culture 
experiments, expansion microscopy, and EM analyses. WG con-
tributed to generating the Opa1R290Q/+ mouse. MYF conducted the 
cryo-ET experiments, performed data analyses, and drafted the 
cryo-ET results. MYF and LHC conceived of  the cryo-ET exper-
iment and developed the methodology. SRC conducted the CAP 
experiments, and SRW analyzed the CAP experiments. PM con-
ceptualized and developed the CAP technique. MTHD conceptu-
alized the new CAP electrode, designed the CAP experiments, and 
drafted the results of  these experiments.

Acknowledgments
We thank Larry Benowitz, Chinfei Chen, and Guoli Zhao for help-
ful discussions and Lala Mkhitaryan for help with molecular cloning 

	 1.	Lenaers G, et al. Dominant optic atrophy. 
Orphanet J Rare Dis. 2012;7:46.

	 2.	Yu-Wai-Man P, et al. The prevalence and natural 
history of  dominant optic atrophy due to OPA1 
mutations. Ophthalmology. 2010;117(8):1538–
1546.

	 3.	Yu-Wai-Man P, et al. Inherited mitochon-
drial optic neuropathies. J Med Genet. 
2009;46(3):145–158.

	 4.	Lenaers G, et al. Dominant optic atrophy: culprit 
mitochondria in the optic nerve. Prog Retin Eye 
Res. 2021;83:100935.

	 5.	Alexander C, et al. OPA1, encoding a dynamin-re-
lated GTPase, is mutated in autosomal dominant 
optic atrophy linked to chromosome 3q28. Nat 
Genet. 2000;26(2):211–215.

	 6.	Ferre M, et al. Molecular screening of  980 cases 
of  suspected hereditary optic neuropathy with a 
report on 77 novel OPA1 mutations. Hum Mutat. 
2009;30(7):E692–E705.

	 7.	Delettre C, et al. Mutation spectrum and splic-
ing variants in the OPA1 gene. Hum Genet. 
2001;109(6):584–591.

	 8.	Almind GJ, et al. Dominant optic atrophy in 
Denmark - report of  15 novel mutations in OPA1, 
using a strategy with a detection rate of  90%. 
BMC Med Genet. 2012;13:65.

	 9.	Wong ED, et al. The intramitochondrial 
dynamin-related GTPase, Mgm1p, is a compo-
nent of  a protein complex that mediates mito-
chondrial fusion. J Cell Biol. 2003;160(3):303–311.

	10.	Frezza C, et al. OPA1 controls apoptotic cristae 
remodeling independently from mitochondrial 
fusion. Cell. 2006;126(1):177–189.

	11.	Weisschuh N, et al. Mutation spectrum of  the 
OPA1 gene in a large cohort of  patients with 
suspected dominant optic atrophy: Identification 
and classification of  48 novel variants. PLoS One. 
2021;16(7):e0253987.

	12.	Yu-Wai-Man P, et al. Multi-system neurological 
disease is common in patients with OPA1 muta-
tions. Brain. 2010;133(pt 3):771–786.

	13.	Amati-Bonneau P, et al. OPA1 mutations induce 
mitochondrial DNA instability and optic atrophy 
‘plus’ phenotypes. Brain. 2008;131(pt 2):338–351.

	14.	Davies VJ, et al. Opa1 deficiency in a mouse 

model of  autosomal dominant optic atrophy 
impairs mitochondrial morphology, optic nerve 
structure and visual function. Hum Mol Genet. 
2007;16(11):1307–1318.

	15.	Alavi MV, et al. A splice site mutation in the 
murine Opa1 gene features pathology of  autoso-
mal dominant optic atrophy. Brain. 2007;130(pt 
4):1029–1042.

	16.	Sarzi E, et al. The human OPA1delTTAG muta-
tion induces premature age-related systemic 
neurodegeneration in mouse. Brain. 2012;135(pt 
12):3599–3613.

	17.	Williams PA, et al. Opa1 is essential for retinal 
ganglion cell synaptic architecture and connectivi-
ty. Brain. 2012;135(pt 2):493–505.

	18.	Le Roux B, et al. OPA1: 516 unique variants 
and 831 patients registered in an updated cen-
tralized Variome database. Orphanet J Rare Dis. 
2019;14(1):214.

	19.	Zaninello M, et al. Inhibition of  autophagy 
curtails visual loss in a model of  autosomal domi-
nant optic atrophy. Nat Commun. 2020;11(1):4029.

	20.	Ehses S, et al. Regulation of  OPA1 process-



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2025;135(12):e191315  https://doi.org/10.1172/JCI1913151 6

ing and mitochondrial fusion by m-AAA 
protease isoenzymes and OMA1. J Cell Biol. 
2009;187(7):1023–1036.

	21.	Head B, et al. Inducible proteolytic inactivation of  
OPA1 mediated by the OMA1 protease in mam-
malian cells. J Cell Biol. 2009;187(7):959–966.

	22.	Wang R, et al. Identification of  new OPA1 
cleavage site reveals that short isoforms reg-
ulate mitochondrial fusion. Mol Biol Cell. 
2021;32(2):157–168.

	23.	Griparic L, et al. Regulation of  the mitochondrial 
dynamin-like protein Opa1 by proteolytic cleav-
age. J Cell Biol. 2007;178(5):757–764.

	24.	Song Z, et al. OPA1 processing controls mito-
chondrial fusion and is regulated by mRNA splic-
ing, membrane potential, and Yme1L. J Cell Biol. 
2007;178(5):749–755.

	25.	Mishra P, et al. Proteolytic cleavage of  Opa1 stim-
ulates mitochondrial inner membrane fusion and 
couples fusion to oxidative phosphorylation. Cell 
Metab. 2014;19(4):630–641.

	26.	Baker MJ, et al. Stress-induced OMA1 activation 
and autocatalytic turnover regulate OPA1-de-
pendent mitochondrial dynamics. EMBO J. 
2014;33(6):578–593.

	27.	Ge Y, et al. Two forms of  Opa1 cooperate to 
complete fusion of  the mitochondrial inner-mem-
brane. Elife. 2020;9:e50973.

	28.	Fry MY, et al. In situ architecture of  Opa1-depen-
dent mitochondrial cristae remodeling. EMBO J. 
2024;43(3):391–413.

	29.	Anand R, et al. The i-AAA protease YME1L 
and OMA1 cleave OPA1 to balance mito-
chondrial fusion and fission. J Cell Biol. 
2014;204(6):919–929.

	30.	Ahola S, et al. Opa1 processing is dispens-
able in mouse development but is protective 
in mitochondrial cardiomyopathy. Sci Adv. 
2024;10(31):eadp0443.

	31.	Del Dotto V, et al. Eight human OPA1 isoforms, 
long and short: what are they for? Biochim Biophys 
Acta Bioenerg. 2018;1859(4):263–269.

	32.	Cogliati S, et al. Mitochondrial cristae shape 
determines respiratory chain supercomplex-
es assembly and respiratory efficiency. Cell. 
2013;155(1):160–171.

	33.	Essuman K, et al. The SARM1 Toll/Interleukin-1 
receptor domain possesses intrinsic NAD+ cleav-
age activity that promotes pathological axonal 
degeneration. Neuron. 2017;93(6):1334–1343.

	34.	Jiang Y, et al. The NAD+-mediated self-inhibition 
mechanism of  pro-neurodegenerative SARM1. 
Nature. 2020;588(7839):658–663.

	35.	Figley MD, et al. SARM1 is a metabolic sen-
sor activated by an increased NMN/NAD+ 
ratio to trigger axon degeneration. Neuron. 
2021;109(7):1118–1136.

	36.	Ko KW, et al. Live imaging reveals the cellular 
events downstream of  SARM1 activation. Elife. 
2021;10:e71148.

	37.	Zeng H, et al. Loss of  Sarm1 reduces retinal 
ganglion cell loss in chronic glaucoma. Acta Neu-
ropathol Commun. 2024;12(1):23.

	38.	Ko KW, et al. SARM1 acts downstream of  
neuroinflammatory and necroptotic signal-
ing to induce axon degeneration. J Cell Biol. 
2020;219(8):e201912047.

	39.	Li Y, et al. Sarm1 activation produces cADPR 

to increase intra-axonal Ca++ and promote 
axon degeneration in PIPN. J Cell Biol. 
2022;221(2):e202106080.

	40.	Marion CM, et al. Sarm1 deletion reduces axon 
damage, demyelination, and white matter atrophy 
after experimental traumatic brain injury. Exp 
Neurol. 2019;321:113040.

	41.	Sato-Yamada Y, et al. A SARM1-mitochondrial 
feedback loop drives neuropathogenesis in a 
Charcot-Marie-Tooth disease type 2A rat model. J 
Clin Invest. 2022;132(23):e161566.

	42.	Summers DW, et al. Mitochondrial dysfunction 
induces Sarm1-dependent cell death in sensory 
neurons. J Neurosci. 2014;34(28):9338–9350.

	43.	Loreto A, et al. Mitochondrial impairment acti-
vates the Wallerian pathway through depletion 
of  NMNAT2 leading to SARM1-dependent axon 
degeneration. Neurobiol Dis. 2020;134:104678.

	44.	Loreto A, et al. Programmed axon death: a prom-
ising target for treating retinal and optic nerve 
disorders. Eye (Lond). 2024;38(10):1802–1809.

	45.	Del Dotto V, et al. Deciphering OPA1 mutations 
pathogenicity by combined analysis of  human, 
mouse and yeast cell models. Biochim Biophys Acta 
Mol Basis Dis. 2018;1864(10):3496–3514.

	46.	Olichon A, et al. Effects of  OPA1 mutations 
on mitochondrial morphology and apoptosis: 
relevance to ADOA pathogenesis. J Cell Physiol. 
2007;211(2):423–430.

	47.	Yu C, et al. Structural insights into G domain 
dimerization and pathogenic mutation of  OPA1. 
J Cell Biol. 2020;219(7):e201907098.

	48.	Chozinski TJ, et al. Expansion microscopy with 
conventional antibodies and fluorescent proteins. 
Nat Methods. 2016;13(6):485–488.

	49.	Yuan M, et al. A positive/negative ion-switching, 
targeted mass spectrometry-based metabolomics 
platform for bodily fluids, cells, and fresh and 
fixed tissue. Nat Protoc. 2012;7(5):872–881.

	50.	Townsend DM, et al. The importance of  gluta-
thione in human disease. Biomed Pharmacother. 
2003;57(3-4):145–155.

	51.	Friedman JR, et al. ER tubules mark 
sites of  mitochondrial division. Science. 
2011;334(6054):358–362.

	52.	Mageswaran SK, et al. Nanoscale details of  mito-
chondrial constriction revealed by cryoelectron 
tomography. Biophys J. 2023;122(18):3768–3782.

	53.	Loson OC, et al. Fis1, Mff, MiD49, and MiD51 
mediate Drp1 recruitment in mitochondrial fis-
sion. Mol Biol Cell. 2013;24(5):659–667.

	54.	Mears JA, et al. Conformational changes in 
Dnm1 support a contractile mechanism for 
mitochondrial fission. Nat Struct Mol Biol. 
2011;18(1):20–26.

	55.	Malka F, et al. Separate fusion of  outer and 
inner mitochondrial membranes. EMBO Rep. 
2005;6(9):853–859.

	56.	Meeusen S, et al. Mitochondrial fusion 
intermediates revealed in vitro. Science. 
2004;305(5691):1747–1752.

	57.	Barad BA, et al. Quantifying organellar ultra-
structure in cryo-electron tomography using 
a surface morphometrics pipeline. J Cell Biol. 
2023;222(4):e202204093.

	58.	Kwong JM, et al. RNA binding protein with 
multiple splicing: a new marker for retinal 
ganglion cells. Invest Ophthalmol Vis Sci. 

2010;51(2):1052–1058.
	59.	Pelzel HR, et al. Histone H4 deacetylation plays a 

critical role in early gene silencing during neuro-
nal apoptosis. BMC Neurosci. 2010;11:62.

	60.	Ronnback C, et al. Genotype-phenotype hetero-
geneity of  ganglion cell and inner plexiform layer 
deficit in autosomal-dominant optic atrophy. Acta 
Ophthalmol. 2015;93(8):762–766.

	61.	Carelli V, et al. Mitochondrial dysfunction as a 
cause of  optic neuropathies. Prog Retin Eye Res. 
2004;23(1):53–89.

	62.	Liu S, et al. Comparative analysis of  electroretino-
gram with subdermal and invasive recording 
methods in mice. Biochem Biophys Res Commun. 
2023;655:118–126.

	63.	Frishman LJ. Chapter 7 - Electrogenesis of  the 
Electroretinogram. In: Ryan SJ, et al, eds. Retina. 
Fifth Edition. W.B. Saunders; 2013:177–201.

	64.	Bhatt Y, et al. The origins of  the full-field flash 
electroretinogram b-wave. Front Mol Neurosci. 
2023;16:1153934.

	65.	Ridder WH, et al. The visual evoked potential in 
the mouse--origins and response characteristics. 
Vision Res. 2006;46(6-7):902–913.

	66.	Liu S, et al. An optimized procedure to record 
visual evoked potential in mice. Exp Eye Res. 
2022;218:109011.

	67.	Porciatti V, et al. The visual physiology of  the wild 
type mouse determined with pattern VEPs. Vision 
Res. 1999;39(18):3071–3081.

	68.	Wildberger HG, et al. Visually evoked cortical 
potentials in the evaluation of  homonymous and 
bitemporal visual field defects. Br J Ophthalmol. 
1976;60(4):273–278.

	69.	Oyster CW, et al. Direction-selective retinal gan-
glion cells and control of  optokinetic nystagmus 
in the rabbit. Vision Res. 1972;12(2):183–193.

	70.	Dhande OS, et al. Genetic dissection of  retinal 
inputs to brainstem nuclei controlling image stabi-
lization. J Neurosci. 2013;33(45):17797–17813.

	71.	Yonehara K, et al. Identification of  retinal 
ganglion cells and their projections involved 
in central transmission of  information about 
upward and downward image motion. PLoS One. 
2009;4(1):e4320.

	72.	Chen H, et al. Subtype-dependent postnatal 
development of  direction- and orientation-selec-
tive retinal ganglion cells in mice. J Neurophysiol. 
2014;112(9):2092–2101.

	73.	Ames A, et al. Measurement of  function in an in 
vitro preparation of  mammalian central nervous 
tissue. J Neurophysiol. 1960;23:676–691.

	74.	Risner ML, et al. Axogenic mechanism enhances 
retinal ganglion cell excitability during early 
progression in glaucoma. Proc Natl Acad Sci U S A. 
2018;115(10):E2393–E2402.

	75.	Della Santina L, et al. Differential progression of  
structural and functional alterations in distinct 
retinal ganglion cell types in a mouse model of  
glaucoma. J Neurosci. 2013;33(44):17444–17457.

	76.	Figley MD, DiAntonio A. The SARM1 axon 
degeneration pathway: control of  the NAD+ 
metabolome regulates axon survival in health and 
disease. Curr Opin Neurobiol. 2020;63:59–66.

	77.	Sasaki Y, et al. SARM1 depletion rescues 
NMNAT1-dependent photoreceptor cell death 
and retinal degeneration. Elife. 2020;9:e62027.

	78.	Kim Y, et al. MyD88-5 links mitochondria, micro-



The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

1 7J Clin Invest. 2025;135(12):e191315  https://doi.org/10.1172/JCI191315

tubules, and JNK3 in neurons and regulates neu-
ronal survival. J Exp Med. 2007;204(9):2063–2074.

	79.	Panneerselvam P, et al. Targeting of  pro-apoptotic 
TLR adaptor SARM to mitochondria: definition 
of  the critical region and residues in the signal 
sequence. Biochem J. 2012;442(2):263–271.

	80.	Panneerselvam P, et al. T-cell death following 
immune activation is mediated by mito-
chondria-localized SARM. Cell Death Differ. 
2013;20(3):478–489.

	81.	Chen CY, et al. Sarm1, a negative regulator of  
innate immunity, interacts with syndecan-2 
and regulates neuronal morphology. J Cell Biol. 
2011;193(4):769–784.

	82.	Geisler S, et al. Gene therapy targeting SARM1 
blocks pathological axon degeneration in mice. J 
Exp Med. 2019;216(2):294–303.

	83.	Gerdts J, et al. Sarm1-mediated axon degenera-
tion requires both SAM and TIR interactions. J 
Neurosci. 2013;33(33):13569–13580.

	84.	Zhou D, et al. Protocol for mitochondrial isolation 
and sub-cellular localization assay for mitochon-
drial proteins. STAR Protoc. 2023;4(1):102088.

	85.	Koma R, et al. Localization of  myoglobin in mito-
chondria: implication in regulation of  mitochon-
drial respiration in rat skeletal muscle. Physiol Rep. 
2021;9(5):e14769.

	86.	Liu P, et al. Differential effects of  SARM1 inhibi-
tion in traumatic glaucoma and EAE optic neu-
ropathies. Mol Ther Nucleic Acids. 2023;32:13–27.

	87.	Gould SA, et al. Sarm1 haploinsufficiency or low 
expression levels after antisense oligonucleotides 
delay programmed axon degeneration. Cell Rep. 
2021;37(11):110108.

	88.	Feldman HC, et al. Selective inhibitors of  SARM1 
targeting an allosteric cysteine in the autoregu-
latory ARM domain. Proc Natl Acad Sci U S A. 
2022;119(35):e2208457119.

	89.	Hughes RO, et al. Small molecule SARM1 inhib-
itors recapitulate the SARM1–/– phenotype and 
allow recovery of  a metastable pool of  axons 
fated to degenerate. Cell Rep. 2021;34(1):108588.

	90.	von der Malsburg A, et al. Structural mechanism 
of  mitochondrial membrane remodelling by 
human OPA1. Nature. 2023;620(7976):1101–1108.

	91.	Faelber K, et al. Structure and assembly of  the 
mitochondrial membrane remodelling GTPase 
Mgm1. Nature. 2019;571(7765):429–433.

	92.	Gispert S, et al. Parkinson phenotype in aged 
PINK1-deficient mice is accompanied by pro-
gressive mitochondrial dysfunction in absence of  
neurodegeneration. PLoS One. 2009;4(6):e5777.

	93.	Goldberg MS, et al. Parkin-deficient mice exhibit 
nigrostriatal deficits but not loss of  dopaminergic 

neurons. J Biol Chem. 2003;278(44):43628–43635.
	94.	Perez FA, Palmiter RD. Parkin-deficient mice are 

not a robust model of  parkinsonism. Proc Natl 
Acad Sci U S A. 2005;102(6):2174–2179.

	95.	Tran NM, et al. Single-cell profiles of retinal gangli-
on cells differing in resilience to injury reveal neuro-
protective genes. Neuron. 2019;104(6):1039–1055.

	96.	Hahn J, et al. Evolution of  neuronal cell class-
es and types in the vertebrate retina. Nature. 
2023;624(7991):415–424.

	97.	Osterloh JM, et al. dSarm/Sarm1 is required for 
activation of  an injury-induced axon death path-
way. Science. 2012;337(6093):481–484.

	98.	Loring HS, Thompson PR. Emergence of  
SARM1 as a potential therapeutic target 
for Wallerian-type diseases. Cell Chem Biol. 
2020;27(1):1–13.

	99.	Bosanac T, et al. Pharmacological SARM1 inhi-
bition protects axon structure and function in 
paclitaxel-induced peripheral neuropathy. Brain. 
2021;144(10):3226–3238.

	100.	Lin CS, et al. Mouse mtDNA mutant model of  
Leber hereditary optic neuropathy. Proc Natl Acad 
Sci U S A. 2012;109(49):20065–20070.

	101.	Wallace DC, et al. Mitochondrial DNA mutation 
associated with Leber’s hereditary optic neuropa-
thy. Science. 1988;242(4884):1427–1430.


