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Abstract 
 

We previously described a process referred to as transmitophagy where mitochondria shed 

by retinal ganglion cell (RGC) axons are transferred to and degraded by surrounding astrocytes in 

the optic nerve head of mice. Since the mitophagy receptor Optineurin (OPTN) is one of few large-

effect glaucoma genes and axonal damage occurs at the optic nerve head in glaucoma, here we 

explored whether OPTN mutations perturb transmitophagy. Live-imaging of Xenopus laevis optic 

nerves revealed that diverse human mutant but not wildtype OPTN increase stationary 

mitochondria and mitophagy machinery and their colocalization within, and in the case of the 

glaucoma-associated OPTN mutations also outside of, RGC axons. These extra-axonal 

mitochondria are degraded by astrocytes. Our studies support the view that in RGC axons under 

baseline conditions there are low levels of mitophagy, but that glaucoma-associated perturbations 

in OPTN result in increased axonal mitophagy involving the shedding and astrocytic degradation 

of the mitochondria.  

 

Keywords 
transmitophagy; exophers; mitophagy; autophagy; axonal mitochondria; OPTN; glaucoma 

 

Introduction 
 

Mitochondria carry out diverse functions including being the major source of energy 

production (Attwell and Laughlin, 2001), and thus the proper quality control of mitochondria is 

essential for viability (Chen and Chan, 2009; Schon and Przedborski, 2011; Rugarli and Langer, 

2012). Mitophagy entails either the constitutive or induced degradation of damaged or unnecessary 

mitochondria using highly conserved autophagic pathways that are also used to degrade other 

organelles, aggregates and pathogens (Ashrafi and Schwarz, 2013; Ding and Yin, 2012; Youle and 

Narendra, 2011). Mitochondria are often targeted for degradation by a process regulated by a 

sequence of phosphorylation and ubiquitination steps regulated by two genes that have been linked 

to Parkinson’s Disease, PTEN-induced putative kinase 1 (PINK1) and Parkin (Kitada et al., 1998; 
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Narendra et al., 2008). Optineurin (OPTN) is one of the principal mitophagy receptors that 

recognizes these ubiquitinated mitochondria (Wong and Holzbaur, 2014a; Heo et al., 2015; 

Lazarou et al., 2015), others being Nuclear dot protein 52 kDa (NDP52), neighbor of BRCA1 gene 

1 (NBR1) and Sequestosome-1 (SQSTM1 or p62) (Rogov et al., 2014). Once OPTN is recruited 

to the ubiquitinated mitochondria, these mitochondria can then associate with microtubule-

associated protein 1A/1B-light chain 3 (LC3) on nascent autophagosomes through the LC3 

interacting region of OPTN, leading to full engulfment of the tagged organelles inside the 

autophagosomes, followed by lysosomal fusion that enables the subsequent degradation of the 

contained mitochondria  (Stolz et al., 2014).  

 Although mitochondria are primarily produced and degraded in or near the cell soma 

(Burke et al., 1988; Saxton and Hollenbeck, 2012), many neuronal mitochondria also reside in 

distal processes far from the cell body (Nafstad and Blackstad, 1966), a situation that is the most 

extreme in the axons of long projection neurons such as RGCs (Yu et al., 2013). To date, most 

studies have focused on mitochondria quality control mechanisms in the soma of cells, and much 

less is known about mitochondria quality control in axons. Since effective clearance of damaged 

organelles in long axons is essential for the maintenance of the integrity of neurons, it has been a 

long-standing question whether adequate mitochondria quality control, more specifically efficient 

removal of dysfunctional mitochondria, can occur at these distal processes (Lu, 2014). There are 

studies that showed that distal axonal damaged mitochondria, or alternatively damaged parts of 

mitochondria that undergo fission from the rest of the mitochondria, are transported retrogradely 

for either lysosomal degradation, or alternatively fusion with healthy mitochondria in or near the 

soma (Hollenbeck, 1993; Miller and Sheetz, 2004; Maday et al., 2012; Maday and Holzbaur, 2014; 

Cheng et al., 2015; Zheng et al., 2019; Evans and Holzbaur, 2020). Consistent with these studies, 

there is evidence that axonal autophagy initiates preferentially at the distal tips or presynaptic sites 

of axons and terminates the clearance process at the soma (Yue, 2007; Wang et al., 2015; Soukup 

et al., 2016; Stavoe et al., 2016), suggesting that ultimate degradation mostly occurs in or near the 

soma, and thus leaving it an open question whether completion of axonal autophagy or mitophagy 

can ever occur locally within axons. Other studies have demonstrated that axonal mitochondria in 

mid- or distal- axons tend to be older and more susceptible to damage compared to those residing 

in the proximal axons or cell body (Lehmann et al., 2011; Ferree et al., 2013), and the vulnerable 

or stressed axonal mitochondria have diminished mitochondrial motility and thus fail to return to 
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the soma for degradation (Wang et al., 2011; Lovas and Wang, 2013; Ashrafi et al., 2014; Hsieh 

et al., 2016; Cheng and Sheng, 2021), implying that not only initiating but also completing 

mitophagy locally in the axon is needed to remove the arrested old or damaged mitochondria 

effectively from long axons. Indeed, Pink1 mRNA can be transported to distal regions of neurons 

and translated locally, providing a constant supply of fresh PINK1 protein for axonal mitochondria, 

and that this mechanism enables mitochondria to be degraded locally in the distal regions of axons 

(Harbauer et al., 2022). 

We previously reported that in the optic nerve head of mice an alternative mechanism exists 

to degrade axonal mitochondria, whereby outpocketings of axons containing mitochondria are 

pinched off from axons and are degraded by the local astrocytes (Davis et al., 2014). Although 

they occurred elsewhere in the central nervous system, including in the cerebral cortex, these 

sheddings were most numerous in the optic nerve head, which is both a highly specialized 

anatomical structure where axons are constantly subject to biomechanical stress and is also the site 

of axon damage in glaucoma (Burgoyne et al., 2005; Sigal et al., 2005). More recently, similar 

sheddings of mitochondria have been observed in both Parkinson’s and Alzheimer’s Disease 

rodent animal models (Morales et al., 2020; Lampinen et al., 2022) as well as in cone 

photoreceptors (Hutto et al., 2023). What we initially described as axonal protrusions and 

evulsions likely represent a variant of what others have more recently described as exophers 

(Melentijevic et al., 2017; Nicolás-Ávila et al., 2020), large cellular outpocketing and sheddings 

which form in response to varied stressors and which contain various contents, including 

mitochondria.  

 OPTN is one of the very few genes that have a large effect on glaucoma (Rezaie et al., 

2002; Meng et al., 2012), and the mutations in OPTN that promote glaucoma but not those that 

promote Amyotrophic Lateral Sclerosis (ALS) appear to promote more or possibly dysregulated 

mitophagy (Wong and Holzbaur, 2014a; Sirohi et al., 2015; Shim et al., 2016). Since mutations in 

mitophagy machinery result in damage to axons in the optic nerve head (Minegishi et al., 2016), 

and this is the location with the highest amounts of transmitophagy (Davis et al., 2014), the current 

study sought to determine whether mutations in OPTN associated with glaucoma might lead to 

alterations in transmitophagy. Since much of what has been learned about OPTN in mitophagy 

derives from live-imaging studies of mitochondria and mitophagic machinery in cultured cells 

(Lazarou et al., 2015; Moore and Holzbaur, 2016; Shim et al., 2016; Evans and Holzbaur, 2020), 
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we took a similar live-imaging approach, though in this case in live animals where the anatomical 

relationship between axons and their cellular neighbors is maintained, as these cell-cell interactions 

are likely necessary to reproduce the relevant cell biology of transmitophagy. These studies were 

carried out in young Xenopus laevis tadpoles, as this vertebrate model system has two properties 

optimal for the proposed studies, an optic nerve that can be readily live-imaged and a highly 

efficient transgenesis suitable for the interrogation of gene variants. 

 

Results 
 

Live-imaging of mitochondria in RGC axons shows that under basal conditions 

approximately half of axonal mitochondria are stopped. 
To live-image RGC mitochondria within axons, we first intravitreally injected Mitotracker 

Deep Red into Nieuwkoop and Faber ((Nieuwkoop and Faber, 1994)) stage 48 (10 days post-

fertilization) X. laevis tadpoles, animals whose RGC axons were readily visible due to expression 

of an RGC-specific Tg(Isl2b:GFP) transgene (Fig. 1A). After allowing the dye to spread down the 

axons, the optic nerves of anesthetized and immobilized animals were imaged using a spinning 

disc confocal microscope (Fig. 1B, and Mov. 1) at 1 Hz for 1 min, to measure axonal mitochondria 

movement through kymographs (Fig. 1C and 1D). To determine the stability of Mitotracker 

labeling over time, optic nerves were imaged 3.5 or 18 hrs after intravitreal Mitotracker injection. 

Since the distribution (Fig. S1A) and velocity (Fig. 1SB) of stationary, anterogradely-moving, and 

retrogradely-moving mitochondria were similar at both timepoints, all subsequent imaging 

experiments were carried out 15-18 hours after Mitotracker intravitreal injection. The kymographs 

of axonal RGC mitochondria were used to determine the fraction of mitochondria that were 

stationary, defined here as moving less than 0.1 µm/s, as opposed to moving anterogradely and 

retrogradely (Fig. 1C and 1D). In an analysis of over 500 axonal mitochondria derived from 6 

animals we found that stationary mitochondria account for nearly half of total axonal mitochondria 

whereas both anterogradely and retrogradely transported mitochondria each contribute for a 

quarter of the total (Fig. 1E), consistent with other studies of axonal mitochondria (Zheng et al., 

2019; Fellows et al., 2020; Suh et al., 2021). Amongst the motile mitochondria, the average speed 

was 0.63 µm/s and 0.78 µm/s for anterogradely and retrogradely moving mitochondria, 
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respectively (Fig. 1F), which is within the range of the values previously measured by others 

(Morris and Hollenbeck, 1993; Ligon and Steward, 2000; Vos et al., 2003; Miller and Sheetz, 

2004; Jiménez-Mateos et al., 2006; Pilling et al., 2006; Mironov, 2007; Misgeld et al., 2007; Kang 

et al., 2008; Wang and Schwarz, 2009; MacAskill and Kittler, 2010; Chang et al., 2011; Chen et 

al., 2016; Niescier et al., 2016). Thus, the X. laevis tadpole optic nerve was deemed a suitable 

model to study RGC axonal mitochondria.  

Next, to test whether the Mitotracker intravitreal injection itself might affect mitochondria 

movement within the optic nerve, we generated transgenic animals to image RGC axonal 

mitochondria without the use of Mitotracker. By crossing of Tg(Isl2b:GFP) animals with 

Tg(Isl2b:Tom20-mCherry) animals, we obtained doubly transgenic animals which express both a 

mitochondria-targeted mCherry fluorescent reporter as well as a cytoplasmic GFP transgene, both 

specifically in  RGCs. Mitotracker Deep Red was injected into Tg(Isl2b:GFP) expressing tadpoles 

at NF stage 48, into both animals with or without expression of the Isl2b:Tom20-mCherry 

transgene, and then the optic nerves were live-imaged as described above within one day of the 

intravitreal Mitotracker injection. Most of the mCherry and Mitotracker objects colocalized with 

each other both in the merged images (Fig. S1C) and kymographs (Fig. S1D), indicating that the 

mitochondria-targeted transgene and Mitotracker similarly label the RGC axonal mitochondria. 

The Mitotracker-based quantifications showed no significant difference in mitochondria 

movement between the two different Mitotracker injected groups (with and without presence of 

the mitochondria-targeted transgene), whereas the Tom20-based quantifications showed that the 

Mitotracker intravitreal injection does have a small but significant effect on slowing retrograde 

transport and increasing the fraction of stopped mitochondria at the expense of orthograde moving 

mitochondria (Fig. S1F and S1E, respectively). Because of this effect, in all subsequent 

experiments, animals with or without intravitreal injection were compared only to other animals 

similarly treated. 

 
Doxycycline-induced expression in RGCs of disease-associated OPTN mutants 

leads to changes in movement and co-localization indicative of increased axonal 

mitophagy within the optic nerve. 
Mutations in OPTN can lead to impaired or aberrant mitophagy and the accumulation of 

defective mitochondria (Wong and Holzbaur, 2014a; Lazarou et al., 2015; Shim et al., 2016; Evans 
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and Holzbaur, 2020). To test whether OPTN mutations might affect the behavior of RGC 

mitochondria and components of the mitophagic machinery, OPTN and LC3b, specifically within 

axons, we generated transgenic X. laevis in which fluorescently tagged LC3b and variants of 

OPTN that could be expressed selectively in RGCs by induction with doxycycline (Fig. 2A and 

2B). In these large transgene constructs, an Isl2b RGC-specific promoter drives a version of the 

reverse tetracycline trans-activator, rtTA2, that is highly efficient in X. laevis (Das and Brown, 

2004; Mills et al., 2015) in combination with a bi-directional tetracycline operator that expresses 

EGFP-LC3b in one direction and in the other mCherry-tagged versions of the following human 

OPTN variants: Wt, glaucoma-associated mutations E50K, M98K and H486R, ALS-associated 

mutation E478G, and two synthetic mutations, F178A and D474N, previously shown to be 

defective in the OPTN interaction with LC3b and ubiquitinated mitochondria, respectively (Wild 

et al., 2011; Korac et al., 2013; Wong and Holzbaur, 2014a; Sirohi et al., 2015; Shim et al., 2016; 

Li et al., 2018; Liu et al., 2018; Chernyshova et al., 2019; Padman et al., 2019). The optic nerves 

of 4-6 transgenic tadpoles per transgene were imaged using the spinning-disc confocal first as a 1-

minute single plane t-series acquired at 1 Hz, and then as a z-scan imaging the full thickness of the 

optic nerve at 1 µm steps. In the case of animals expressing E50K and Wt OPTNs, analyses were 

done with and without previous labeling of RGC mitochondria through intravitreal injection of 

Mitotracker (Fig. 2C and 2D); in the case of all other OPTN variants analyses of OPTN and LC3b 

were carried only without Mitotracker labeling in order to avoid the possible confounder 

introduced by the intravitreal Mitotracker injection. Kymograph analyses of the t-series were used 

to quantify the percentage of each movement class (stationary, anterograde and retrograde) and 

determine the average speed of anterograde and retrograde movement. For the live-imaging and 

kymograph analyses of OPTN and LC3b, in the absence of Mitotracker intravitreal injection, 

analyses were carried out in both primary transgenic F0 animals (Fig. 2E, 2E’, S2C and S2D) as 

well as in their F1 progeny (Fig. S2A, S2B, S2E and S2F), to minimize the possibilities of 

transgene copy number or integration position effects confounding the interpretation. Such 

analyses in F0s are possible in X. laevis because the restriction enzyme mediated integration 

(REMI) transgenesis method used to generate the animals (Kroll and Amaya, 1996) involves 

transgene integration prior to the first cell division, and thus provides fully transgenic rather than 

mosaic animals. The results from F0 transgenic founders and F1 progeny were very similar and 

showed that relative to Wt OPTN, all OPTN mutants with the exception of the LC3b-binding-
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defective F178A mutant trended towards or had significant increases in the fraction of both 

stopped OPTN and LC3b, with the effects being largest for the glaucoma-associated mutations 

E50K or M98K. Analyses of antergrade and retrograde velocity for OPTN and LC3b in both F0s 

(Fig. S2C and S2D) and F1 animals (Fig. S2E and S2F) found no consistent significant changes in 

velocity, suggesting the increases in stopped OPTN and LC3b were specific effects and not 

secondary to making the RGCs or their axons unhealthy. To determine whether these increases in 

stopped OPTN and LC3b might represent an increase in axonal mitophagy, the studies of OPTN 

and LC3b movement were repeated, but now 15 to 18 hrs after intravitreal injection of Mitotracker 

(Fig. 2F); these studies were carried just in F1 animals expressing Wt or E50K OPTN, as well as 

in animals carrying no transgenes at all. Compared to the non-transgenic control animals (only 

Mitotracker-injected) those with expression of Wt OPTN had no alteration in the fraction of 

stopped mitochondria, similar to what had been previously observed after expression of the 

Tom20-mCherry transgene (Fig. S1E). In contrast, expression of E50K OPTN resulted in a 

significant increase in the fraction of stopped mitochondria, above the already high baseline of 

stopped mitochondria (Fig. 2F). Of note, as was the case for OPTN and LC3b in the absence of 

intravitreal Mitotracker injection, expression of neither Wt or E50K OPTN affected the relative 

balance of retrograde versus orthograde movement of mitochondria, OPTN or LC3b, or their 

velocities, but rather only increased the fraction of the stopped populations. Consistent with the 

previous results showing that intravitreal injection of Mitotracker had a small but significant effect 

on mitochondria movement (Fig. S1E and S1F), here too we found that the intravitreal injection 

of Mitotracker affected the behavior of axonal OPTN, including an increase in the fraction of 

stopped OPTN; however, so did animals receiving an injection of just the biological salts solvent, 

showing that it is the eye injection procedure rather than the Mitotracker itself that mainly perturbs 

the system (Fig. S2H).  

Next, to determine whether the increases in stopped mitochondria and stopped OPTN 

might indicate an increase in axonal mitophagy, the degree of mitochondria and OPTN co-

localization was examined. In the nerves labeled by Mitotracker, visual inspection of the raw 

images (Fig. 2C) and the derived kymographs (Fig. 2D) showed that OPTN and the Mitotracker-

labeled mitochondria often co-localized, particularly in the stopped populations, and more so in 

the animals expressing E50K OPTN, further suggesting that at least a fraction of the stopped LC3b, 

OPTN and mitochondria might represent mitophagy occurring in the axons. To further define the 
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relationship between stopped objects and mitophagy, we re-analyzed the previous kymographs of 

mitochondria and OPTN and separately quantified mitochondria that co-localized with OPTN 

(mito-OPTN) versus mitochondria not associated with OPTN (mito-ONLY) (Fig. 2G and S2I). 

Strikingly, while mitochondria not colocalizing with OPTN had relatively balanced populations of 

stopped, anterograde and retrograde movement, the majority of mitochondria colocalizing with 

OPTN were stopped, with the remainder largely being engaged in retrograde transport; the same 

was true in animals expressing Wt OPTN (Fig. 2G) and E50K OPTN (Fig. S2I). The glaucoma-

associated E50K OPTN also significantly increased the fraction of mitochondria co-localizing with 

OPTN, and that was evident in both the stationary and the two moving populations (Fig. 2H). In 

summary, expression of OPTN versions carrying glaucoma and ALS-associated mutations, as well 

as a synthetic mutation in OPTN that perturbs the recognition of ubiquitinated mitochondria, but 

not a synthetic mutation that perturbs the association of OPTN with LC3b, all lead to increases in 

stopped axonal OPTN and LC3b in RGCs. At least in the case of E50K OPTN, which increases 

OPTN-mitochondria colocalization, some of these stopped OPTN likely represent mitochondria 

undergoing mitophagy or something akin to mitophagy locally within the optic nerve. 

 
Expression of the glaucoma-associated E50K OPTN leads to increased 

accumulation of mitochondria and OPTN outside of axons 
In many of the animals, particularly those expressing E50K OPTN, some of the 

mitochondria and OPTN signal appeared to be not co-localized with the LC3b signal, but rather to 

be on the surface of the optic nerve (e.g., middle top of the OPTN E50K nerve shown in Fig. 2C). 

To quantify such extra-axonal mitochondria and OPTN, the Z-scans of the full thickness of the 

optic nerves, acquired at 1 µm steps, were analyzed using the 3D imaging software Imaris. Because 

LC3b localizes not only to autophagosomal membranes, but also is in the cytoplasm/axoplasm 

(Xie and Klionsky, 2007; Mizushima and Komatsu, 2011; Fu et al., 2014; Wong and Holzbaur, 

2014b; Tammineni et al., 2017; Stavoe et al., 2019; Evans and Holzbaur, 2020; Boecker et al., 

2021; Kuijpers et al., 2021), we used the EGFP-LC3b signal to create a mask to demark the RGC 

axons, so as to then be able to separately measure the OPTN (mCherry) or mitochondria (far-red) 

signals that co-localized or not with the axons. First, such analyses were carried out for the same 

animals above analyzed for OPTN and LC3b movement metrics, but that had not been subjected 

to the intravitreal injections of Mitotracker, animals in which the expression of mCherry-hOPTNs 
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(Wt, E50K, M98K, F178A, D474N, E478G and H486R) and EGFP-LC3b was induced in RGCs 

through bath application of doxycycline. Measurements carried out in the 3D reconstructions 

showed significant increases in the fraction of OPTN outside of the RGC axons in the optic nerves 

of glaucoma-associated mutations, especially E50K (12.6%), when compared to Wt OPTN (0.5%), 

ALS-associated mutation E478G (0.2%), and the synthetic mutations F178A (3.3%) and D474N 

(0.1%) (Fig. 3B). Then, to determine whether such extra-axonal OPTN might be related to the 

degradation of mitochondria, the same procedure was applied to the Z-scan images of animals 

where Wt OPTN and E50K OPTN were similarly induced by doxycycline, but that also a day prior 

had received an intravitreal injection of Mitotracker (Fig. 3C). Imaris-based 3D reconstruction and 

volume quantification revealed that expression of OPTN carrying the glaucoma-associated E50K 

mutation results in a significant increase in both the fraction of all stopped RGC axonal 

mitochondria outside of the LC3b-labeled RGC axons (13.4%) but also the fraction of all stopped 

RGC axonal mitochondria co-localizing with OPTN also outside of the LC3b-labeled RGC axons 

(17.9%), as compared to the much lower amounts found after expression of Wt OPTN (0.5% for 

both mitochondria and mito-OPTN) (Fig. 3D and 3E, and Mov. 2). This fractional value likely 

relates to only the stopped mitochondria, as the z-scan imaging used frame-averaging, and moving 

objects were blurred and likely underrepresented. In summary, expression of E50K OPTN, but not 

OPTN that lacks the glaucoma-associated mutation, not only increases the amount of stopped 

mitochondria, OPTN and LC3b, and the degree of colocalization between mitochondria and OPTN 

within axons, all of which can be interpreted as indications of axonal mitophagy, but also results 

in large amounts of mitochondria and the mitophagy receptor OPTN being found outside of the 

axons. 

 

Sparse labeling of axons shows even larger amounts of axonal mitochondria 

and OPTN outside of axons and that only in the most extreme cases are they 

observed on the ON surface. 
In the experiments just described, the majority of the LC3b-negative-OPTN-positive 

mitochondria signal was found on what appears to be the surface of the optic nerve, which was 

most obvious after expression of E50K OPTN (see Fig. 3A and C, and Mov. 2). To determine 

whether additional extra-axonal OPTN and mitochondria might be found within the optic nerve 

parenchyma but obscured by the EGFP-LC3b mask due to the high axon density and low imaging 
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resolution, we turned to a sparse labeling approach. Small groups of retinal cells, estimated to be 

10-50 in number, were surgically transplanted from E50K OPTN transgenic progeny into progeny 

of a line expressing Tg(Fabp7:mTagBFP2-Ras), in which astrocyte membranes are labeled by a 

membrane targeted fluorophore expressed by a promoter from the fatty acid binding protein 7 gene 

(fabp7, also known as basic lipid binding protein or blbp) (Owada et al., 1996; Sharifi et al., 2011) 

which drives expression in frog optic nerve astrocytes (Mills et al., 2015). Transplants were done 

around NF stage 24-32, when all cells in the retina are progenitors and thus prior to RGC 

differentiation. A week later in such animals and 3-days after doxycycline induction, small groups 

of axons were readily visible in these optic nerves based on the EGFP-LC3b signal. 3D 

reconstruction and volume measurements of the astrocyte membrane signal derived from the host 

and the OPTN and LC3b signals derived from E50K OPTN expressing donor cells (Fig. 4A and 

4B, and Mov. 3) showed that the fraction of OPTN signal on the surface of the optic nerve was 

17.1% of the total signal, in relatively good agreement with the data previously obtained in the 

whole nerves (see Fig. 3B). However, this represented only 23.9% of the total OPTN outside of 

the LC3b-labeled axons, the rest being within the optic nerve parenchyma. Furthermore, the nerves 

with the largest amounts of OPTN on the surface of the optic nerve were those with the greatest 

amount of extra-axonal OPTN (Fig. 4B). These sparse labeling data thus suggested that our 

previous measures of the amount of OPTN and mitochondria outside of axons quantified in Fig. 3 

based on the whole-nerve imaging after expression of all OPTN variants likely grossly 

underreported the actual amounts of OPTN and mitochondria outside of the axons. Thus, for 

animals expressing either Wt or E50K OPTN, we repeated the same t-series and z-scan imaging 

and following kymograph analyses and Imaris 3D reconstructions in the context of the sparse 

labeled axons, but also after dye-labeling the mitochondria. One hour after injection of Mitotracker 

into the eye anlage, retina progenitor cells from Wt or E50K OPTN transgenic progeny were 

transplanted into the eyes of non-transgenic hosts (Fig. 4C, S3A and S3B). Consistent with our 

previous data, more stalled mitochondria, OPTN and LC3b puncta were observed in the axons 

expressing E50K OPTN compared to those expressing Wt OPTN, with relatively balanced 

populations of orthograde and retrograde movement in both Wt and E50K OPTN (analyzed per 

axon; Fig. S3C and analyzed per animal; Fig. S3C’). Orthograde and retrograde velocities for 

mitochondria, OPTN and LC3b in the sparsely labeled Wt and E50K OPTN axons were similar to 

those measured in the whole nerves, and once again showed no significant differences in velocities 
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after expression of E50K OPTN (Fig. S3D). Notably, however, the amounts of mitochondria and 

OPTN outside of axons were indeed higher than those previously measured. In the case of E50K 

OPTN, 35.8% of mitochondria and 21.8% of OPTN were determined to be outside of the axons in 

the sparse labeling experiments (as compared to 13.4% and 17.9%, respectively, measured in the 

whole nerves). The difference between whole nerve and sparsely labeled axons was far larger in 

the case of expression of Wt OPTN, where previously approximately 0.5% had been found for 

both (see Fig. 3D and 3E), but now 15.2% of mitochondria and 5.7% of OPTN were shown to be 

outside of the RGC axons (Fig. 4D and 4E); this order of magnitude difference in results is 

presumably due to in the case of the presence of Wt OPTN nearly all the extra-axonal mitochondria 

and OPTN being found within the nerve parenchyma, not having reached high enough levels to be 

measurable on the surface of the optic nerve. Collectively, these data show that even in the case of 

expression of Wt OPTN, which we showed above does not in any way alter the movement behavior 

of mitochondria within axons, there already is a substantial amount of both mitochondria and 

OPTN outside of the axons from which they derive, and that expression of E50K OPTN, in 

addition to resulting in the stalling of large number of mitochondria, OPTN and LC3b within axons 

and colocalization of mitochondria and OPTN, also significantly increases the amount of both 

OPTN and mitochondria that are found outside of the axons. 

 

Shed axonal mitochondria are degraded by astrocytes 
 To determine where outside axons the axonal mitochondria were degraded, we carried out 

correlated light-EM analyses on sparsely labeled axons. First, cells from animals expressing a 

membrane-associated mCherry transgene in RGCs were transplanted into animals expressing two 

different transgenes in astrocytes, the same membrane-associated BFP transgene used above to 

label all astrocyte membranes, but also an Aquaporin-4-GFP (Aqp4-GFP) fusion construct that 

labels principally the glial limitans at the surface of the optic nerve. One day after labeling the 

RGC axonal mitochondria through an intravitreal injection of Mitotracker Deep Red, the nerves 

of these animals were live-imaged in their entirety at lower x,y and z-resolution for just the Aqp-

GFP transgene (Fig. 5A), and then one region imaged at higher resolution in all four channels (Fig. 

5B). The heads of fixed animals, heavy metal processed and embedded in epoxy resin, were 

analyzed by micro-CT in order to identify the same region that had been live imaged (Fig. 5C) and 

then the full thickness of the optic nerve at that location was analyzed by serial block-face scanning 
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electron microscopy (SBEM). After registering the live imaging and SBEM datasets based on the 

position of nuclei, some of the stopped mitochondria that had been live-imaged could be 

unambiguously identified at the level of EM (Fig. 5D-F). The axon-derived material on the surface 

of the optic nerve, in this case dye-labeled mitochondria and transgene-labeled axolemal 

membranes, were determined to be within the soma of the transgene labeled astrocytes (Fig. 5D-

E), and morphologically appeared as mitochondria and membranes at various stages of 

degradation. The mitochondria that live-imaging determined to be stationary within the nerve 

parenchyma were harder to unambiguously correlate between light and SBEM datasets, but those 

that could were determined to be within the processes of astrocytes (Fig. 5F). Notably, while 

axonal debris was most often observed within astrocyte fine processes, often those processes were 

closely associated with fine processes of distinct astrocytes (Fig. 5F). The soma of the astrocytes 

were located at the optic nerve periphery but had processes that extended deep into the parenchyma 

(Fig. 5G), similar to astrocytes that surround axon bundles within larger optic nerves. Thus, it is 

possible that the axon-derived debris found within astrocyte soma at the surface of the optic nerve 

might have originated deep within the optic nerve parenchyma. However, it also may have 

originated near the astrocyte soma, as dystrophic axons with mitochondria undergoing early steps 

of mitophagy could also be observed within some axons in close contact with the astrocyte soma 

(Fig. 5H-I). 

 
 
OPTN and mitochondria leave RGC axons in the form of exophers 

To investigate how RGC axonal OPTN might leave axons within the optic nerve 

parenchyma, we performed repetitive z-scan live-imaging of sparsely labeled axons for 5 minutes 

at 30-second intervals. Since the shedding intermediates were presumed to be rare and short-lived, 

these studies were conducted mainly for the M98K OPTN glaucoma-associated mutation, as it 

appeared more severe than the E50K OPTN mutation at least in the fraction of stopped OPTN in 

both F0 and F1 analyses (Fig. 2E and Suppl Fig. 2A). After the repetitive z-scan live-imaging, 

areas that had focally increased LC3b and OPTN signal at the sites of focal changes in axonal 

diameter were digitally extracted and their position at different times registered, so as to measure 

shape and fluorescence intensity changes over time. The four types of dystrophies observed were 

symmetric axonal swellings, asymmetric axonal dystrophies with static or changing levels of 

OPTN or LC3b, asymmetric axonal dystrophies that are pinched off from the axon during the 
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imaging window, and structures with no connection to axons. Examples of only the first three are 

here shown, as the fourth provided no mechanistic insight as to how they might become separated 

from the axons. An axonal “swelling” is shown where the mitophagy machinery OPTN and LC3b 

are focally stopped and enriched together (Fig. 6A-i). An asymmetric axon dystrophy (i.e., axonal 

“protrusion”) is shown in what appears to be a “loading” stage (Fig. 6A-ii and Mov. 4). Here, the 

OPTN signal increases within the exopher-like dystrophy simultaneously with a decrease in the 

OPTN signal immediately below the dystrophy within the associated axon, suggestive of an active 

loading process (Fig. 6B). At least some of these asymmetric dystrophies appear to become 

separated from their axon of origin. The last example is a “pinching-off” event (i.e., “evulsion”) 

where an exopher-like structure is physically detached from the axon of origin and appears to 

amalgamate with other areas of extra-axonal OPTN; these are presumed to be within acidified 

organelles of the phagocyte as they had no measurable GFP signal (Fig. 6A-iii and Mov. 5). 

Minimum distance measures between the outer boundaries of exopher-like structure and axon of 

origin (Fig. 6C) and measures of the distance from the exopher centroid to the nearest position 

along the axon (not shown) demonstrate that the detachment process is acute, occurring within a 

30-second interval. We also observed similar axonal dystrophies and exopher-like structures in 

E50K OPTN under similar imaging settings, but with 2-min intervals and additional Mitotracker 

labeling (Mov. 6), demonstrating that these structures not only contain OPTN but also 

mitochondria or mitochondria remnants. The shape, size and dynamic changes in these focal 

axonal exophers lead us to conclude that at least some of the OPTN and mitochondria leave the 

axons by the process we previously described in the mouse optic nerve head, transmitophagy 

(Davis et al., 2014). 

 

Discussion 
 

There is evidence that damaged axonal mitochondria are mainly delivered back to or near 

the soma for degradation through OPTN-mediated mitophagy, although these studies were 

conducted mainly in cultured cells (Moore and Holzbaur, 2016; Evans and Holzbaur, 2020). Our 

studies in vivo support the view that this constitutes a principal mechanism for axonal mitochondria 

degradation in X. laevis RGC axons, as even after expression of Wt OPTN there is within axons 

very little stationary OPTN or LC3b, and very little colocalization of OPTN with LC3b or 
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mitochondria. However, we have found that after expression of various mutated OPTNs, there are 

significant increases in the amount of OPTN and LC3b stopped within axons, and, in the one case 

we analyzed in most detail, the glaucoma-associated E50K mutation, also significant increases in 

the amount of stopped mitochondria much of which co-localized with OPTN. Recent studies have 

shown that arresting mitochondrial motility, which is mainly driven by degradation of the motor-

adaptor protein Miro, is an early stage of mitophagy where dysfunctional mitochondria are stopped 

and sequestered for subsequent mitophagy through PINK1/Parkin-mediated pathway in both in 

vivo and in vitro settings (Wang et al., 2011; Liu et al., 2012; Lovas and Wang, 2013; Ashrafi et 

al., 2014; Hsieh et al., 2016). Since we demonstrate that the same perturbations stop both OPTN 

and mitochondria and they colocalize, our data strongly support the view that mitophagy, or at 

least some steps generally associated with mitophagy, can occur in RGC axons far from the cell 

body. Of note, while the glaucoma associated mutations E50K and M98K were the most potent 

and inducing these surrogate markers for local axonal mitophagy, the one ALS mutation tested, 

E478G, as well as a synthetic mutation meant to interfere with the association of OPTN with 

ubiquitinated mitochondria, D474N, also promoted the same. Indeed, the only versions of OPTN 

that did not lead to increased stopped mitophagy machinery were Wt OPTN and a synthetic 

mutation that interferes with the association between OPTN and LC3b. Thus, under basal 

conditions, about half of axonal mitochondria are stopped; these likely represent those 

mitochondria providing energy and other functions locally needed to support diverse cellular 

processes including but not limited to action potential regeneration. However, after perturbations 

as slight as the injection of a balanced salt solution into the eye, the population of axonal 

mitochondria that are stopped within axons can increase. We believe that these are unlikely to be 

more mitochondria supporting functions normally associated with axonal mitochondria, but rather 

that this second stopped population of axonal mitochondria are, at least in part, ones that are 

undergoing mitophagy or at least a process that shares molecular machinery with mitophagy. 

The 3D reconstructions of the live-imaged ONs revealed that the glaucoma-associated 

OPTN mutations were unique in not only increasing the fraction of stopped mitochondria, OPTN 

and LC3b, and their colocalizations within the RGC axons, all suggestive of axonal mitophagy, 

but also led to large amounts of axonal mitochondria and OPTN being found outside of the axons, 

some of which reached the surface of the optic nerve. Indeed, the studies based on sparse labeling 

of axons, which likely provide the most accurate estimate of the fraction of axonal mitochondria 
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and OPTN outside of axons, suggest that these populations are large. In the case of expression of 

Wt OPTN, which we believe represents the basal state as we also show that Wt OPTN expression 

has no effect on the behavior of axonal mitochondria, as much as 15.2 and 5.7 % of the stopped 

mitochondria and OPTN respectively are outside of the axons, and in the case of expression of the 

E50K OPTN, those numbers increase to 35.8 and 21.8 %. Of interest, while diverse OPTN 

mutations increased the fraction of stopped mitochondria within the optic nerve, it was the most 

common glaucoma-associated OPTN mutation, E50K OPTN, that led to the largest increase in 

externalized mitochondria. This may be a coincidence or artifact of the experimental system used. 

However, it also may suggest that the particular mutations in OPTN that promote glaucoma not 

only perturb mitophagy within axons, but that they may perturb it in such a way that increases the 

probability that such mitochondria will be degraded non cell-autonomously. 

That mitochondria and OPTN are found outside of axons suggests that these axonal 

mitochondria must be eliminated by the neighboring cells resident in the optic nerve, either the 

astrocytes which constitute the major local resident population, other resident cell populations such 

as NG2-cells or microglia, or alternatively by invading myeloid cells, all which are known to have 

phagocytic capacity. We have previously shown that in the frog optic nerve, it is astrocytes that 

are the major phagocytes that clear extensive amounts of axonal and myelin debris using well 

conserved phagocytic machinery, at least during a developmental remodeling event (Mills et al., 

2015). Correlated light EM studies of sparsely labeled axons here too demonstrate that the majority 

of these axonal material, including mitochondria, are degraded by astrocytes, either in their finer 

processes that interdigitate deep in the nerve parenchyma, or far from the axons within the soma 

of the astrocytes, which in tadpoles at this stage reside exclusively on the nerve surface. SBEM 

studies have not yet been carried out on animals where OPTN has been perturbed, so it remains to 

be determined how the degradation of axonal mitochondria within astrocytes might be perturbed 

by these manipulations. The finding of large amounts of axonal mitochondria and OPTN on the 

surface of the optic nerve in astrocytes with prominent localization of an Aqp4-GFP reporter to 

their membranes is highly reminiscent of the glymphatic-like system that has been described in 

the mouse optic nerve (Wang et al., 2020); thus, whether mitochondria debris is cleared by a 

glymphatic pathway maybe should be investigated. 

One of the most important questions is how the axonal mitochondria and OPTN reach the 

outside of axons. Based on the repetitive z-scan live-imaging of sparsely labeled RGC axons, we 
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provide evidence that at least some of the outside OPTN and mitochondria leave the axons by the 

process of transmitophagy which we first described in the optic nerve head of wildtype mice (Davis 

et al., 2014). The axonal structures live-imaged in this study are highly similar in size and shape 

to the mitochondria-filled protrusions still attached to axons and mitochondria-filled evulsions 

separated from axons that we had described in mice through both a mitochondria targeted tandem 

EGF-mCherry reporter and SBEM (Davis et al., 2014). The structures are also similar to what 

others refer to as exophers, both in Caenorhabditis elegans (Melentijevic et al., 2017) and in 

mammalian cardiac tissue (Nicolás-Ávila et al., 2020). In both of these later cases, these cellular 

extrusions occur constitutively, increase in response to various stressors, and contain protein 

aggregates and dysfunctional organelles, including mitochondria. Recently, it was been shown that 

after the pinching off of the exophers, they are processed to smaller “stary night” vesicular 

structures that likely represent the endolysosomal intermediates on the path to the eventual 

degradation by lysosomes (Wang et al., 2023); it seems likely that the puncta containing axonal 

material that we observed within astrocyte processes and soma both at the light at EM level likely 

are the equivalent of these “stary night”. Thus, we suggest that axonal transmitophagy is an axonal 

variant of exopher generation, that may have evolved as an alternative mechanism for long 

projection neurons such as RGCs to deal with more dysfunctional mitochondria or aggregates in 

distal regions of axons than could be dealt with by the more conventional cell-autonomous 

processes of somal or axonal mitophagy. What controls the balance between the cell-autonomous 

and non cell-autonomous axonal degradation mechanisms remains an open question, although the 

control of mitochondria stalling, perhaps through the regulation of Miro stability by the 

PINK/Parkin pathway (Wang et al., 2011; Liu et al., 2012; Lovas and Wang, 2013; Ashrafi et al., 

2014; Hsieh et al., 2016), is a possibility worthy of further study. 

Another question which has not been answered in this study is whether increased 

transmitophagy may be a cause of RGC degeneration, as the mutations that result in the maximal 

amounts of distal axon mitophagy and transmitophagy in the X. laevis RGC axons are the very 

same mutations that in humans cause glaucoma. If an increase in transmitophagy does contribute 

to glaucoma, one of the possible pathogenic mechanisms might be inflammation resultant from 

the accumulation of immunogenic mitochondria debris outside of the axons, as was shown in the 

case of mammalian cardiac exophers (Nicolás-Ávila et al., 2020). Regardless of whether or not 

transmitophagy contributes to the etiology of glaucoma, such a transcellular clearance system 
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might be a mechanism to handle the accumulation of detrimental aggregates and damaged 

organelles within diverse axons, which would be obvious relevance to a variety of 

neurodegenerative disorders that affect axonal biology early in their progression.  
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Figures 
 
 

 

Figure 1. Live-imaging mitochondria movement within X. laevis tadpole optic nerve shows that 

in RGC axons approximately half of mitochondria are stopped and there is balanced anterograde 

and retrograde movement. (A) Intravitreal injection of Mitotracker Deep Red can be used to label 

RGC mitochondria within axons; here in Tg(Isl2b:GFP) transgenic tadpoles where the RGC axons 

are also labeled by a cytoplasmic GFP expressed by the Isl2b RGC-specific promoter. The white 

dotted box illustrates the approximate location of spinning-disc confocal live-imaging (1 min, 1 

Hz). Representative single frame of a Mitotracker Deep Red labeled optic nerve (full region 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 30, 2023. ; https://doi.org/10.1101/2023.05.26.542507doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.26.542507
http://creativecommons.org/licenses/by-nc-nd/4.0/


imaged in B; boxed area rotated and enlarged in C). (D) Representative kymograph displaying the 

position (x axis) of mitochondria over time (y axis, 60s); derived from the region between the 

dotted lines in C for all 60 frames. The yellow star indicates the position of the same mitochondrion 

in both kymograph (D) and representative image (C). Scale bar, 10 µm. (E-F) Quantification of 

mitochondrial movements, showing that: (E) About half of RGC axonal mitochondria are 

stationary and there are comparable numbers of mitochondria moving anterogradely and 

retrogradely, and (F) the average speed of anterograde and retrograde mitochondria movement are 

similar. Mean ± SEM; n = 514 mitochondria from 6 animals. Statistical analysis in F was 

performed by unpaired, two-tailed Student’s t-test. Not significant (ns).  
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Supplementary Figure 1. Intravitreal Mitotracker injection results in optic nerve mitochondria 

labeling that is stable within one day of injection, labels transgenically labeled RGC axonal 

mitochondria, and has a small but significant effect on the movement behavior of axonal 

mitochondria. (A-B) RGC axonal mitochondrial movement metrics are stable within the optic 

nerve between 3.5 and 18 hours after intravitreal Mitotracker injection. (A) Percentage of 

stationary, and anterogradely and retrogradely moving mitochondria and (B) axonal mitochondrial 

average speed in each direction (anterograde and retrograde). Mean ± SEM; n = 237-277 

mitochondria from 3 animals. (C-D) A Tom20-mCherry transgene expressed by the RGC-specific 

Isl2b promoter and intravitreal Mitotracker injection both label largely the same mitochondria in 

the optic nerve; representative images (C) and corresponding kymographs (D). (E-F) 

Quantification of mitochondrial movements in RGC axons based on either Mitotracker or the 

Tom20-mCherry transgene. From left to right, the measurement based on Mitotracker-labeled 

objects in Mitotracker injected Tg(Isl2b:GFP) animals, Mitotracker-labeled objects in Mitotracker 

injected Tg(Isl2b:GFP x Isl2b:Tom20-mCherry) animals, Tom20-labeled objects in Tg(Isl2b:GFP 
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x Isl2b:Tom20-mCherry) animals, Tom20-labeled objects in Mitotracker injected Tg(Isl2b:GFP x 

Isl2b:Tom20-mCherry) animals. Mean ± SEM; n = 1187-1610 mitochondria from 4 animals. 

Statistical analysis in A, B, E and F were performed by two-way ANOVA following Tukey’s post-

hoc test for multiple comparisons. Not significant (ns), ** = p<0.01, *** = p<0.001. 
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Figure 2. OPTN mutants conditionally expressed in RGCs increase the fraction of stopped 

axonal mitochondria, OPTN and LC3b and the fraction of mitochondria co-localizing with 

OPTN. (A) Illustration of the transgenic construct: Isl2b promoter driving rtTA2 linked to 

EGFP-LC3b and mCherry-OPTN driven in opposite strands by a bidirectional tetracycline 

operator, pTRETightBI. The fusion-constructs are thus expressed only in RGCs and only after 

doxycycline induction. (B) Schematic of OPTN functional domains showing the position of the 

point mutations examined. Three glaucoma-associated mutations, E50K, M98K and H486R; An 

ALS-associated mutation, E478G; Two synthetic OPTN mutations, F178A and D474N, 

disrupting LC3b and ubiquitin binding, respectively. CC: coiled coil domain, LIR: LC3 

interacting region, UBD: ubiquitin-binding domain, ZF: zinc finger. Numbers indicate the amino 

acid position. (C-D) Representative confocal images (C) and corresponding kymographs (D) of 

axonal mitochondria, OPTN and LC3b in Mitotracker-injected Tg(Isl2b:mCherry-OPTN(Wt or 

E50K)_ EGFP-LC3b) animals three days after induction of transgene expression. Scale bar, 10 

µm. (E-E’) Quantification of OPTN (E) and LC3b (E’) movements in Wt OPTN and various 

OPTN mutants (all independent F0 animals). Bar graphs show the percentage of each movement 

(stationary, anterograde and retrograde) of OPTN and LC3b in Wt OPTN and OPTN mutants. 

Mean ± SEM; n = 63-652 OPTN and n = 156-259 LC3b objects measured in 4-8 animals. (F) 

Quantification of mitochondrial movements after Mitotracker injection in control (non-

transgenic), and transgenic animals expressing in RGCs either Wt or E50K OPTN (analyzed in 

F1 animals). Expression of E50K OPTN but not Wt OPTN results in a significant increase in 

stalled mitochondria compared to the control. Mean ± SEM; n = 237-2448 mitochondria from 3-

6 animals. (G-H) Quantification of mito-OPTN colocalization in Mitotracker-injected Wt OPTN 

(G, H) and E50K OPTN (H) animals. (G) Percentage of each movement (stationary, anterograde 

and retrograde) of mitochondria co-localizing (mito-OPTN) or not co-localizing (mito-ONLY) 

with OPTN in the animals expressing Wt OPTN. The majority of mito-OPTN objects are 

stationary, whereas mitochondria not co-localizing with OPTN have balanced stationary, 

anterograde and retrograde movement. Mean ± SEM; n = 1550 mito-ONLY, n = 537 mito-

OPTN colocalizations from 4 Wt OPTN animals. (H) Expression of E50K OPTN results in 

increased fraction of mito-OPTN (mitochondria-OPTN colocalization) relative to Wt OPTN, 

both in the moving and stationary pools. Mean ± SEM; n = 658-930 total orthograde 

mitochondria, n = 632-938 total retrograde mitochondria, n = 1017-3246 total stationary 
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mitochondria from 4-6 animals. Statistical analysis in E-H were performed by two-way ANOVA 

following Tukey’s post-hoc test for multiple comparisons. * = p<0.05, ** = p<0.01, *** = 

p<0.001.  
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Supplementary Figure 2. Movement of OPTN and LC3b in F1 animals (not injected intravitreally 

with Mitotracker) match those observed in F0 animals, including showing no large velocity 

changes in either orthograde or retrograde movement. Percentage of each movement (stationary, 

anterograde and retrograde) of OPTN (A) and LC3b (B) in F1 transgenic animals and (C-F) 

average speed of axonal OPTN and LC3b in each direction (anterograde and retrograde) in F0 (C-

D) and F1 (E-F) transgenic animals. Mean ± SEM; n = 155-912 OPTN from 4-6 animals. n = 67-

474 LC3b from 4-6 animals. (G) Average anterograde and retrograde speed in control (non-

transgenic, only Mitotracker-injected animals), and Wt OPTN and E50K OPTN expressing RGC 

axons. Mean ± SEM; n = 237-2448 mitochondria from 3-6 animals. (H) Fraction of stopped and 
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moving OPTN in animals expressing Wt OPTN in the presence and absence of intravitreal 

injections (0.5X MMR solvent or Mitotracker injections). The Mitotracker dye does not affect an 

increase in the percentage of stationary objects; rather, it is the intravitreal injection itself that 

causes the augmentation. Mean ± SEM; n = 819-1242 OPTN objects measured in 11-12 animals. 

(I) Quantification of mito-OPTN colocalizations in Mitotracker-injected E50K OPTN animals. 

Percentage of each movement (stationary, anterograde and retrograde) of mitochondria co-

localizing with (mito-OPTN) or not co-localizing with (mito-ONLY) OPTN in E50K OPTN 

expressing animals. Mean ± SEM; n = 2305 mito-ONLY, n = 2676 mito-OPTN colocalizations 

from 6 E50K OPTN animals. Statistical analysis in A-I were performed by two-way ANOVA 

following Tukey’s post-hoc test for multiple comparisons * = p<0.05, ** = p<0.01, *** = p<0.001.
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Figure 3. 3D reconstruction of axonal mitochondria, OPTN and LC3b in optic nerves shows that 

glaucoma-associated OPTN mutations increase the amounts of mitochondria, OPTN and mito-

OPTN outside of the LC3b-labeled axons. (A-B) (A) Reconstruction of optic nerves displaying 

OPTN, LC3b and OPTN outside LC3b-labeled RGC axons (merged images on the right) in the 

optic nerves of animals expressing Wt and E50K OPTN. D: dorsal, V: ventral, C: caudal, R: rostral. 

Scale bar, 10 µm. (B) Percentage of OPTN outside LC3b-labeled RGC axons is significantly 

higher or trends so in the glaucoma-associated OPTN mutations. Mean ± SEM; n = 5-6 animals. 

(C-E) 3D reconstruction of axonal mitochondria, OPTN and LC3b within the segments of 

intraocular optic nerves in Mitotracker-injected Tg(Isl2b:mCherry-OPTN(Wt or E50K)_ EGFP-
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LC3b) X. laevis. (C) Reconstruction displaying mitochondria, OPTN, LC3b, mito-OPTN 

colocalization and mito-OPTN outside LC3b-labeled RGC axons (merged images on the bottom) 

in the optic nerves of animals expressing Wt and E50K OPTN. D: dorsal, V: ventral, C: caudal, R: 

rostral. Scale bar, 10 µm. (D-E) Percentage of mitochondria (D) and mito-OPTN (E) outside of 

LC3b-labeled RGC axons after expression of Wt and E50K OPTN. Expression of E50K OPTN 

results in a significant increase in mitochondria and mito-OPTN colocalizations outside of LC3b-

labeled RGC axons. Mean ± SEM; n = 3-5 animals. Statistical analysis in B was performed by 

one-way ANOVA following Tukey’s post-hoc test for multiple comparisons, and D-E were 

performed by unpaired, two-tailed Student’s t-test. * = p<0.05, *** = p<0.001.   

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 30, 2023. ; https://doi.org/10.1101/2023.05.26.542507doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.26.542507
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
Figure 4. The RGC axonal mitochondria and OPTN found outside of the LC3b-labeled axons are 

both within the optic nerve parenchyma and on the surface of the optic nerve, and are increased by 
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expression of E50K OPTN. (A-B) E50K OPTN from sparsely labeled axons found outside of 

LC3b-labeled axons are found both within optic nerve parenchyma and optic nerve surface. (A) 

Reconstruction showing astrocyte membranes of the host, from Tg(Fabp7:mTagBFP2-Ras) here 

abbreviated as mBFP, and E50K OPTN and LC3b (merged images on the bottom) from the axons 

of the donor cells. D: dorsal, V: ventral, C: caudal, R: rostral. Scale bar, 10 µm. (B) Percentage of 

OPTN on the optic nerve surface (y-axis) vs. percentage of total OPTN outside of the LC3b-labeled 

axons (x-axis). n = 11 animals. Trend line with 0.522 R-squared value. (C-E) Sparse labeling of 

axons reveals that extensive amounts of axonal mitochondria and OPTN are outside of the axons. 

(C) 3D-reconstructions of sparsely labeled axons showing mitochondria and either Wt or E50K 

OPTN reveal much of both are outside the LC3b-labeled RGC axons (merged images on the 

bottom). D: dorsal, V: ventral, C: caudal, R: rostral. Scale bar, 10 µm. (D-E) Percentage of 

mitochondria (D) and OPTN (E) outside the LC3b-labeled RGC axons in animals expressing Wt 

and E50K OPTN, respectively. Mean ± SEM; n = 9-10 animals. Statistical analysis in D and 

E were performed by unpaired, two-tailed Student’s t-test. * = p<0.05, ** = p<0.01.  
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Supplementary Figure 3. Movements of axonal mitochondria, OPTN and LC3b within the 

sparsely labeled Mitotracker labeled Tg(Isl2b:mCherry-OPTN(Wt or E50K)_ EGFP-LC3b) axons 

of RGCs transplanted into non-transgenic X. laevis. (A-B) Representative confocal images (A) and 

corresponding kymographs (B) of axonal mitochondria and OPTN within the sparsely-labeled 

axons. Scale bar, 10 µm. (C-C’) Relative to Wt OPTN, E50K OPTN increases the percentage of 

stationary mitochondria, OPTN and LC3b measured in sparsely labeled axons (analyzed per axon 

(C) and per animal (C’)). Mean ± SEM; n = 228-383 mitochondria in 48-52 axons from 10 animals. 

n = 249-331 OPTN in 44-66 axons from 10 animals. n = 213-340 LC3b in 42-51 axons from 10 

animals. (D) Average speed of axonal mitochondria, OPTN and LC3b in each direction 

(anterograde and retrograde) in Wt and E50K OPTN transgenic animals. Mean ± SEM; n = 71-97 

mitochondria in 48-52 axons from 10 animals. n = 61-93 OPTN in 44-66 axons from 10 animals. 
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n = 28-95 LC3b in 42-51 axons from 10 animals. Statistical analysis in C-D were performed by 

two-way ANOVA following Tukey’s post-hoc test for multiple comparisons. Not significant (ns); 

* = p<0.05, ** = p<0.01, *** = p<0.001. 
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Figure 5. Extruded axonal mitochondria are degraded by astrocytes. (A) Z-projection of full length 

of the optic nerve visible through live imaging, labeled by an Aqp4-GFP transgene expressed in 

astrocytes. (B) Z-projections of four channels after higher resolution imaging of a region of the 

same optic nerve, position shown in stippled boxed region in A; four channels are astrocyte 

expressed mem-BFP and Aqp4-GFP transgenes, an RGC expressed mem-mCherry transgene, 

together with intravitreally injected Mitotracker. Solid boxes represent fields shown at higher 

resolution in D-E. (C) Micro-CT of the head of same animal after embedding in epoxy-resin, used 

to pin-point the area live-imaged for subsequent SBEM analyses. Optic nerve is colorized green. 

Letter insets: e is eye and br is brain. (D) Superficial astrocyte soma labeled by astrocyte expressed 

Aqp4-GFP transgene (i) containing axonal derived membranes (ii) and mitochondria (iii). Arrow, 

arrowhead and double arrows represent three discrete axonal mitochondria signal unambiguously 

identifiable at both light level live-imaging, but also at the level of SBEM, shown in E-F. (E) Two 

SBEM sections of the same astrocyte soma centered on discrete pockets phagocytosed axonal 

membranes and mitochondrial material. (F) Extra-axonal mitochondria and membranes within 

fine astrocyte processes. Asterisk represents a process originating from same astrocyte shown in 

G. (G) Morphology of one the astrocytes whose processes are near the extra-axonal mitochondria 

shown in F; on right, reconstruction of about half the astrocyte and on left single plane. (H) 

Reconstruction of an axon near the soma of the same astrocyte shown in D-E. (I) Dystrophic 

mitochondria within axon appearing to be enwrapped in other axonal membranes within the axon, 

adjacent to superficial astrocyte soma. 
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Figure 6. At least some OPTN leaves RGC axons in the form of exophers. (A) Examples of axonal 

dystrophies in sparsely labeled Tg(Isl2b:mCherry-OPTN(M98K)_ EGFP-LC3b) axons containing 

partially co-localized stopped OPTN and LC3b; presented as a pseudo-sequence consistent with 

extra-axonal OPTN being the product of transmitophagy. (i) Swelling, where the mitophagy 

machinery OPTN and LC3b are stopped together and focally enriched in a symmetric axonal 

dystrophy. (ii) Loading, where focally accumulated OPTN is enriched in an exopher-like 

asymmetric axonal dystrophy. (iii) Pinching-off, where an exopher-like structure is acutely 

separated from the axon of origin and appears to coalesce with other extra-axonal OPTN 

presumably within acidified organelles of a phagocyte. Scale bar, 1 µm. (B) Changes in 

fluorescence within the exopher-like structure and directly beneath within the axon of origin 

suggest an active loading process. (C) Minimum distance and (C’) changes in fluorescence within 

exopher-like structure show further increase in OPTN soon after separation from the axon. Gray 

dotted horizonal lines represent the mean fluorescence in the same axon away from the axon 

dystrophy, set at 1; thus, all fluorescence values shown represent focal concentrations of both 

LC3b and OPTN signal, suggestive of these being sites of axonal mitophagy.  
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Materials and Methods 
 
Transgenes 

§ pCS2(Isl2b):rtTA2_pTRETightBI_mCherry-OPTNs_EGFP-LC3b: mCherry flanked by 

additional restriction sites was amplified from pTRETightBI-RY-0 (Addgene plasmid # 

31463 ; http://n2t.net/addgene:31463 ; RRID:Addgene_31463) (Mukherji et al., 2011) 

using CD160 and CD161 and recloned into XmaI and EcoRV sites of the same vector. 

Full-length human OPTN, from the Mammalian Gene Collection (CloneID 3457195, 

purchased from OpenBiosystems) was amplified with CD162 and CD163 and placed into 

MluI and EcoRV sites, creating pTRETightBI:mCherry-OPTN_NLS-EYFP. The β-globin 

polyadenylation sequence was then amplified from AAV2:MitoEGFPmCherry (Davis et 

al., 2014) using CD60 and CD61 and inserted in between EcoRV and AatII sites 

downstream of OPTN. To make the EGFP-LC3b part of the constructs, the Egfp was first 

amplified from pCS2:mito-EGFP-mCherry (Davis et al., 2014) using CD53 and CD91h 

and cloned into pTRETight:MitoTimer (Addgene plasmid # 50547 ; 

http://n2t.net/addgene:50547 ; RRID:Addgene_50547) (Hernandez et al., 2013), with 

EcoRI and XbaI, creating the construct pTRETight:EGFP. Then, full-length mouse LC3b 

from OpenBiosystems (CloneID 5319360) was amplified with CD58 and CD59 and cloned 

into SalI-NheI sites of this construct in order to make pTRETight:EGFP-LC3b. Then, 

EGFP-LC3b was moved into the previously created pTRETightBI:mCherry-OPTN_NLS-

EYFP by cloning it into the EcoRI and XbaI sites, thus replacing the NLS-EYFP. In order 

to put both EGFP-LC3b and mCherry-OPTN under inducible control, the first step was to 

create a version of pCS2:rtTA2, previously shown to have low baseline and high 

inducibility in transgenic X. laevis (Das and Brown, 2004; Mills et al., 2015), but with an 

additional multiple cloning site to facilitate assembly. The rtTA2 itself was amplified from 

Blbp:rtTA2 (Mills et al., 2015) using CD158 and CD159, and cloned into PmeI and PacI 

sites of a version of pCS2 vector where the CMV promoter had been previously replaced 

by 600bp upstream sequences of the Cardiac Actin promoter (as well as a multiple cloning 

site or MCS containing ZraI, AatII, PmeI and PacI restriction sites), accomplished by 

amplifying the promoter itself from X. laevis genomic DNA using CD156 and CD157. 

Then, the majority of pTRETightBI:mCherry-OPTN_EGFP-LC3b, excluding the 
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backbone sequences, was placed between the AatII-NotI sites of this pCS2(MCS-

CA600):rtTA2, before removing the CA600 promoter itself by digestion with PacI and 

NotI followed by blunting and self-ligation. pCS2(MCS):rtTA2_pTRETightBI:mCherry-

OPTN_EGFP-LC3b was then cut with SalI and ZraI, and most of it moved into the SmaI 

and XhoI sites of a derivative of the previous pCS2 (1kb Isl2b) vector containing both 1kb 

of the RGC-specific Isl2b promoter as well a Flip-recombinase excisable Kanamycin 

antibiotic selection cassette (pCS2(1kb Isl2b):GFP3-Frt-Kan-Frt; Watson et al., 2012), into 

which a SmaI restriction site had been previously added immediately downstream of 

HindIII, so as to generate pCS2(1kb Isl2b):rtTA2_pTRETightBI:mCherry-OPTN_EGFP-

LC3b_FKF. All the OPTN mutations (E50K, M98K, F178A, D474N, E478G, and H486R) 

were then introduced into this construct by QuikChange® Site-Directed Mutagenesis Kit 

(Stratagene) using the corresponding primers (Primer List below, mutagenized bases are 

shown in uppercase) and verified by Sanger sequencing. The final step of placing all these 

under control of the full 20kb of the zebrafish Isl2b promoter, which drives RGC-specific 

expression in both zebrafish (Pittman et al., 2008) and X. laevis (Watson et al., 2012), was 

accomplished by recombineering (Chan et al., 2007), carried out with minor modifications 

(Watson et al., 2012). 

 

§ pCS2(Isl2b:Tom20-mCherry-Apex2_msSOD2UTR): First, to improve the mitochondria 

targeting efficiency of the transmitophagy reporter, pCS2(1kb Isl2b):Mito-EGFP-mCherry 

(Davis et al., 2014), the SV40pA was replaced by the 3’UTR of msSOD2 (Kaltimbacher 

et al., 2006) amplified from mouse brain cDNA (Clontech 637301) using primers AA35 

and AA36 and inserted into the XbaI and NotI sites. Then, the mitochondria targeting 

sequence from Cox8 in this construct was replaced first by Sncg amplified from the same 

mouse brain cDNA with AA41 and AA42, using HindIII and BamHI, and from there 

replaced again by the mouse Tom20 sequences amplified from the same mouse brain 

cDNA with AA47 and AA48, using XmaI and BamHI. To make the Tom20-linker-

mCherry-linker-FlagApex2-msSOD2UTR, all relevant fragments were combined in a 4-

way Gibson Assembly using the following primers: CD410 and CD621 (Fragment 1), 

CD620 and CD622 (Fragment 2), CD623 and CD627 (Fragment 3), and CD626 and 

CD411 (Fragment 4). This construct was originally made to contain within the first 
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fragment a Xenopus Rhodopsin promoter (xop; (Zhang et al., 2008)), but then the entire 

cDNA along with the polyadenylation sequence was moved with HindII and NotI into a 

construct with 1kb of the zebrafish derived Isl2b promoter and Kanamycin selection 

cassette, so as to make the final construct, referred to simply as Isl2b:Tom20-mcherry in 

the text, by recombineering as described above. 

 

§ pCS2(xtFapb7):mTagBFP2-Ras: BFP from pBAD-mTagBFP2 (Addgene plasmid # 

34632 ; http://n2t.net/addgene:34632 ; RRID:Addgene_34632) (Subach et al., 2011), was 

amplified using FK99 and FK98 and cloned into HindIII and BglII sites of a pCS2 vector. 

The oligonucleotides encoding BglII-Ras farnesylation sequence 

(AAGCTGAACCCTCCTGATGAGAGTGGCCCCGGCTGCATGAGCTGCAAGTGTG

TGCTCTCCTGA) -XbaI was inserted into BglII and XbaI sites of the vector by using 

complementary oligonucleotides. Then the full cDNA of mTagBFP2-Ras and SV40 

polyadenylation sequence was placed in between HindIII and NotI sites of pCS2(xtFabp7) 

vector. 

§ pCS2(xtFapb7):xlAqp4-GFP: a Aqp4 cDNA was amplified from tadpole optic nerve 

mRNA using primers NMD 18 and NMD 20 and cloned into HindIII and NheI sites of a 

pCS2(xtFabp7) construct (Mills et al., 2015) with a unique NheI site in frame upstream of 

GFP. This DNA was then used as template for PCR reactions using NMD 29 and CD411, 

and NMD 30 and CD 410, in order to mutagenize the first stop codon of Aqp4, into a 

tryptophan, through a Gibson ligations of the two amplicons. 

 

ID Sequence Gene Forward/Reverse 

CD 160 acgacgcccggggccaccatggtgagcaagggcgaggaggat XmaI-Kozak-ATG-mCherry Forward 

CD 161 acgacggatatccgtcgtacgcgtcttgtacagctcgtccatgccg 
mCherry-noSTOP-MluI-

EcoRV 
Reverse 

CD 162 acgacgacgcgttcccatcaacctctcagctgcc MluI-noATG-huOPTN Forward 

CD 163 acgacggatatcctaaatgatgcaatccatcacgtgaatc huOPTN-EcoRV Reverse 

CD 60 acgacggtcgacgatatcgctagcctgaggatccgatctttttccc SalI-EcoRV-NheI-βGlobin pA Forward 
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CD 61 
acgacggacgtctagggataacagggtaatgcggccgccttccgagtgagagacacaaa

a 
AatII-ISceI-NotI-	βGlobin pA Reverse 

CD 53 acgacggaattcaagcttgccaccatggtgagcaagggcgaggagctg EcoRI-HindIII-Kozak-Egfp Forward 

CD 91h acgacgtctagagtcgacttaattaagctagccttgtacagctcgtccatgccga Egfp-NheI-PacI-SalI-XbaI Reverse 

CD 58 acgacggctagcccgtccgagaagaccttcaagc NheI-msLC3b Forward 

CD 59 acgacggtcgacttacacagccattgctgtcccg msLC3b-SalI Reverse 

CD 158 acgacggtttaaacgccaccatgtctagactggacaagagcaaag PmeI-rtTA2 Forward 

CD 159 acgacgttaattaagaattaaaaaacctcccacacctc PacI-SV40pA Reverse 

CD 156 acggtcgacgacgtcacctggtgtttaaacttaattaatccactgcattctgtcctgaga 
SalI-AatII-DraIII-SexAI-PmeI-

PacI-CA promoter 600 
Forward 

CD 157 acgacgaagctttggggactgagctgtcaatttata HindIII-CA promoter 600 Reverse 

CD 19 gcagatgaaagagctcctgaccAAGaaccaccagctgaaagaagc huOptn E50K Forward 

CD 20 gcttctttcagctggtggttCTTggtcaggagctctttcatctgc huOptn E50K Reverse 

CD 21 ctgttctgattttcatgctGGAagagcagcgagagagaaaattc huOptn E478G Forward 

CD 22 gaattttctctctcgctgctctTCCagcatgaaaatcagaacag huOptn E478G Reverse 

CD 23 gcggctcctcagaagattccGCTgttgaaattaggatggc huOptn F178A Forward 

CD 24 gccatcctaatttcaacAGCggaatcttctgaggagccgc huOptn F178A Reverse 

CD 25 gcagcgagagagaaaattCGTgaggaaaaggagcaactggc huOptn H486R Forward 

CD 26 gccagttgctccttttcctcACGaattttctctctcgctgc huOptn H486R Reverse 

CD 177 agaagcaaaagagcgtctaAAGgccttgagtcatgagaatg huOptn M98K Forward 

CD 178 cattctcatgactcaaggcCTTtagacgctcttttgcttct huOptn M98K Reverse 

CD 265 agatggaagtttactgttctAATtttcatgctgaaagagca huOptn D474N Forward 

CD 266 tgctctttcagcatgaaaATTagaacagtaaacttccatct huOptn D474N Reverse 

AA 35 acgacgtctagaactcacggccacattgagtg msSOD2UTR Forward 

AA 36 acgacggcggccgctggtgtactgtgaaactgtgacc msSOD2UTR Reverse 

AA 41 acgacgaagcttcccggggccaccatggacgtcttcaagaaaggcttc msSncg Forward 

AA 42 acgacgggatccactagtgtcttctccactcttggcctctt msSncg Reverse 

AA 47 acgacgcccggggccaccatggtgggccggaacagcgcc msTom20 Forward 
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AA 48 acgacgggatccttccacatcatcttcagccaagct msTom20 Reverse 

CD 410 ggcatcgtggtgtcacgctcg AmpR Forward 

CD 411 cgagcgtgacaccacgatgcc AmpR Reverse 

CD 620 ggacctggaagtattgctaccagaattcaaatggtgagcaagggcgaggaggat Tom20-linker-mCherry Forward 

CD 621 atcctcctcgcccttgctcaccatttgaattctggtagcaatacttccaggtcc Tom20-linker-mCherry Reverse 

CD 622 gctagcgcctccgccagagcctccgcctccacgcgtcttgtacagctcgtccatgccg mCherry- Glycine- linker Reverse 

CD 623 acgcgtggaggcggaggctctggcggaggcgctagcatggactacaaggatgacgacg Glycine-linker- FlagAPEX2 Forward 

CD 626 ggagcgcctgaccctggactaactcgagcctctagaactcacggccacatt APEX2 msSOD2UTR Forward 

CD 627 aatgtggccgtgagttctagaggctcgagttagtccagggtcaggcgctcc APEX2 msSOD2UTR Reverse 

FK 99 aaggagaagcttgccaccatgagcgagctgattaaggag Kozak-HindIII- BFP Forward 

FK 98 acgacgagatctatttagcttgtgccccagtttgctaggg BFP-BglII Reverse 

NMD 18 aaggagaagcttgccaccatggtggcatgtaaaggagtctgg HindIII-xlAqp4 Forward 

NMD 19 aaggagctcgagcaatatatctgtctcttttactggaag XhoI-xlAqp4 (no stop 2) Reverse 

NMD 20 aaggaggctagccaatatatctgtctcttttactggaag NheI-xlAqp4 (no stop 2) Reverse 

NMD 29 ggtattatcttcggtatgGctagaagaaagaaatg Aqp4 stop1->Ala Forward ? 

NMD 30 catttctttcttctagGcataccgaagataatacc Aqp4 stop1->Ala Reverse ? 

 

Transgenesis 
Transgenic X. laevis were generated by REMI transgenesis (Amaya and Kroll, 1999) using 

optimizations for larger DNA constructs that have been described previously (Mills et al., 2015). 

In all cases, DNAs were linearized overnight with NotI in the injection buffer, followed by 65 ºC 

20-minute inactivation of the enzyme. Embryos were kept in 0.1X Marc's Modified Ringer's 

(MMR) with 50 μg/mL of gentamicin in sterile glass petri-dishes for the first 2 days, the first day 

at 16 ºC and the second at room temperature, and then subsequently kept in 0.1X MMR in glass 

bowls at room temperature and under a 12/12 light/dark cycle.  

 

Generation of optic nerves with sparsely labeled axons 
Approximately 10-50 eye anlage cells were surgically transferred from X. laevis 

homozygous or heterozygous for Isl2b:mCherry-OPTN(Wt/E50K/M98K)_EGFP-LC3b into 
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either wildtype or Tg(xtFabp7:mTagBFP2-Ras) hosts at a developmental stage prior to retinal cell 

differentiation (at between NF stage 24 and 32). Surgeries were carried under Zeiss Stemi 2000 

stereomicroscopes using hand-held curved tungsten micropins on animals anesthetized with 0.2 

g/L of Tricaine Methanesulfonate (MS-222) in filter sterilized 0.1X MMR 50 μg/mL of gentamicin 

with additional buffering provided by 2 mM HEPES, pH 7.4-7.6 (sterile 0.1X MMR), in 35-mm 

petri dishes. Animals were immobilized during surgeries in disposable clay-mold (Permoplast, 

non-toxic) inserts with adjacent grooves created with a pipette tip and then altered with forceps to 

loosely anchor donors and hosts in parallel near each other. At approximately 10 minutes after 

transplantation, the animals were released from their clay-mold enclosures and donors and hosts 

returned together to the same dish containing fresh sterile-filtered 0.1X MMR 2mM HEPES with 

50 μg/mL of gentamicin. Successful transplants, which ranged from 30-60%, were defined as those 

with donors confirmed as transgenic (since operations are done prior to onset of transgene 

expression), and whose hosts had eyes of normal size and only a few RGC axons labeled, as 

primarily assessed under a Leica MZ10F fluorescence-equipped stereomicroscope and then 

verified through confocal live-imaging (see details below).  

 

Intravitreal injection of Mitotracker 
Mitotracker Deep Red is a far-red fluorescent dye that chemically stains mitochondria in 

live cells (Audano et al., 2021; Weiss-Sadan et al., 2019). Fresh 200 µM of MitoTracker® Deep 

Red FM (Cell Signaling Technology, #8778) dye solution was prepared by diluting a 5 mM of 

stock solution prepared in DMSO with filtered 0.5X MMR on the day of injection. The Mitotracker 

solution was front loaded into a borosilicate glass capillary (World Precision Instruments) that had 

been pulled and then broken to 1-2 µm tip diameter using fine forceps, and then injected 

intravitreally into left eyes of anesthetized animals at around NF stage 48 (Nieuwkoop and Faber, 

1994), using a pressure injector (Narishige IM-300 Microinjector); successful injections were 

verified by observing an acute but mild swelling of the eye at the time of injection. After injection, 

the animals were returned to a new dish containing 0.1X MMR at room temperature and imaged 

3.5 hours after injection for S1A and S1B and 15-18 hours after injection for all the other 

experiments.  

 

Optic nerve live imaging 
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In the case of doxycycline-inducible transgenes, X. laevis tadpoles were placed in 0.1X 

MMR with 50 μg/mL of doxycycline for 2-3 days before imaging. At around NF stage 48, X. laevis 

tadpoles were anesthetized in 0.1X MMR with 0.2 g/L of MS-222 and mounted into custom 

Sylgard 184 silicone elastomer (World Precision Instruments) molds. Molds were created using 

glutaraldehyde fixed tadpoles at the same stages slightly angled using insect pin inserts so as to 

make left optic nerves parallel to the imaging plane, and then modified with surgical blades to 

provide an opening before the mouth to facilitate breathing. Tadpoles immobilized in the molds 

were weighed down by an 18 mm circular coverslip and imaged from beneath in a 35 mm dish 

modified with a 22 mm square glass coverslip as bottom. Optic nerves of the animals were imaged 

by spinning disk confocal microscopy (Dragonfly 503 multimodal imaging system, Andor 

Technology, Belfast, UK) with a 40×/1.10 (magnification/numerical aperture) HC PL APO water 

immersion objective, using a Leica DMi8 inverted microscope (Leica, Wetzlar, Germany), an 

iXon Ultra 888 EMCCD camera (Andor Technology, Belfast, UK), Fusion Software (Andor 

Technology, Belfast, UK) and laser lines of 100 mW 405 nm, 50 mW 488 nm, 50 mW 561 nm, 

and 100 mW 643 nm; first a time-series was obtained at a single focal plane imaged for 1 min at 

1 Hz, and the entire thickness of the nerve at that same location was z-scanned at 1 µm steps. 

Movies at 7 fps and images were created using FIJI ImageJ. 

For some sparsely labeled axons, 5-10 µm thick regions of the optic nerve were subjected 

to repetitive z-scan live-imaging either at 30 seconds intervals for 5 minutes or at 2 minutes 

intervals for 10 minutes. Acquired images were saved as separate image sequence files using FIJI 

ImageJ and imported into IPLab software (Scanalytics). Regions of interests sampled at different 

timepoints were then registered and quantified using a custom script written in IPLab. All the 

relevant movies (3 fps for M98K and 1fps for E50K movies) and images were created using FIJI 

ImageJ. 

 

Kymograph analyses 
Axonal movements of mitochondria, OPTN and LC3b: acquired time-series images were 

saved as separate image sequence files in FIJI ImageJ after being processed by HyperStackReg or 

StackReg Plugin to eliminate object drift. The aligned image sequence files were restacked using 

IPLab software, followed by either manual (for the sparsely-labeled axons and curved axons) or 

semi-automatic tracing using IPLab custom scripts so as to visualize and measure fluorescence 
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intensity changes over time in the form of kymographs. For the semi-automatic tracings, the outer 

contour of the optic nerve was traced, and the approximately 30-µm diameter nerve was 

automatically divided into 0.9 to 1.8 µm parallel swaths, which contained small stretches of axons 

running in parallel; using such sampling distance and thickness, the same moving objects within 

axons were not multiply counted, but some of the larger immotile objects might have been multiply 

counted. Since there was high concordance between ratios of moving and static objects and the 

velocities of the moving objects when comparing whole nerve semi-automatic kymographs and 

the more conventional single axon tracing used in the sparse labeling experiments, any error 

introduced by the novel semi-automatic tracing of axons was deemed minimal. Axonal movement 

was determined by counting the percentage of moving and stopped objects and measuring the 

speed of moving over the 1-min imaging period. Objects were classified as moving if their velocity 

was 0.1 µm/s or faster. Ratios and average speeds were calculated in Excel.  

Colocalization Measures: the same aligned and stacked images from the analysis of axonal 

movements were reprocessed and analyzed by a separate colocalization script but by the same 

logic through IPLab as described previously, except displaying multiple-channel fluorescence 

images along the merged color images, and sequentially tracing objects labeled by multiple 

fluorophores first, followed by those labeled by individual fluorophores. Ratios and average speeds 

were calculated in Excel. 

 

Nerve 3D reconstruction and quantification in Imaris 
Z-scan confocal images of optic nerves expressing mCherry-OPTN and EGFP-LC3b were 

imported into Imaris software (Bitplane). Because LC3b is localized not only in autophagosomal 

membrane, but also is observed more diffusely within cytosol, including axoplasm (Fu et al., 2014; 

Wong and Holzbaur, 2014b; Tammineni et al., 2017; Stavoe et al., 2019; Evans and Holzbaur, 

2020; Kuijpers et al., 2021; Boecker et al., 2021), this EGFP-LC3b signal was used to create a 

mask to define the boundary of the RGC axons and to separately measure the mCherry-OPTN or 

far-red mitochondria signal that co-localized or not with the axons. The Imaris mask toolset was 

used to produce channels for OPTN, mitochondria or OPTN-mitochondria either colocalizing or 

not with LC3b. The % outside axon values were calculated in Excel by comparing the volumes of 

objects outside of the LC3b mask relative to the total volumes. 
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Correlated Light SBEM 
 

After optic nerve live-imaging, tadpoles were fixed overnight with 4% paraformaldehyde, re-

imaged for confocal imaging and positioning, then fixed overnight with 2% EM grade 

glutaraldehyde (18426, Ted Pella Incorporated) in 0.15M sodium cacodylate buffer (SCB) 

containing 2 mM CaCl2. The tadpoles were then prepared for serial block-face imaging (SBEM) 

as described previously (Deerinck, et al., 2010). Briefly, tadpoles were washed with SCB then 

incubated in 2%OsO4 + 1.5% potassium ferrocyanide in SCB containing 2mM CaCl2 for 1 hour. 

Tadpoles were washed with double distilled water (ddH2O) and incubated in .05% 

thiocarbohydrazide for 30 minutes. Tadpoles were then washed again with ddH2O and stained with 

2% aqueous OsO4 for 30 minutes. Tadpoles were again washed in ddH2O and placed in 2% 

aqueous uranyl acetate overnight at 4C. Tadpoles were washed again with ddH2O and stained with 

en bloc lead aspartate for 30 minutes at 60C. After a last wash in ddH2O, tadpoles were dehydrated 

on ice in 50%, 70%, 90%, and 100% ethanol solutions for 10 minutes each, followed by two 10 

minute incubations in dry acetone. Tadpoles were placed in 50:50 dry acetone/Durcopan resin 

overnight, followed by 3 changes of 100% Durcopan for ~12 hours each. Tadpoles were then 

allowed to harden in Durcopan at 60C for 48 hr. 

 

Tissue blocks were cut from hardened Durcopan, and the whole head of the tadpole was mounted 

on plastic dummy blocks, trimmed down to only the region surrounding the left optic nerve, eye, 

and brain. Exact location of optic nerve and the rest the region interest determined by X-Ray 

microscopy imaging of tissue blocks performed on a Zeiss Xradia Versa 510 X-ray microscope 

(XRM) instrument (Zeiss X-Ray Microscopy, Pleasanton, CA, USA). XRM tilt series were 

generally collected at 120 kV and 10W power (75 µA current) and used to create 3D 

reconstructions of the embedded tissue. SBEM data was collected with a 3View unit (Gatan, Inc., 

Pleasanton, CA, USA) installed on a Gemini field emission SEM (Carl Zeiss Microscopy, Jena, 

Germany). Volume was collected at 2.5 kV accelerating voltage, with a raster size of 20k × 17k 

and pixel dwell time of 1.0 µsec. The pixel size was 5.0 nm and section thickness was 60 nm. 

SBEM volumes were analyzed and annotated in 3Dmod (3dmod Version 4.11.24, Copyright (C) 

1994-2021 by the Regents of the University of Colorado). 
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Statistics 
Statistical analyses involved the comparison of means using unpaired, two-tailed Student’s 

t-tests or two-way ANOVAs following Tukey’s post-hoc test for multiple comparisons using 

GraphPad Prism software. All the bar graphs represent the means ± SEM, where values were first 

averaged per animal and N is the number of animals. In the stacked bar graphs (except Fig. 2G, 

S1E, S2H and S2I) showing percentage of each movement, all statistical comparisons were 

performed using all the axonal movements including stationary, orthograde and retrograde, 

although only the statistically significant comparisons between the stationary groups (against Wt 

OPTN or control group) are shown. In all the velocity graphs (except Fig. S1F), all statistical 

comparisons were performed throughout all the transgenic lines and movements (both orthograde 

and retrograde movements), and only the statistically significant comparisons against the Wt 

OPTN or control group are shown. 

 

All animal experiments were carried out in accordance with procedures approved by the 

Institutional Animal Care and Use Committee of University of California, Davis. 

 

Acknowledgments 
This work was supported by the National Eye Institute R01EY026471 and R01EY029087) (N.M-
A). Correlated light, XRM and Volume EM analysis was performed at the National Center for 
Microscopy and Imaging Research, with support from NIH grants U24 
NS120055, 1S10OD021784 and National Science Foundation - NSF2014862-UTA20-
000890 (M.H.E.). Deposition and management of Volume EM data within the Cell Image Library 
was further supported by NIH grant R01 GM82949 (M.H.E.). The authors thank Elizabeth A Mills 
and Ferdinand Kaya for their initial work on generating the original Isl2b- and Fabp7- promoter 
constructs. Image analyses were performed through the use of UC Davis Health Sciences 
Advanced Imaging Facility supported by the NEI UC Davis Core grant (P30-EY012576).  
 

Author contributions 
Conceptualization, Y.J., C.-h.O.D., N.M.-A.; Methodology, Y.J., C.-h.O.D., N.M.-A., A.M., M.E.; 

Software, N.M.-A.; Validation, Y.J., N.M.-A.; Formal Analysis, Y.J., N.M.-A., A.M., M.E.; 

Investigation, Y.J., C.-h.O.D., N.M.-A., V.D., A.M., M.E.; Resources, N.M.-A., M.E.; Data 

Curation, Y.J., C.-h.O.D., N.M.-A., A.M., K-Y. K.; Writing-Original Draft, Y.J., N.M.-A.; 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 30, 2023. ; https://doi.org/10.1101/2023.05.26.542507doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.26.542507
http://creativecommons.org/licenses/by-nc-nd/4.0/


Writing-Review & Editing, Y.J., C.-h.O.D., N.M.-A., A.M., M.E.; Visualization, Y.J., N.M.-A.; 

Supervision, N.M.-A.; Project Administration, N.M.-A.; Funding Acquisition, N.M.-A. 

 

Declaration of interests  
The authors declare no competing or financial interests. 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 30, 2023. ; https://doi.org/10.1101/2023.05.26.542507doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.26.542507
http://creativecommons.org/licenses/by-nc-nd/4.0/


References 
 
Amaya, E., and Kroll, K.L. (1999). A Method for Generating Transgenic Frog Embryos. In 
Molecular Embryology: Methods and Protocols, P.T. Sharpe, and I. Mason, eds. (Totowa, NJ: 
Humana Press), pp. 393–414. 

Ashrafi, G., and Schwarz, T.L. (2013). The pathways of mitophagy for quality control and 
clearance of mitochondria. Cell Death Differ 20, 31–42. https://doi.org/10.1038/cdd.2012.81. 

Ashrafi, G., Schlehe, J.S., LaVoie, M.J., and Schwarz, T.L. (2014). Mitophagy of damaged 
mitochondria occurs locally in distal neuronal axons and requires PINK1 and Parkin. Journal of 
Cell Biology 206, 655–670. https://doi.org/10.1083/jcb.201401070. 

Attwell, D., and Laughlin, S.B. (2001). An Energy Budget for Signaling in the Grey Matter of 
the Brain. J Cereb Blood Flow Metab 21, 1133–1145. https://doi.org/10.1097/00004647-
200110000-00001. 

Audano, M., Pedretti, S., Ligorio, S., Gualdrini, F., Polletti, S., Russo, M., Ghisletti, S., Bean, C., 
Crestani, M., Caruso, D., et al. (2021). Zc3h10 regulates adipogenesis by controlling translation 
and F-actin/mitochondria interaction. Journal of Cell Biology 220, e202003173. 
https://doi.org/10.1083/jcb.202003173. 

Boecker, C.A., Goldsmith, J., Dou, D., Cajka, G.G., and Holzbaur, E.L.F. (2021). Increased 
LRRK2 kinase activity alters neuronal autophagy by disrupting the axonal transport of 
autophagosomes. Current Biology 31, 2140-2154.e6. https://doi.org/10.1016/j.cub.2021.02.061. 

Burgoyne, C.F., Crawford Downs, J., Bellezza, A.J., Francis Suh, J.-K., and Hart, R.T. (2005). 
The optic nerve head as a biomechanical structure: a new paradigm for understanding the role of 
IOP-related stress and strain in the pathophysiology of glaucomatous optic nerve head damage. 
Progress in Retinal and Eye Research 24, 39–73. 
https://doi.org/10.1016/j.preteyeres.2004.06.001. 

Burke, W.J., Chung, H.D., Huang, J.S., Huang, S.S., Haring, J.H., Strong, R., Marchshall, G.L., 
and Joh, T.H. (1988). Evidence for retrograde degeneration of epinephrine neurons in 
Alzheimer’s disease. Ann Neurol. 24, 532–536. https://doi.org/10.1002/ana.410240409. 

Chang, K.T., Niescier, R.F., and Min, K.-T. (2011). Mitochondrial matrix Ca 2 + as an intrinsic 
signal regulating mitochondrial motility in axons. Proc. Natl. Acad. Sci. U.S.A. 108, 15456–
15461. https://doi.org/10.1073/pnas.1106862108. 

Chen, H., and Chan, D.C. (2009). Mitochondrial dynamics-fusion, fission, movement, and 
mitophagy-in neurodegenerative diseases. Human Molecular Genetics 18, R169–R176. 
https://doi.org/10.1093/hmg/ddp326. 

Chen, M., Li, Y., Yang, M., Chen, X., Chen, Y., Yang, F., Lu, S., Yao, S., Zhou, T., Liu, J., et al. 
(2016). A new method for quantifying mitochondrial axonal transport. Protein Cell 7, 804–819. 
https://doi.org/10.1007/s13238-016-0268-3. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 30, 2023. ; https://doi.org/10.1101/2023.05.26.542507doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.26.542507
http://creativecommons.org/licenses/by-nc-nd/4.0/


Cheng, X., and Sheng, Z. (2021). Developmental regulation of microtubule‐based trafficking and 
anchoring of axonal mitochondria in health and diseases. Develop. Neurobiol. 81, 284–299. 
https://doi.org/10.1002/dneu.22748. 

Cheng, X.-T., Zhou, B., Lin, M.-Y., Cai, Q., and Sheng, Z.-H. (2015). Axonal autophagosomes 
recruit dynein for retrograde transport through fusion with late endosomes. Journal of Cell 
Biology 209, 377–386. https://doi.org/10.1083/jcb.201412046. 

Chernyshova, K., Inoue, K., Yamashita, S.-I., Fukuchi, T., and Kanki, T. (2019). Glaucoma-
Associated Mutations in the Optineurin Gene Have Limited Impact on Parkin-Dependent 
Mitophagy. Invest. Ophthalmol. Vis. Sci. 60, 3625. https://doi.org/10.1167/iovs.19-27184. 

Das, B., and Brown, D.D. (2004). Controlling transgene expression to study Xenopus laevis 
metamorphosis. Proc. Natl. Acad. Sci. U.S.A. 101, 4839–4842. 
https://doi.org/10.1073/pnas.0401011101. 

Davis, C.O., Kim, K.-Y., Bushong, E.A., Mills, E.A., Boassa, D., Shih, T., Kinebuchi, M., Phan, 
S., Zhou, Y., Bihlmeyer, N.A., et al. (2014). Transcellular degradation of axonal mitochondria. 
Proc. Natl. Acad. Sci. U.S.A. 111, 9633–9638. https://doi.org/10.1073/pnas.1404651111. 

Deerinck, T., Bushong, E., Lev-Ram, V., Shu, X., Tsien, R., & Ellisman, M. (2010). Enhancing 
Serial Block-Face Scanning Electron Microscopy to Enable High Resolution 3-D Nanohistology 
of Cells and Tissues. Microscopy and Microanalysis, 16(S2), 1138-1139. 
doi:10.1017/S1431927610055170 
 
Ding, W.-X., and Yin, X.-M. (2012). Mitophagy: mechanisms, pathophysiological roles, and 
analysis. Biological Chemistry 393, 547–564. https://doi.org/10.1515/hsz-2012-0119. 

Evans, C.S., and Holzbaur, E.L. (2020). Degradation of engulfed mitochondria is rate-limiting in 
Optineurin-mediated mitophagy in neurons. ELife 9, e50260. 
https://doi.org/10.7554/eLife.50260. 

Fellows, A.D., Rhymes, E.R., Gibbs, K.L., Greensmith, L., and Schiavo, G. (2020). IGF 1R 
regulates retrograde axonal transport of signalling endosomes in motor neurons. EMBO Reports 
21. https://doi.org/10.15252/embr.201949129. 

Ferree, A.W., Trudeau, K., Zik, E., Benador, I.Y., Twig, G., Gottlieb, R.A., and Shirihai, O.S. 
(2013). MitoTimer probe reveals the impact of autophagy, fusion, and motility on subcellular 
distribution of young and old mitochondrial protein and on relative mitochondrial protein age. 
Autophagy 9, 1887–1896. https://doi.org/10.4161/auto.26503. 

Fu, M., Nirschl, J.J., and Holzbaur, E.L.F. (2014). LC3 Binding to the Scaffolding Protein JIP1 
Regulates Processive Dynein-Driven Transport of Autophagosomes. Developmental Cell 29, 
577–590. https://doi.org/10.1016/j.devcel.2014.04.015. 

Harbauer, A.B., Hees, J.T., Wanderoy, S., Segura, I., Gibbs, W., Cheng, Y., Ordonez, M., Cai, 
Z., Cartoni, R., Ashrafi, G., et al. (2022). Neuronal mitochondria transport Pink1 mRNA via 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 30, 2023. ; https://doi.org/10.1101/2023.05.26.542507doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.26.542507
http://creativecommons.org/licenses/by-nc-nd/4.0/


synaptojanin 2 to support local mitophagy. Neuron 110, 1516-1531.e9. 
https://doi.org/10.1016/j.neuron.2022.01.035. 

Heo, J.-M., Ordureau, A., Paulo, J.A., Rinehart, J., and Harper, J.W. (2015). The PINK1-
PARKIN Mitochondrial Ubiquitylation Pathway Drives a Program of OPTN/NDP52 
Recruitment and TBK1 Activation to Promote Mitophagy. Molecular Cell 60, 7–20. 
https://doi.org/10.1016/j.molcel.2015.08.016. 

Hernandez, G., Thornton, C., Stotland, A., Lui, D., Sin, J., Ramil, J., Magee, N., Andres, A., 
Quarato, G., Carreira, R.S., et al. (2013). MitoTimer: A novel tool for monitoring mitochondrial 
turnover. Autophagy 9, 1852–1861. https://doi.org/10.4161/auto.26501. 

Hollenbeck, P.J. (1993). Products of endocytosis and autophagy are retrieved from axons by 
regulated retrograde organelle transport. Journal of Cell Biology 121, 305–315. 
https://doi.org/10.1083/jcb.121.2.305. 

Hsieh, C.-H., Shaltouki, A., Gonzalez, A.E., Bettencourt da Cruz, A., Burbulla, L.F., St. 
Lawrence, E., Schüle, B., Krainc, D., Palmer, T.D., and Wang, X. (2016). Functional Impairment 
in Miro Degradation and Mitophagy Is a Shared Feature in Familial and Sporadic Parkinson’s 
Disease. Cell Stem Cell 19, 709–724. https://doi.org/10.1016/j.stem.2016.08.002. 

Hutto, R.A., Rutter, K.M., Giarmarco, M.M., Parker, E.D., Chambers, Z.S., and Brockerhoff, 
S.E. (2023). Cone photoreceptors transfer damaged mitochondria to Müller glia. Cell Reports 42, 
112115.  
 
Jiménez-Mateos, E.-M., González-Billault, C., Dawson, H.N., Vitek, M.P., and Avila, J. (2006). 
Role of MAP1B in axonal retrograde transport of mitochondria. Biochemical Journal 397, 53–
59. https://doi.org/10.1042/BJ20060205. 

Kaltimbacher, V., Bonnet, C., Lecoeuvre, G., Forster, V., Sahel, J.-A., and Corral-Debrinski, M. 
(2006). mRNA localization to the mitochondrial surface allows the efficient translocation inside 
the organelle of a nuclear recoded ATP6 protein. RNA 12, 1408–1417. 
https://doi.org/10.1261/rna.18206. 

Kang, J.-S., Tian, J.-H., Pan, P.-Y., Zald, P., Li, C., Deng, C., and Sheng, Z.-H. (2008). Docking 
of Axonal Mitochondria by Syntaphilin Controls Their Mobility and Affects Short-Term 
Facilitation. Cell 132, 137–148. https://doi.org/10.1016/j.cell.2007.11.024. 

Kitada, T., Asakawa, S., Hattori, N., Matsumine, H., Yamamura, Y., Minoshima, S., Yokochi, 
M., Mizuno, Y., and Shimizu, N. (1998). Mutations in the parkin gene cause autosomal recessive 
juvenile parkinsonism. Nature 392, 605–608. https://doi.org/10.1038/33416. 

Korac, J., Schaeffer, V., Kovacevic, I., Clement, A.M., Jungblut, B., Behl, C., Terzic, J., and 
Dikic, I. (2013). Ubiquitin-independent function of optineurin in autophagic clearance of protein 
aggregates. Journal of Cell Science 126, 580–592. https://doi.org/10.1242/jcs.114926. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 30, 2023. ; https://doi.org/10.1101/2023.05.26.542507doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.26.542507
http://creativecommons.org/licenses/by-nc-nd/4.0/


Kroll, K.L., and Amaya, E. (1996). Transgenic Xenopus embryos from sperm nuclear 
transplantations reveal FGF signaling requirements during gastrulation. Development 122, 3173–
3183. https://doi.org/10.1242/dev.122.10.3173. 

Kuijpers, M., Kochlamazashvili, G., Stumpf, A., Puchkov, D., Swaminathan, A., Lucht, M.T., 
Krause, E., Maritzen, T., Schmitz, D., and Haucke, V. (2021). Neuronal Autophagy Regulates 
Presynaptic Neurotransmission by Controlling the Axonal Endoplasmic Reticulum. Neuron 109, 
299-313.e9. https://doi.org/10.1016/j.neuron.2020.10.005. 

Lampinen, R., Belaya, I., Saveleva, L., Liddell, J.R., Rait, D., Huuskonen, M.T., Giniatullina, R., 
Sorvari, A., Soppela, L., Mikhailov, N., et al. (2022). Neuron-astrocyte transmitophagy is altered 
in Alzheimer’s disease. Neurobiology of Disease 170, 105753. 
https://doi.org/10.1016/j.nbd.2022.105753. 

Lazarou, M., Sliter, D.A., Kane, L.A., Sarraf, S.A., Wang, C., Burman, J.L., Sideris, D.P., Fogel, 
A.I., and Youle, R.J. (2015). The ubiquitin kinase PINK1 recruits autophagy receptors to induce 
mitophagy. Nature 524, 309–314. https://doi.org/10.1038/nature14893. 

Lehmann, H.C., Chen, W., Borzan, J., Mankowski, J.L., and Höke, A. (2011). Mitochondrial 
dysfunction in distal axons contributes to human immunodeficiency virus sensory neuropathy. 
Ann Neurol. 69, 100–110. https://doi.org/10.1002/ana.22150. 

Li, F., Xu, D., Wang, Y., Zhou, Z., Liu, J., Hu, S., Gong, Y., Yuan, J., and Pan, L. (2018). 
Structural insights into the ubiquitin recognition by OPTN (optineurin) and its regulation by 
TBK1-mediated phosphorylation. Autophagy 14, 66–79. 
https://doi.org/10.1080/15548627.2017.1391970. 

Ligon, L.A., and Steward, O. (2000). Movement of mitochondria in the axons and dendrites of 
cultured hippocampal neurons. J. Comp. Neurol. 427, 340–350. https://doi.org/10.1002/1096-
9861(20001120)427:3<340::AID-CNE2>3.0.CO;2-Y. 

Liu, S., Sawada, T., Lee, S., Yu, W., Silverio, G., Alapatt, P., Millan, I., Shen, A., Saxton, W., 
Kanao, T., et al. (2012). Parkinson’s Disease–Associated Kinase PINK1 Regulates Miro Protein 
Level and Axonal Transport of Mitochondria. PLoS Genet 8, e1002537. 
https://doi.org/10.1371/journal.pgen.1002537. 

Liu, Z., Li, H., Hong, C., Chen, M., Yue, T., Chen, C., Wang, Z., You, Q., Li, C., Weng, Q., et 
al. (2018). ALS-Associated E478G Mutation in Human OPTN (Optineurin) Promotes 
Inflammation and Induces Neuronal Cell Death. Front. Immunol. 9, 2647. 
https://doi.org/10.3389/fimmu.2018.02647. 

Lovas, J.R., and Wang, X. (2013). The meaning of mitochondrial movement to a neuron’s life. 
Biochimica et Biophysica Acta (BBA) - Molecular Cell Research 1833, 184–194. 
https://doi.org/10.1016/j.bbamcr.2012.04.007. 

Lu, B. (2014). Neuronal Mitophagy: Long-Distance Delivery or Eating Locally? Current Biology 
24, R1006–R1008. https://doi.org/10.1016/j.cub.2014.09.037. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 30, 2023. ; https://doi.org/10.1101/2023.05.26.542507doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.26.542507
http://creativecommons.org/licenses/by-nc-nd/4.0/


MacAskill, A.F., and Kittler, J.T. (2010). Control of mitochondrial transport and localization in 
neurons. Trends in Cell Biology 20, 102–112. https://doi.org/10.1016/j.tcb.2009.11.002. 

Maday, S., and Holzbaur, E.L.F. (2014). Autophagosome Biogenesis in Primary Neurons 
Follows an Ordered and Spatially Regulated Pathway. Developmental Cell 30, 71–85. 
https://doi.org/10.1016/j.devcel.2014.06.001. 

Maday, S., Wallace, K.E., and Holzbaur, E.L.F. (2012). Autophagosomes initiate distally and 
mature during transport toward the cell soma in primary neurons. Journal of Cell Biology 196, 
407–417. https://doi.org/10.1083/jcb.201106120. 

Melentijevic, I., Toth, M.L., Arnold, M.L., Guasp, R.J., Harinath, G., Nguyen, K.C., Taub, D., 
Parker, J.A., Neri, C., Gabel, C.V., et al. (2017). C. elegans neurons jettison protein aggregates 
and mitochondria under neurotoxic stress. Nature 542, 367–371. 
https://doi.org/10.1038/nature21362. 

Meng, Q., Xiao, Z., Yuan, H., Xue, F., Zhu, Y., Zhou, X., Yang, B., Sun, J., Meng, B., Sun, X., 
et al. (2012). Transgenic mice with overexpression of mutated human optineurin(E50K) in the 
retina. Mol Biol Rep 39, 1119–1124. https://doi.org/10.1007/s11033-011-0840-0. 

Miller, K.E., and Sheetz, M.P. (2004). Axonal mitochondrial transport and potential are 
correlated. Journal of Cell Science 117, 2791–2804. https://doi.org/10.1242/jcs.01130. 

Mills, E.A., Davis, C.O., Bushong, E.A., Boassa, D., Kim, K.-Y., Ellisman, M.H., and Marsh-
Armstrong, N. (2015). Astrocytes phagocytose focal dystrophies from shortening myelin 
segments in the optic nerve of Xenopus laevis at metamorphosis. Proc. Natl. Acad. Sci. U.S.A. 
112, 10509–10514. https://doi.org/10.1073/pnas.1506486112. 

Minegishi, Y., Nakayama, M., Iejima, D., Kawase, K., and Iwata, T. (2016). Significance of 
optineurin mutations in glaucoma and other diseases. Progress in Retinal and Eye Research 55, 
149–181. https://doi.org/10.1016/j.preteyeres.2016.08.002. 

Mironov, S.L. (2007). ADP Regulates Movements of Mitochondria in Neurons. Biophysical 
Journal 92, 2944–2952. https://doi.org/10.1529/biophysj.106.092981. 

Misgeld, T., Kerschensteiner, M., Bareyre, F.M., Burgess, R.W., and Lichtman, J.W. (2007). 
Imaging axonal transport of mitochondria in vivo. Nat Methods 4, 559–561. 
https://doi.org/10.1038/nmeth1055. 

Mizushima, N., and Komatsu, M. (2011). Autophagy: Renovation of Cells and Tissues. Cell 147, 
728–741. https://doi.org/10.1016/j.cell.2011.10.026. 

Moore, A.S., and Holzbaur, E.L.F. (2016). Dynamic recruitment and activation of ALS-
associated TBK1 with its target optineurin are required for efficient mitophagy. Proc. Natl. Acad. 
Sci. U.S.A. 113. https://doi.org/10.1073/pnas.1523810113. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 30, 2023. ; https://doi.org/10.1101/2023.05.26.542507doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.26.542507
http://creativecommons.org/licenses/by-nc-nd/4.0/


Morales, I., Sanchez, A., Puertas-Avendaño, R., Rodriguez-Sabate, C., Perez-Barreto, A., and 
Rodriguez, M. (2020). Neuroglial transmitophagy and Parkinson’s disease. Glia 
https://doi.org/10.1002/glia.23839. 

Morris, R.L., and Hollenbeck, P.J. (1993). The regulation of bidirectional mitochondrial 
transport is coordinated with axonal outgrowth. Journal of Cell Science 104, 917–927. 
https://doi.org/10.1242/jcs.104.3.917. 

Mukherji, S., Ebert, M.S., Zheng, G.X.Y., Tsang, J.S., Sharp, P.A., and van Oudenaarden, A. 
(2011). MicroRNAs can generate thresholds in target gene expression. Nat Genet 43, 854–859. 
https://doi.org/10.1038/ng.905. 

Nafstad, P.H.J., and Blackstad, T.W. (1966). Distribution of mitochondria in pyramidal cells and 
boutons in hippocampal cortex. Zeitschrift Für Zellforschung 73, 234–245. 
https://doi.org/10.1007/BF00334866. 

Narendra, D., Tanaka, A., Suen, D.-F., and Youle, R.J. (2008). Parkin is recruited selectively to 
impaired mitochondria and promotes their autophagy. Journal of Cell Biology 183, 795–803. 
https://doi.org/10.1083/jcb.200809125. 

Nicolás-Ávila, J.A., Lechuga-Vieco, A.V., Esteban-Martínez, L., Sánchez-Díaz, M., Díaz-
García, E., Santiago, D.J., Rubio-Ponce, A., Li, J.L., Balachander, A., Quintana, J.A., et al. 
(2020). A Network of Macrophages Supports Mitochondrial Homeostasis in the Heart. Cell 183, 
94-109.e23. https://doi.org/10.1016/j.cell.2020.08.031. 

Niescier, R.F., Kwak, S.K., Joo, S.H., Chang, K.T., and Min, K.-T. (2016). Dynamics of 
Mitochondrial Transport in Axons. Front. Cell. Neurosci. 10. 
https://doi.org/10.3389/fncel.2016.00123. 

Nieuwkoop, P.D., and Faber, J. (1994). Normal table of Xenopus laevis (Daudin) (Garland 
Publishing Inc, New York). 

Owada, Y., Yoshimoto, T., and Kondo, H. (1996). Spatio-temporally differential expression of 
genes for three members of fatty acid binding proteins in developing and mature rat brains. 
Journal of Chemical Neuroanatomy 12, 113–122. https://doi.org/10.1016/S0891-0618(96)00192-
5. 

Padman, B.S., Nguyen, T.N., Uoselis, L., Skulsuppaisarn, M., Nguyen, L.K., and Lazarou, M. 
(2019). LC3/GABARAPs drive ubiquitin-independent recruitment of Optineurin and NDP52 to 
amplify mitophagy. Nat Commun 10, 408. https://doi.org/10.1038/s41467-019-08335-6. 

Pilling, A.D., Horiuchi, D., Lively, C.M., and Saxton, W.M. (2006). Kinesin-1 and Dynein Are 
the Primary Motors for Fast Transport of Mitochondria in Drosophila Motor Axons. Molecular 
Biology of the Cell 17, 2057–2068. https://doi.org/10.1091/mbc.e05-06-0526. 

Pittman, A.J., Law, M.-Y., and Chien, C.-B. (2008). Pathfinding in a large vertebrate axon tract: 
isotypic interactions guide retinotectal axons at multiple choice points. Development 135, 2865–
2871. https://doi.org/10.1242/dev.025049. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 30, 2023. ; https://doi.org/10.1101/2023.05.26.542507doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.26.542507
http://creativecommons.org/licenses/by-nc-nd/4.0/


Rezaie, T., Child, A., Hitchings, R., Brice, G., Miller, L., Coca-Prados, M., Héon, E., Krupin, T., 
Ritch, R., Kreutzer, D., et al. (2002). Adult-Onset Primary Open-Angle Glaucoma Caused by 
Mutations in Optineurin. Science 295, 1077–1079. https://doi.org/10.1126/science.1066901. 

Rogov, V., Dötsch, V., Johansen, T., and Kirkin, V. (2014). Interactions between Autophagy 
Receptors and Ubiquitin-like Proteins Form the Molecular Basis for Selective Autophagy. 
Molecular Cell 53, 167–178. https://doi.org/10.1016/j.molcel.2013.12.014. 

Rugarli, E.I., and Langer, T. (2012). Mitochondrial quality control: a matter of life and death for 
neurons: Mitochondrial quality control and neurodegeneration. The EMBO Journal 31, 1336–
1349. https://doi.org/10.1038/emboj.2012.38. 

Saxton, W.M., and Hollenbeck, P.J. (2012). The axonal transport of mitochondria. Journal of 
Cell Science jcs.053850. https://doi.org/10.1242/jcs.053850. 

Schon, E.A., and Przedborski, S. (2011). Mitochondria: The Next (Neurode)Generation. Neuron 
70, 1033–1053. https://doi.org/10.1016/j.neuron.2011.06.003. 

Sharifi, K., Morihiro, Y., Maekawa, M., Yasumoto, Y., Hoshi, H., Adachi, Y., Sawada, T., 
Tokuda, N., Kondo, H., Yoshikawa, T., et al. (2011). FABP7 expression in normal and stab-
injured brain cortex and its role in astrocyte proliferation. Histochem Cell Biol 136, 501–513. 
https://doi.org/10.1007/s00418-011-0865-4. 

Shim, M.S., Takihara, Y., Kim, K.-Y., Iwata, T., Yue, B.Y.J.T., Inatani, M., Weinreb, R.N., 
Perkins, G.A., and Ju, W.-K. (2016). Mitochondrial pathogenic mechanism and degradation in 
optineurin E50K mutation-mediated retinal ganglion cell degeneration. Sci Rep 6, 33830. 
https://doi.org/10.1038/srep33830. 

Sigal, I.A., Flanagan, J.G., and Ethier, C.R. (2005). Factors Influencing Optic Nerve Head 
Biomechanics. Invest. Ophthalmol. Vis. Sci. 46, 4189. https://doi.org/10.1167/iovs.05-0541. 

Sirohi, K., Kumari, A., Radha, V., and Swarup, G. (2015). A Glaucoma-Associated Variant of 
Optineurin, M98K, Activates Tbk1 to Enhance Autophagosome Formation and Retinal Cell 
Death Dependent on Ser177 Phosphorylation of Optineurin. PLoS ONE 10, e0138289. 
https://doi.org/10.1371/journal.pone.0138289. 

Soukup, S.-F., Kuenen, S., Vanhauwaert, R., Manetsberger, J., Hernández-Díaz, S., Swerts, J., 
Schoovaerts, N., Vilain, S., Gounko, N.V., Vints, K., et al. (2016). A LRRK2-Dependent 
EndophilinA Phosphoswitch Is Critical for Macroautophagy at Presynaptic Terminals. Neuron 
92, 829–844. https://doi.org/10.1016/j.neuron.2016.09.037. 

Stavoe, A.K., Gopal, P.P., Gubas, A., Tooze, S.A., and Holzbaur, E.L. (2019). Expression of 
WIPI2B counteracts age-related decline in autophagosome biogenesis in neurons. ELife 8, 
e44219. https://doi.org/10.7554/eLife.44219. 

Stavoe, A.K.H., Hill, S.E., Hall, D.H., and Colón-Ramos, D.A. (2016). KIF1A/UNC-104 
Transports ATG-9 to Regulate Neurodevelopment and Autophagy at Synapses. Developmental 
Cell 38, 171–185. https://doi.org/10.1016/j.devcel.2016.06.012. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 30, 2023. ; https://doi.org/10.1101/2023.05.26.542507doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.26.542507
http://creativecommons.org/licenses/by-nc-nd/4.0/


Stolz, A., Ernst, A., and Dikic, I. (2014). Cargo recognition and trafficking in selective 
autophagy. Nat Cell Biol 16, 495–501. https://doi.org/10.1038/ncb2979. 

Subach, O.M., Cranfill, P.J., Davidson, M.W., and Verkhusha, V.V. (2011). An Enhanced 
Monomeric Blue Fluorescent Protein with the High Chemical Stability of the Chromophore. 
PLoS ONE 6, e28674. https://doi.org/10.1371/journal.pone.0028674. 

Suh, B.K., Lee, S.-A., Park, C., Suh, Y., Kim, S.J., Woo, Y., Nhung, T.T.M., Lee, S.B., Mun, 
D.J., Goo, B.S., et al. (2021). Schizophrenia-associated dysbindin modulates axonal 
mitochondrial movement in cooperation with p150glued. Mol Brain 14, 14. 
https://doi.org/10.1186/s13041-020-00720-3. 

Tammineni, P., Ye, X., Feng, T., Aikal, D., and Cai, Q. (2017). Impaired retrograde transport of 
axonal autophagosomes contributes to autophagic stress in Alzheimer’s disease neurons. ELife 6, 
e21776. https://doi.org/10.7554/eLife.21776. 

Vos, K.J.D., Sable, J., Miller, K.E., and Sheetz, M.P. (2003). Expression of Phosphatidylinositol 
(4,5) Bisphosphate– specific Pleckstrin Homology Domains Alters Direction But Not the Level 
of Axonal Transport of Mitochondria. Molecular Biology of the Cell 14, 3636–3649. 
https://doi.org/10.1091/mbc.e02-10-0638. 

Wang, X., and Schwarz, T.L. (2009). The Mechanism of Ca2+-Dependent Regulation of 
Kinesin-Mediated Mitochondrial Motility. Cell 136, 163–174. 
https://doi.org/10.1016/j.cell.2008.11.046. 

Wang, T., Martin, S., Papadopulos, A., Harper, C.B., Mavlyutov, T.A., Niranjan, D., Glass, 
N.R., Cooper-White, J.J., Sibarita, J.-B., Choquet, D., et al. (2015). Control of Autophagosome 
Axonal Retrograde Flux by Presynaptic Activity Unveiled Using Botulinum Neurotoxin Type A. 
J. Neurosci. 35, 6179–6194. https://doi.org/10.1523/JNEUROSCI.3757-14.2015. 

Wang, X., Winter, D., Ashrafi, G., Schlehe, J., Wong, Y.L., Selkoe, D., Rice, S., Steen, J., 
LaVoie, M.J., and Schwarz, T.L. (2011). PINK1 and Parkin Target Miro for Phosphorylation and 
Degradation to Arrest Mitochondrial Motility. Cell 147, 893–906. 
https://doi.org/10.1016/j.cell.2011.10.018. 

Wang, X., Lou, N., Eberhardt, A., Yang, Y., Kusk, P., Xu, Q., Förstera, B., Peng, S., Shi, M., 
Ladrón-de-Guevara, A., et al. (2020). An ocular glymphatic clearance system removes β-amyloid 
from the rodent eye. Sci. Transl. Med. 12, eaaw3210. 
https://doi.org/10.1126/scitranslmed.aaw3210. 

Wang, Y., Arnold, M.L., Smart, A.J., Wang, G., Androwski, RJ, Morera, A., Nguyen, K.CQ, 
Schweinsberg, P.J., Bai, G., Cooper, J., Hall, D.H., Driscoll, M., Grant, B.D. (2023). Large 
vesicle estrusions from C. elegans neurons are consumed and stimulated by glial-like 
phagocytosis activity of the neighboring cell. eLife March 2, 2023 
https://doi.org/10.7554/eLife.82227 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 30, 2023. ; https://doi.org/10.1101/2023.05.26.542507doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.26.542507
http://creativecommons.org/licenses/by-nc-nd/4.0/


Watson, F.L., Mills, E.A., Wang, X., Guo, C., Chen, D.F., and Marsh-Armstrong, N. (2012). 
Cell type-specific translational profiling in the Xenopus laevis retina. Dev. Dyn. 241, 1960–1972. 
https://doi.org/10.1002/dvdy.23880. 

Weiss-Sadan, T., Maimoun, D., Oelschlagel, D., Kaschani, F., Misiak, D., Gaikwad, H., Ben-
Nun, Y., Merquiol, E., Anaki, A., Tsvirkun, D., et al. (2019). Cathepsins Drive Anti-
Inflammatory Activity by Regulating Autophagy and Mitochondrial Dynamics in Macrophage 
Foam Cells. Cell Physiol Biochem 53, 550–572. https://doi.org/10.33594/000000157. 

Wild, P., Farhan, H., McEwan, D.G., Wagner, S., Rogov, V.V., Brady, N.R., Richter, B., Korac, 
J., Waidmann, O., Choudhary, C., et al. (2011). Phosphorylation of the Autophagy Receptor 
Optineurin Restricts Salmonella Growth. Science 333, 228–233. 
https://doi.org/10.1126/science.1205405. 

Wong, Y.C., and Holzbaur, E.L.F. (2014a). Optineurin is an autophagy receptor for damaged 
mitochondria in parkin-mediated mitophagy that is disrupted by an ALS-linked mutation. Proc. 
Natl. Acad. Sci. U.S.A. 111. https://doi.org/10.1073/pnas.1405752111. 

Wong, Y.C., and Holzbaur, E.L.F. (2014b). The Regulation of Autophagosome Dynamics by 
Huntingtin and HAP1 Is Disrupted by Expression of Mutant Huntingtin, Leading to Defective 
Cargo Degradation. Journal of Neuroscience 34, 1293–1305. 
https://doi.org/10.1523/JNEUROSCI.1870-13.2014. 

Xie, Z., and Klionsky, D.J. (2007). Autophagosome formation: core machinery and adaptations. 
Nat Cell Biol 9, 1102–1109. https://doi.org/10.1038/ncb1007-1102. 

Youle, R.J., and Narendra, D.P. (2011). Mechanisms of mitophagy. Nat Rev Mol Cell Biol 12, 
9–14. https://doi.org/10.1038/nrm3028. 

Yu, D.-Y., Cringle, S.J., Balaratnasingam, C., Morgan, W.H., Yu, P.K., and Su, E.-N. (2013). 
Retinal ganglion cells: Energetics, compartmentation, axonal transport, cytoskeletons and 
vulnerability. Progress in Retinal and Eye Research 36, 217–246. 
https://doi.org/10.1016/j.preteyeres.2013.07.001. 

Yue, Z. (2007). Regulation of Neuronal Autophagy in Axon: Implication of Autophagy in 
Axonal Function and Dysfunction/Degeneration. Autophagy 3, 139–141. 
https://doi.org/10.4161/auto.3602. 

Zhang, R., Oglesby, E., and Marsh-Armstrong, N. (2008). Xenopus laevis P23H rhodopsin 
transgene causes rod photoreceptor degeneration that is more severe in the ventral retina and is 
modulated by light. Experimental Eye Research 86, 612–621. 
https://doi.org/10.1016/j.exer.2008.01.005. 

Zheng, Y., Zhang, X., Wu, X., Jiang, L., Ahsan, A., Ma, S., Xiao, Z., Han, F., Qin, Z.-H., Hu, 
W., et al. (2019). Somatic autophagy of axonal mitochondria in ischemic neurons. Journal of 
Cell Biology 218, 1891–1907. https://doi.org/10.1083/jcb.201804101. 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 30, 2023. ; https://doi.org/10.1101/2023.05.26.542507doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.26.542507
http://creativecommons.org/licenses/by-nc-nd/4.0/

