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Transcellular degradation of axonal mitochondria
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It is generally accepted that healthy cells degrade their own
mitochondria. Here, we report that retinal ganglion cell axons of
WT mice shed mitochondria at the optic nerve head (ONH), and
that these mitochondria are internalized and degraded by adja-
cent astrocytes. EM demonstrates that mitochondria are shed
through formation of large protrusions that originate from other-
wise healthy axons. A virally introduced tandem fluorophore
protein reporter of acidified mitochondria reveals that acidified
axonal mitochondria originating from the retinal ganglion cell are
associated with lysosomes within columns of astrocytes in the
ONH. According to this reporter, a greater proportion of retinal
ganglion cell mitochondria are degraded at the ONH than in the
ganglion cell soma. Consistently, analyses of degrading DNA
reveal extensive mtDNA degradation within the optic nerve
astrocytes, some of which comes from retinal ganglion cell axons.
Together, these results demonstrate that surprisingly large pro-
portions of retinal ganglion cell axonal mitochondria are normally
degraded by the astrocytes of the ONH. This transcellular degra-
dation of mitochondria, or transmitophagy, likely occurs else-
where in the CNS, because structurally similar accumulations of
degrading mitochondria are also found along neurites in superfi-
cial layers of the cerebral cortex. Thus, the general assumption
that neurons or other cells necessarily degrade their own mito-
chondria should be reconsidered.

mitophagy | phagocytosis

he number, half-life, and morphology of mitochondria vary

widely across cell types and are regulated by both intrinsic
and extrinsic mechanisms. Mitochondria number is controlled
through regulated production (1) and degradation (2), as well as
by the regulated fusion and fission of existing mitochondria (3).
Damaged mitochondria are removed by mitophagy, a subtype
of autophagy that involves the enwrapping of mitochondria
in autophagosomes that subsequently fuse with lysosomes to
become autophagolysosomes (2). Implicit in the categorization
of mitophagy as a subtype of autophagy is the assumption that
each cell degrades its own mitochondria.

Recently, we described a phenomenon at the optic nerve head
(ONH) of WT mice, where evulsions originating from otherwise
intact axons are engulfed and degraded by resident phagocytic
astrocytes (4). Serial section-based 3D reconstructions obtained
through serial block-face scanning electron microscopy (SBEM)
revealed that the protrusions on axons and the evulsions near
axons were common throughout the ONH in both the glial
lamina, where retinal ganglion cell axons are unmyelinated, and
in the adjacent myelination transition zone (MTZ). The axonal
protrusions and evulsions were, on average, larger than the mean
diameter of axons and contained membrane-bound organelles of
unknown identity.

Results

Axonal Protrusions and Evulsions Within the ONH Contain Mitochondria.
To determine the identity of the membranous material contained
within the axonal evulsions at the ONH, a 3-mo-old WT C57BL/6J
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mouse was analyzed using 3D electron microscopic volumes
produced by SBEM. Contents within the axonal evulsions that were
fully surrounded by astrocyte processes (Movie S1) included
organelles with the morphological characteristics of mitochondria,
including the presence of cristae (Fig. 1. 4 and B and Movie S2). To
determine whether the mitochondria within axonal evulsions were
healthy or damaged and whether any of the other irregular mem-
branous structures contained within axonal evulsions might be mi-
tochondria remnants, the ONH of mice was examined at higher
resolution by transmission EM (Fig. 1 C and D). Within the
axonal evulsions, mitochondria with an intact cristae structure
(arrows in Fig. 1D) were interspersed with irregular membranous
bodies, some of which could be readily identified as fragments of
mitochondria. The large mitochondrial clusters were found in
3- and 9-mo-old C57BL/6J mice at comparable densities: 1.9 and
4.8 per 10,000 pm?>, respectively. At 9 mo of age, axonal protrusions
averaged 11 + 8 um® in volume and contained 29 + 18 mitochondria
(n = 12, +SD). To exclude the possibility that axonal evulsions
containing intact and degrading mitochondria were associated only
with rare degenerating axons, fibers containing protrusions were
reconstructed from SBEM data. Consistent with our previous study
(4), protrusions and evulsions appeared to represent a continuum
of morphologies. They all had in common the presence of sub-
axolemmal accumulations of mitochondria clustered within other-
wise healthy axons (Fig. 1 E, G, and H and Movies S3 and S4).
In all cases (n = 103), the axonal protrusions filled with mito-
chondria were found specifically at the sites of direct contact
between the axons and astrocyte processes (arrows in Fig. 1 G and

Significance

Mitochondria are organelles that perform many essential
functions, including providing the energy to cells. Cells remove
damaged mitochondria through a process called mitophagy.
Mitophagy is considered a subset of a process called autoph-
agy, by which damaged organelles are enwrapped and de-
livered to lysosomes for degradation. Implicit in the categorization
of mitophagy as a subset of autophagy, which means “self-eat-
ing,” is the assumption that a cell degrades its own mitochondria.
However, we show here that in a location called the optic nerve
head, large numbers of mitochondria are shed from neurons to be
degraded by the lysosomes of adjoining glial cells. This finding
calls into question the assumption that a cell necessarily degrades
its own organelles.
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Fig. 1. Evulsions of retinal ganglion cell axons within the ONH contain
mitochondria. An SBEM single section (A) and serial reconstruction (B) of
axonal evulsion within the ONH of a 3-mo-old C57BL/6) mouse containing
morphologically distinct mitochondria (arrows in A and pink volumes in B).
Transmission EM (C) and enlarged view of the boxed area (D) showing mi-
tochondria with normal morphology (arrows) and mitochondria remnants
within the same evulsion. (E) SBEM-based reconstruction of a single axon
displaying two protrusions (boxes G and H). (F-H) Sections through the areas
boxed in E. The white arrow in F points to close apposition between axons
without intervening glia, and the black arrows in G and H point to direct
contacts between the axon and astrocyte processes (As). (Scale bars: A, B,
and D, 0.5 um; C, 1 pm; E, 5 pm; F-H, 2 pm.)

H). To determine what other axoplasmic components might be
within the axonal evulsions, they were also examined by high-reso-
lution EM tomography (Fig. S1). Microtubules were found in close
proximity to the mitochondria, demonstrating that the evulsions
shed from axons contain axoplasmic components other than just
mitochondria.

Retinal Ganglion Cell Mitochondria Are Degraded Within ONH
Astrocytes. The presence of axonal protrusions containing mito-
chondria at sites of astrocyte contact and axonal evulsions also
containing mitochondria fully surrounded by astrocytes sug-
gested the possibility that some mitochondria from a neuron, the
retinal ganglion cell, might be constitutively degraded outside
that neuron. To test this possibility directly, a transgenic reporter
was designed to track mitochondria degradation. We reasoned
that because mitochondria are degraded within lysosomes, trans-
genes targeted to mitochondria expressing fluorophores that
change spectral properties within the acidic environment of lyso-
somes might be used to monitor the sites of mitochondria degra-
dation. Previously, a tandem fluorophore transgene containing
the acid-sensitive fluorophore EGFP and the acid-resistant fluo-
rophore mCherry linked to the autophagosomal protein LC3 has
been used to distinguish autophagic vesicles before and after fusion
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with lysosomes (5). Here, a similar tandem fluorophore reporter of
EGFP and mCherry was targeted to mitochondria by fusion to 29
amino acids of human cytochrome ¢ oxidase subunit 8 (sequence
provided in Fig. S24) and was expressed in the retina by intra-
vitreal injection of an adenoassociated virus 2 (AAV2) vector.
AAV2:MitoEGFPmCherry infection of the mouse retina pro-
duced a single protein of the expected size, 57 kDa (Fig. S2B), as
well as widespread expression in retinal ganglion cells and their
axons (Fig. S2C). Most of the EGFP and mCherry fluorescence
localized together in the retinal ganglion cell layer (GCL) and
inner plexiform layer of the retina and colocalized with the mi-
tochondria marker ATP synthase (Fig. S2D). A few discrete
puncta with mCherry but not EGFP fluorescence were also found
in the retinas of mice infected with AAV2::MitoEGFPmCherry.
These mCherry-positive/EGFP-negative (mCherry-ONLY) puncta
were found near the nuclei of cells in the retinal GCL and colo-
calized with lysosomal-associated membrane protein 1 (Lampl)
(Fig. 24), confirming that the MitoEGFPmCherry transgene can
be used to identify at least a subset of degrading mitochondria.
Based on the mRNA distribution of the MitoEGFPmCherry trans-
gene relative to the retinal ganglion cell-enriched gene y-synuclein
and the optic nerve astrocyte-expressed gene vimentin, intravitreal
AAV?2 injection produced widespread MitoEGFPmCherry mRNA
expression only within the retina and no expression within the
ONH (Fig. 2B). Therefore, AAV2-mediated delivery of the
MitoEGFPmCherry transgene into the retina was deemed a
suitable method to determine whether some retinal ganglion cell
mitochondria were being degraded within the ONH outside of
retinal ganglion cells. To examine this possibility, longitudinal sec-
tions of the ONHs from mice that received AAV2:MitoEGFPm-
Cherry intravitreal injections were examined together with markers
for lysosomes and for astrocytes by confocal microscopy, optical
deconvolution, and 3D reconstruction. In all 29 naive WT mice
examined by AAV2:MitoEGFPmCherry intravitreal injection,
mCherry-ONLY puncta reporting acidified mitochondria were
common within the ONH (Fig. 2 C and D). These mCherry-ONLY
puncta were associated with and often fully surrounded by vesicles
containing Lampl (Fig. 2C and Movie S5). To determine whether
these degrading mitochondria were within axons or astrocytes, their
position was assessed relative to expression of Mac2, a marker of
phagocytic activity (6) abundant in the cytoplasm of MTZ astro-
cytes (4) (Fig. S3). The majority of the mCherry-ONLY puncta at
the MTZ were found not on the axon bundles but within the
intervening glial columns, and they colocalized with Mac2 (Fig.
2D and Movie S6). Therefore, expression of the MitoEGFPm-
Cherry reporter within the retina established that some retinal
ganglion cell mitochondria are degraded within astrocytes in the
ONH, specifically those astrocytes that express high levels of
Mac2 (Mac2™iehy,

Given the large amount of mCherry-ONLY signal within the
ONH, we reasoned that this extent of mitochondrial degradation
might also be detectable by a sensitive TUNEL assay used in con-
cert with FISH of mtDNA (MitoFISH). As expected, MitoFISH
by itself detected discrete puncta within the elongated or spherical
mitochondria detected by either the MitoEGFPmCherry trans-
gene or ATP synthase immunoreactivity (Fig. S3 4 and B). The
combined MitoFISH-TUNEL protocol revealed the presence of
clusters of TUNEL-positive mitochondria within the ONH
(Fig. 3). The TUNEL-positive, MitoFISH-positive signal was within
the soma and cell processes of ONH astrocytes, as identified by the
glutamate transporter 1 (GLT1):EGFP transgene (Fig. 34 and
Movie S7). In GLT1::EGFP BAC-transgenic mice (7), EGFP is
expressed in the cytoplasm of all GFAP-expressing cells within
the ONH, both the Mac2"*" astrocytes of the glial lamina and
the Mac2™e" astrocytes of the MTZ (Fig. S3). Much of the
TUNEL signal overlapped with the MitoFISH signal, presumably
marking mitochondria at early stages of degradation. The re-
mainder of the TUNEL signal, particularly that near regions
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Fig. 2. AAV2::MitoEGFPmCherry infection of the retina demonstrates
that some retinal ganglion cell mitochondria are degraded within ONH
astrocytes. (A) mCherry-ONLY puncta are within the retinal GCL of
AAV2:MitoEGFPmCherry-infected retinas and colocalize with the lysosomal
marker Lamp1. Circles surround a GCL cell with prominent mCherry-ONLY puncta.
INL, inner nuclear layer; IPL, inner plexiform layer. (B) AAV::MitoEGFPmCherry
mRNA is found only in the retina, including the GCL, where ganglion cells
are labeled by y-synuclein mRNA, but not in the ONH, where astrocytes are
labeled by vimentin mRNA. Dotted traces demarcate the ONH. (C) Within
the ONH, common mCherry-ONLY puncta overlap with or are surrounded by
the lysosomal marker Lamp1. A single mCherry-ONLY punctum surrounded
by multiple vesicles containing Lamp1 is shown in the xyz projection. (D)
Within the ONH MTZ, the mCherry-ONLY puncta localize largely separate
from axon bundles and within the glial columns, and colocalize with the
MTZ astrocyte cytoplasmic marker Mac2. Single mCherry-ONLY punctum
surrounded by Mac2-labeled cytoplasm is shown in the xyz projection. All
images show nuclei labeled by DAPI as a reference. (Scale bars: A, C, and D,
5 pm; B, 100 um.)

of MitoFISH-TUNEL overlap, most likely represents mtDNA
fragments too small to hybridize to the MitoFISH probes but long
enough to seed nucleotide incorporation by terminal transferase
(8). In a control experiment designed to confirm that the Mito-
FISH-TUNEL signal was due to mtDNA, some sections were
treated with DNasel. Nonnuclear TUNEL signal and the
MitoFISH signal were eliminated by pretreatment of the samples
with DNasel, and nuclei became highly labeled by TUNEL
even in regions that were too degraded to be detectable by the
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intercalating dye DAPI (Fig. 34). Finally, to determine
whether the ONH TUNEL signal was due to the degradation
of internalized axonal mitochondria rather than the astrocytes’
own mitochondria, TUNEL labeling was performed in the optic
nerves of C57BL/6J mice whose retinal ganglion cell mito-
chondria were previously labeled by AAV2::MitoEGFPmCherry
intravitreal injection (Fig. 3B and Movie S8). The ONH TUNEL
signal largely colocalized with the mCherry-ONLY puncta,
confirming that AAV2:MitoEGFPmCherry reports degrad-
ing mitochondria and that surprisingly large amounts of reti-
nal ganglion cell mitochondria are degraded by astrocytes within
the ONH.

Large Fraction of Retinal Ganglion Cell Mitochondria Are Degraded
Within the ONH. To estimate the contribution of this pathway to
the overall degradation of retinal ganglion cell mitochondria, the
proportion of mCherry-ONLY signal to total mCherry signal
[here called the mitophagy index (MI)] was quantified in con-
focal 3D image stacks and single 2D optical sections of the ret-
inal GCL and ONH (Fig. 4 and Fig. S4). First, to assess whether
the MI could report differences in mitochondria degradation, the
mitochondrial complex I disruptor rotenone was injected intra-
vitreally at doses one order of magnitude lower than those pre-
viously used to kill retinal ganglion cells (9). Using subjective
thresholding in Imaris (Bitplane, Inc.) 3D volume-based im-
age analysis software, the MI by volume (MI,,,) was increased
16-fold (P < 0.001, Student ¢ test) by rotenone (Fig. 44 and Fig.
S4A4). Using similar subjective thresholding in Imaris to compare
the amount of mCherry-ONLY signal in multiple (n = 4) z-stacks
of the GCL and ONH of one eye revealed a Ml,,, in the ONH
~2.7-fold higher (P < 0.05, Student ¢ test) than in the GCL (Fig.
4D and Fig. S4B). To confirm this highly unexpected finding and
to assess the dependence of this result on the thresholding
parameters used, a quantification and analysis protocol termed 2D
segmentation matrix statistics (2D-SMS; Materials and Methods)

MitoFISH-TUNEL in GLT1::EGFP

DNase

mCherry I
Fig. 3. Combination of TUNEL and MitoFISH identifies mitochondria de-
graded by astrocytes within the ONH and confirms that some of these
degrading mitochondria are derived from axons. (A) In sections of ONH
where astrocytes are labeled by a GLT1::EGFP BAC transgene and mtDNA
is detected by MitoFISH, TUNEL labels degrading mtDNA within astrocyte
soma and processes; after DNase treatment, TUNEL only labels nuclei rem-
nants. (B) In the ONH of C57BL/6J mice whose retinal ganglion mitochondria

are labeled by the AAV2::MitoEGFPmCherry transgene, the TUNEL signal
colocalizes with the mCherry-ONLY puncta. (Scale bars: 5 pm.)
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Fig. 4. Three-dimensional and 2D quantitative assays based on the Cherry-
ONLY signal after AAV2:MitoEGFPmCherry intraocular injection demon-
strate that a higher proportion of retinal ganglion cell mitochondria are
degraded in the ONH relative to the GCL. (A) Intravitreal injection of 0.5 pL
of 3.1 mM rotenone (Rot.) produces a 16-fold increase (***P < 0.001, Stu-
dent t test) in the MI by volume [MI (volume)] within the ONH, as measured
by subjectively set volume thresholding in Imaris software. Representative
images are shown in Fig. S4A. Contr., control. (B) Two-dimensional SMS,
which analyses 2D images at multiple segmentation values across two color
channels, also shows that rotenone produces significant increases in Ml,ca,
which range from 2.3- to 6.4-fold increases depending on the segmentation
used but average a 3.4 + 0.9-fold increase at the P < 0.001 significance level
(Student t test). Representative images binarized at the segmentation pair
denoted by an asterisk in P value distribution are shown in Fig. S4C. Mlrea
P values and fold differences for a scrambled control are shown in Fig. S4E.
(C) Representative images of MitoEGFPmCherry labeling in the GCL and
ONH from the same eye. (Scale bar: 20 pm.) (D) MI (volume) is lower (*P <
0.05, Student t test) in the GCL relative to the ONH, as determined by
comparing ONH sections (n = 4) with retina flat-mount images (n = 4) of one
mouse using subjective thresholding in Imaris software. (E) Comparing sec-
tions of the GCL and ONH from multiple animals (n = 10) using 2D-SMS also
shows significantly lower Ml,e, in the GCL relative to the ONH, with MI fold
differences ranging from 0.03 to 0.30 depending on the segmentation used
and averaging a 0.22 + 0.16-fold difference at the P < 0.001 level (paired
Student t test). Representative images of GCL and ONH binarized at the
segmentation pair denoted by an asterisk in P value distribution are shown
in Fig. S4D. Ml,ea P values and fold differences for a scrambled control are
shown in Fig. S4F.

was also used to measure mCherry-ONLY signal (Fig. 4 B and E
and Fig. S4 B-D). When 2D-SMS was applied to single confocal
sections extracted from the middle of the z-stacks from the same
datasets as above to calculate the MI by area (Ml,.,), rote-
none was shown to produce a mean MI,,., fold difference of
3.4 + 0.9 (Fig. 4B and Fig. S4C; P < 0.001, Student ¢ test),
compared with DMSO vehicle control, whereas the GCL was
shown to produce a mean MI,,., fold difference of 0.12 + 0.06
relative to the ONH, although this difference failed to reach
statistical significance (0.1 < P < 0.05, Student ¢ test). Thus,
although generating a more conservative statistical compari-
son, 2D-SMS MI, ., measurements generally confirmed the
Imaris MI,, measurements by also showing that rotenone
increases mitochondria degradation and supporting that there
might be more degradation of retinal ganglion cell mitochondria
in the ONH than in the retinal ganglion cell soma.

To test rigorously whether the ONH really has a greater
proportion of acidified mitochondria than the GCL, 2D-SMS
was then used to compare these two regions in a larger set of
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animals (n = 10). Compared with the ONH, the GCL was shown
to produce a mean MI,,;., fold difference of 0.22 + 0.03 (Fig. 4E
and Fig. S4D; P < 0.001, paired Student ¢ test), which represents
a 4.6-fold greater amount of mCherry-ONLY area in the ONH
relative to the GCL. To confirm that 2D-SMS was not just
finding statistical significance by virtue of so many comparisons,
two control protocols were then implemented. First, the most
statistically significant segmentation ranges identified by 2D-
SMS in the rotenone and ONH vs. GCL datasets were applied
to their respective datasets, and representative images were
binarized according to the segmentation coordinates that rep-
resent the minimum Pythagorean distance from the origin of
segmentation (Fig. 4 B and E and Fig. S4 C and D). In both
datasets, these combinations of EGFP and mCherry segmentation
thresholds identified by 2D-SMS selectively masked the mCherry
pixels that colocalized with EGFP and detected only the mCherry-
ONLY signals that report degrading mitochondria, thus confirming
that the significance-driven segmentation carried out by 2D-SMS
identifies the biological process being measured, namely, degrading
mitochondria. In the second control protocol, both datasets were
scrambled, and the M., P values and fold differences were ana-
lyzed. As expected, both statistical significance and fold differences
were ablated (Fig. S4 E and F). Thus, analyses based on 3D datasets
by Imaris and on 2D datasets by 2D-SMS agreed in showing that,
at least as reported by the AAV2::MitoEGFPmCherry trans-
gene, degradation of retinal ganglion cell mitochondria at the
ONH constitutes a major pathway for the degradation of ret-
inal ganglion cell mitochondria.

Similar Degradation of Mitochondria Likely Occurs in Superficial Layers
of Cerebral Cortex. To determine whether axonal mitochondria
might be degraded by a similar mechanism elsewhere in the CNS,
SBEM was used to analyze locations where there were spherical
bodies on and near axons labeled by an antibody that recognizes
protease-resistant y-synuclein, because this labeling was the first
evidence that there was astrocyte phagocytosis of axonal elements
within the ONH (4). Spherical bodies labeled by y-synuclein were
found in superficial layers of cerebral cortex on or near seroto-
nergic axons, as identified in a Slc64a BAC transgenic mouse

FOV|

Fig. 5. Protrusions containing degrading mitochondria are found in su-
perficial layers of cerebral cortex of a young WT mouse. (A) Low-magnifi-
cation view of a region of cortical layer 1 of a 3-mo-old C57BL/6J mouse
imaged with SBEM, where black dots indicate the locations of protrusions
found within volume. Total volume dimensions were 200 pm x 200 pm and
32.8 pm in depth. The dotted line indicates the boundary between layers
1 and 2. (B) Higher magnification views of a protrusion reveal morphology
similar to that seen in the ONH, consisting of large, round, membrane-bound
bodies filled with debris particles, including mitochondrial fragments. (C)
Three-dimensional reconstruction of the same protrusion. (Scale bars: A, 15
pm; B and C, 0.5 pm.)
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model where these axons are labeled by EGFP (Fig. S5). At this
location in a naive 3-mo-old C57BL/6J mouse, numerous pro-
trusions were found (Fig. 54) that highly resemble those seen in
the ONH by SBEM (Fig. 5 B and C and Movie S9), although
whether they were present on these serotonergic axons or different
neurites was not determined.

Discussion

According to the MitoEGFPmCherry mitochondria degradation
reporter, a significantly greater proportion of retinal ganglion
cell mitochondria are degraded in the ONH than at the cell
soma, which is the site where most mitochondrial degradation is
presumed to occur. Extrapolations based on the data presented
in this study lead us to estimate that there is approximately a 10-
fold greater amount of retinal ganglion cell mitochondria in the
retinal GCL than in the ONH but that the total amounts of retinal
ganglion cell mitochondria being degraded at both locations are
comparable. It is, of course, possible that the MitoEGFPmCherry
transgene provides a skewed report of mitochondria degradation,
for example, by just reporting on large clusters of degrading mi-
tochondria. Regardless, the MitoEGFPmCherry transgene dem-
onstrates that the ONH is a major site of retinal ganglion cell
degradation. This conclusion based on the MitoEGFPmCherry
reporter is supported by EM ultrastructural investigations of
the ONH. Based on the frequency of axonal protrusions and
evulsions, we estimate that within the ONH of adult WT mice,
most axons contain at least one such structure filled with mito-
chondria at various stages of degeneration. Further, taking into
account the number of mitochondria per protrusion/evulsion,
also measured by SBEM, we then estimate that approximately
1 million retinal ganglion cell mitochondria are being degraded
at the ONH of mice at any one time.

Here, we present three independent corroborating lines of
evidence that at this second major site of retinal ganglion cell
degradation, at least some of the axonal mitochondria are not
degraded cell-autonomously within retinal ganglion cell axons
by traditional mitophagy but rather by the resident astrocytes
through a process we term transcellular degradation of mito-
chondria, or transmitophagy. First, SBEM shows structures that
represent a continuum: mitochondria clustered within axons at
sites contacted by astrocyte processes, axonal protrusions filled
with mitochondria being pinched off from axons, and membrane-
enclosed evulsions filled with mitochondria fully surrounded by
astrocyte cytoplasm. Second, acidified retinal ganglion cell mi-
tochondria, as detected by ONH mCherry-ONLY signal after
MitoEGFPmCherry transgene delivery to the retina, are found
at the ONH specifically in columns of astrocytes within the as-
trocyte cytoplasm and surrounded by lysosomes. Third, large
clusters of degrading mtDNA, as detected by a combination of
TUNEL and MitoFISH, are also found within astrocytes spe-
cifically at this location, and at least some of these mitochondria
are of axonal origin as demonstrated by colocalization with the
retina-delivered MitoEGFPmCherry transgene.

Many questions remain. It is unknown whether the axonal
mitochondria removed at the ONH are only mitochondria resi-
dent within axons at this location or whether other axonal mi-
tochondria fated to undergo degradation are actively transported
to the ONH for disposal. Why axonal mitochondria are degraded
selectively at the ONH is also not known. One possibility is that
this pathway is activated by focal axonal damage that is in-
sufficient to cause axonal loss. Another possibility is that it is too
dangerous or energetically demanding to transport axonal mi-
tochondria through the narrow lamina region back to the soma
for degradation. However, a third possibility is that the ONH
contains a subset of astrocytes with extreme phagocytic activity,
as might be suggested by their high expression of molecular
markers such as Mac2. A previous study (10) described prom-
inent focal swellings on axons and dystrophic neurites filled with
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mitochondria within the ONH glial lamina as the earliest sign
of glaucomatous pathology in DBA/2J mice, an age-dependent
glaucoma mouse model. Thus, a high priority will be to examine
whether normal shedding of mitochondria from axons at the
ONH is affected in glaucoma before the onset of axon loss.
Because morphologically similar structures filled with degrading
mitochondria are also found in the cortex at a 10-fold lower
density, it is possible that transmitophagy of axonal mito-
chondria by astrocytes is a widespread phenomenon in the CNS.
Recently, astrocytes have been shown to phagocytose whole
synapses elsewhere in the visual pathway (11). Because synapses
usually contain mitochondria, it is quite possible that the mo-
lecular machinery used by astrocytes in the phagocytosis of
synapses may also be used in the phagocytosis of axonal mito-
chondrial evulsions in the ONH and elsewhere.

Although this description of a transmitophagy process is new
for the nervous system, transcellular degradation of mitochon-
dria is also seen upon fertilization, because sperm mitochondria
are actively degraded by oocytes, through molecular machinery
that is also used in autophagy (12). Similar autophagy-assisted
phagocytosis is also involved in the turnover of photoreceptor
outer segments by retinal pigment epithelial cells (13), and thus
may be a common mechanism used in the nervous system. It is
noteworthy that mtDNA is highly immunogenic (14); for exam-
ple, mtDNA that is not properly degraded by autophagy can be
released and cause cardiomyopathy (15). Because of the prom-
inent roles that mitochondria play in axonal health (16) and in
varied neurodegenerative disorders (17), a priority should be to
determine whether specific defects in transmitophagy contribute
to neuronal dysfunction or disease.

Materials and Methods

Mice. Experiments were carried out in accordance with animal protocols
approved by Institutional Animal Care and Use Committees at The Johns
Hopkins University School of Medicine and University of California, San
Diego. GLT1::EGFP mice (7) and gene expression nervous system atlas (18)
Slc6a4::EGFP mice were obtained from Jeff Rothstein and David Linden,
respectively (both from The Johns Hopkins University School of Medicine).

SBEM and Electron Tomography. For SBEM, the ONHs of two male C57BL/6J
mice (aged 3 mo and 9 mo) were processed with procedures modified from
Wilke et al. (19), essentially as previously described by Nguyen et al. (4).
Volumes were processed and analyzed using IMOD software (http:/bio3d.
colorado.edu/imod) (20). Electron tomography specimens from the ONH of
a 9-mo-old C57BL/6J mouse processed for SBEM staining as described above
were sectioned with a diamond knife at a thickness of 300 nm. Sections were
coated on both sides with carbon. Following glow discharge, 5- and 10-nm
diameter colloidal gold particles were deposited on each side to serve as
fiducial markers. Data were generated with an FEI Titan microscope oper-
ating at 300 kV; the micrographs were produced using a 4k x 4k Gatan CCD
camera. For reconstruction, single tilt series of images were recorded be-
tween —60° and +60° at regular increments of 0.5°. Fine alignment of
projections and 3D reconstruction were performed using the transform-
based tracking, bundle adjustment, and reconstruction package (21) in
conjunction with IMOD. Examples presented in Fig. 1 and quantitative data
described in the main text are derived from two mice; similar structures
have been observed by SBEM in four additional 3-mo-old C57BL/6J mice, as
well as in three mice of the DBA/2J background. The electron tomography
data are derived from an additional 9-mo-old C57BL/6J mouse.

MitoEGFPmCherry Detection of Degrading Mitochondria. The MitoEGFPmCherry
construct was first made in a pCS2* vector by in-frame fusion of amino acids
1-29 of human (and other primate) cytochrome c¢ subunit 8 to EGFP, fol-
lowed by a flexible glycine linker, followed by mCherry (sequence provided
in Fig. S2). The resulting cDNA was subcloned into Mlul and Kpnl sites of
PENN.AAV.CB7.Cl to produce AAV2:MitoEGFPmCherry. Virus production
and purification were carried out at the University of Pennsylvania Vector
Core. For ocular delivery, 2 uL of AAV2 (2.36 x 10'? genome copies per
milliliter) were delivered over the course of 1 min into the vitreous space
using a micromanipulator-guided 10-uL Nanofil syringe loaded onto a
microinjector (World Precision Instruments).
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Intravitreal Injection of Rotenone. At least 1 mo after the AAV2:MitoEGFPmCherry
intravitreal injection, 0.5 pL of 3.1 mM rotenone (Sigma-Aldrich) in DMSO
(Sigma-Aldrich) or the DMSO vehicle alone was injected into the vitreous
space over the course of 1 min in a similar fashion as the AAV injections.
Mice were killed for analyses 24 h after the ocular injections of rotenone
or vehicle.

MitoFISH-TUNEL Detection of Degrading Mitochondria in Cryosections. To
produce mouse mtDNA probes, C57BL/6J mouse liver mitochondria were
purified by differential centrifugation (22). Over 12 kb of the mitochondria
genome was amplified with Expand Long Polymerase (Roche) by three
primer pairs each amplifying ~4 kb: AATTCCATAATTTACACCAACTTCCTA
and CTCGTGTGTCTACATCTAATCCTACT, ATTACTATACTACTAACAGACCGCAA
and AACATGGGCTTTTGGTAGTCATAGGT, and TTATCATTCACAACACACACCT-
TAGAC and CTTTGGGTGCTGGTGGTGG. Gel-purified PCR bands were labeled
with digoxigenin-11-dUTP by nick translation (Roche) and purified by Micro-
Spin G-50 columns (Amersham Pharmacia Biotech, Inc.). TUNEL detection
by BrdUTP incorporation was performed by modified procedures based on
the method of Darzynkiewicz et al. (23). After TUNEL and immunohisto-
chemistry, MitoFISH was detected by modified procedures based on the
methods of van de Corput et al. (24) and Janes et al. (25). A detailed protocol
is provided in S/ Materials and Methods.

Immunohistochemistry, mRNA in Situ Hybridization, and Image Acquisition.
Antibodies used were a rat anti-mouse Mac2 (American Type Culture Col-
lection), rabbit anti-human Lamp1 (Abcam), mouse anti-rat ATP synthase
(Millipore), chicken anti-GFP (Aves Labs), and rat anti-BrdU (Abcam). Goat
secondary antibodies used were anti-rabbit IgG Cy5, anti-mouse 1gG Cy5, and
anti-chicken IgY Cy2 (all from Jackson Immunoresearch), as well as anti-rat
19G Cy5 (Invitrogen). The slides were stained with DAPI (Invitrogen) to vi-
sualize nuclei. Riboprobes for y-synuclein and vimentin and procedures for
mRNA in situ hybridization have been described previously (26). The probe
for MitoEGFPmCherry was made by first cloning the cDNA into pBluescript.
Fluorescence image stacks of retinas and optic nerves were collected with a
Fluoview 500 confocal laser-scanning microscope (Olympus) using a 1.42-N.A.
PlanApoN 60x oil immersion objective (Olympus) and acquired at a 0.4-um
z-interval for all image stacks other than those presented in Fig. S4B and used
in the quantification shown in Fig. 4D. The latter images were acquired using
a Leica SPE Il inverted confocal microscope (Leica Microsystems GmbH) with
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a 1.3.-N.A. ACS Apo 63x oil immersion objective and collected at a 0.25-um
z-interval. For 2D-SMS comparisons of the ONH and retina in larger sets of
animals, single confocal images were acquired with the Fluoview 500 micro-
scope using a 1.0-N.A. UPlanApo 40x oil immersion objective (Olympus).

Three-Dimensional and 2D Image Quantification. For mCherry-ONLY volume
comparisons, stacks of confocal images were deconvoluted with Autoquant
X3 software (Media Cybernetics, Inc.) and rendered as 3D reconstructions in
Imaris analysis software (Bitplane, Inc.). Imaris was used to identify mCherry-
ONLY and MitoFISH-positive, TUNEL-positive signals. To compare mitochondria
degradation in the ONH and GCL, and for the rotenone-positive control, vol-
umes of mCherry-ONLY were measured using Imaris, and the results were
statistically analyzed and graphed using GraphPad Prism. For mCherry-ONLY
measurements that did not depend on subjective thresholding values, raw or
deconvoluted individual confocal images were analyzed using a custom IPlab
(Becton Dickinson) script called 2D-SMS. The mCherry-ONLY signal was quan-
tified by zeroing pixels in EGFP segments and counting the remaining mCherry
segments. Multiple ascending segmentation thresholds in both color channels
were used to quantify single confocal optical sections, generating matrices of
values where the coordinates of individual values reflected the segmentation
thresholds of the two color channels. Performing statistical analysis on values in
congruent segmentation coordinates generated a 2D distribution of P values.
Statistics were then computed and graphed using Excel software (Microsoft),
and final graphs were produced using IPlab. The Ml is defined as an area ratio
in the 2D-SMS analyses and a volume ratio in the Imaris analyses, and it is
defined as mCherry-ONLY signal/total mCherry signal. Ml fold differences were
calculated by Mlgotenone/Mlvenicie in the rotenone dataset and by Migq/Mlony
in the GCL vs. ONH dataset.
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Mice were killed by CO, inhalation, and eyes with attached optic
nerves were dissected in PBS, postfixed overnight in 4% (wt/vol)
paraformaldehyde in PBS (PFA), cryoprotected in 30% (wt/vol)
sucrose in PBS, and cryosectioned onto glass slides. The slides
were permeabilized overnight at 4 °C in 1% Triton X-100 in PBS
(PBT). Following three PBS washes for 5 min each time, the
slides were treated with 20 pg/pL proteinase K (Invitrogen) for
5 min and postfixed in PFA for 5 min. After three 5-min PBS
washes, a 10-min PBT permeabilization, and a 5-min PBS wash,
control slides were incubated in 0.3 U/pL TURBO DNase (In-
vitrogen) for 1 h at 37 °C. After DNase incubation, slides were
washed in TUNEL buffer [0.2 M cacodylic acid buffered with
potassium hydroxide (Sigma—Aldrich) in 50 mM Tris buffer (pH
7)] for 10 min and incubated in TUNEL reaction solution [4 pM
BrdUTP (Sigma—-Aldrich), 5 mM CoCl, (Roche Applied Sci-
ence), and 200 units of terminal deoxynucleotidyl transferase
enzyme (Roche Applied Science)] in 1x TUNEL buffer for 2 h
at 37 °C. Following the TUNEL reaction, three 5-min PBS
washes were performed before the immunohistochemical de-
tection of BrdU, performed essentially as previously described
(1). For tissues from GLT1:EGFP mice, EGFP was immunola-
beled to visualize the EGFP, because EGFP intrinsic fluorescence
was lost after the subsequent FISH of mtDNA hybridization steps.
The immunolabeling reactions were performed sequentially to
avoid antibody cross-reactivity. Following immunolabeling, the
slides were postfixed in PFA for 5 min, washed three times in PBS
for 5 min each time, and incubated in 0.1 mg/mL RNase (USB)

1. Darzynkiewicz Z, Galkowski D, Zhao H (2008) Analysis of apoptosis by cytometry using
TUNEL assay. Methods 44(3):250-254.

for 90 min at 37 °C. The slides were washed briefly in 2x SSC
(Sigma—Aldrich), treated with 1 N of HCI for 5 min to hydrolyze
mitochondria DNA partially, washed with PBS twice for 5 min
each, and washed in 2x SSC for 5 min. The mitochondrial probe
was diluted in hybridization solution [50% (vol/vol) formamide
(Sigma—Aldrich) and 5% (wt/vol) dextran sulfate (Sigma—Aldrich)
in 1x SSC] at 1 ng/uL and left in an 80 °C water bath for at least
5 min. The slides were treated with the hybridization solution,
covered in HybriSlip plastic coverslips (Invitrogen), and incubated
for 2 h at 65 °C and then overnight at 37 °C. The HybriSlips were
removed in 2x SSC, and the slides were washed in 2x SSC for
5 min at 45 °C. Following a 5-min wash in B1 buffer [0.15 M NaCl
in 0.1 M Tris (pH 7.6)], the slides were blocked in 1% Roche
blocking reagent (Roche Applied Science) in Bl buffer (Roche
block) and incubated in 1:200 horse-radish peroxidase-conjugated
sheep anti-digoxigenin (Roche) in Roche block overnight at 4 °C.
Following three B1 buffer washes for 5 min each time, the slides
were treated with Cy3-conjugated tyramide system amplification
(PerkinElmer), washed four times in B1 buffer for 5 min each
time, stained with DAPI, and mounted with Aqua-Poly Mount
(Polysciences). Similar results were obtained using TUNEL as-
says based on the incorporation of 5-ethynyl-2’-deoxyuridine-5’-
triphosphate (EAUTP), digoxigenin-dUTP, and biotin-dUTP. Of
these agents, BrdUTP and EQUTP were the most sensitive and
lacked tissue-derived background signal. BrdUTP was deemed
preferable to EAUTP in having a lower noise signal and better
compatibility with subsequent antibody labeling reactions.

Fig. S1. Electron tomography of an evulsion in the optic nerve head of 9-mo-old C57BL/6) mouse. A large evulsion is shown as a single serial block-face
scanning electron microscopy section (A) and a single computed slice from the tomographic volume (B). Debris particles containing clear cristae structures are
shaded red. Adjacent microtubules are shaded yellow. (C) Three-dimensional segmentation of the mitochondria and microtubules reveals potential inter-

actions between these elements. (Scale bars: 0.5 pm.)
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Fig. S2. Ocular injection of adenoassociated virus 2 (AAV2)::mtDNA (Mito) EGFPmCherry results in a single protein of the predicted size expressed broadly in
retinal ganglion cells and their axons, which localizes to mitochondria. (A) Sequence of MitoEGFPmCherry transgene: Cytochrome oxidase subunit 8 sequences
are shown in blue, EGFP is shown in green, mCherry is shown in red, and intervening linker sequences are shown in gray. (B) Western blot from single retina
infected with AAV::MitoEGFPmCherry and the contralateral noninjected retina, showing a single specific band detected by an EGFP antibody in the injected
eye of the predicted ~57-kDa size. (C) Flat-mount view of retina infected with AAV2::MitoEGFPmCherry, showing broad transgene expression in retinal
ganglion cells and their axons. Arrows point to axon bundles with labeled puncta. (D) Within the retina, AAV2::MitoEGFPmCherry infection produces punctate
labeling of both EGFP and mCherry, which colocalize with immunoreactivity for mitochondrial ATP synthase. GCL, ganglion cell layer; INL, inner nuclear layer;
IPL, inner plexiform layer. (Scale bars: C, 250 pm; D, 5 pm.)
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Fig. $3. FISH of mtDNA (MitoFISH) colocalizes with other mitochondria markers, and EGFP is a cytoplasmic marker for all optic nerve head astrocytes in
glutamate transporter 1 (GLT1)::EGFP mice. (A) MitoFISH signal colocalizes with both EGFP and mCherry signals of MitoEGFPmCherry in the retina ganglion cell
layer (GCL). Hybridization signal is absent in the no-probe control. Circles mark the area of the most obvious signal overlap. (B) MitoFISH signal partially
colocalizes with ATP synthase immunoreactivity in the GCL. The circle marks a MitoFISH punctum within elongated ATP synthase-labeled mitochondria. (C) In
GLT1::EGFP BAC transgenic mice, EGFP is a cytoplasmic marker for optic nerve head astrocytes, both in the glial lamina and myelination transition zone (MTZ).
In the glial lamina, EGFP is found in the same cells that express GFAP. In the MTZ, EGFP largely colocalizes with the phagocytic marker Mac2 in the same cells
that express GFAP. Circles mark most obvious examples of colocalization. (Scale bars: A and B, 5 pm; C, 25 pm.)
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Fig. S4. Detection of degrading mitochondria using the AAV2::MitoEGFPmCherry transgene and either a single segmentation value in Imaris (Bitplane, Inc.)
or multiple segmentation values in 2D segmentation matrix statistics (SMS). (A) Subjective volume thresholding using Imaris shows that rotenone intravitreal
injection produces an increased volume of mCherry-positive/EGFP-negative (mCherry-ONLY) signal in the optic nerve head. (B) Subjective volume thresholding
using Imaris shows a greater proportion of mCherry-ONLY signal (over total mCherry signal) in the optic nerve head (ONH) relative to the GCL; these volumes
are used in Discussion to provide rough estimates of the total amount of intact and degrading mitochondria in the retina and ONH. (C) Representative 2D
image of the ONH used in the 2D-SMS quantifications provided in Fig. 4B, next to the binary image produced by the minimum Pythagorean distance seg-
mentation value pair (12% green, 67% red) that has a statistically significant (Student t test, P < 0.001) difference between rotenone-treated and untreated
eyes (coordinate is shown as red asterisk in Fig. 4B). (D) Binary images of the raw data presented in Fig. 4C created by 2D-SMS at the minimum Pythagorean
distance segmentation value pair (22% green, 69% red) that has a statistically significant (Student t test, P < 0.001) difference between the GCL and ONH. (E)
Two-dimensional SMS analyses of scrambled sets (groups that had equal numbers of control and rotenone images in both groups) show no significant dif-
ferences and no large fold differences at any segmentation pair. MI, mitophagy index. (F) Two-dimensional SMS analyses of scrambled sets (groups that had
equal numbers of GCL and ONH images in both groups) show no significant differences and no large fold differences at any segmentation pair. (Scale bars: B,
5um; A, C, and D, 20 pm.)
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gamma-synuclein

Fig. S5. Puncta of y-synuclein immunoreactivity are found on serotonergic axons and other unidentified neurites in superficial layers of the cerebral cortex.
Serotonergic axons are labeled by EGFP in the Slc6a4::EGFP BAC mouse. The dotted line indicates the boundary between layers 1 and 2. (Scale bar: 25 pm.)
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Movie S1. Serial block-face scanning electron microscopy (SBEM) sections show that an evulsion containing mitochondria is fully surrounded by astrocyte
processes at the optic nerve head glial lamina. This is the same evulsion shown in Fig. 1 A and B. Frames are 70 nm apart. Cyan marks the contour of the
evulsion, and red marks individual mitochondria. (Scale bar: 1 pm.)

Movie S1

Movie S2. Rotating view of SBEM reconstruction shows that an evulsion contains multiple mitochondria. This is the same evulsion shown in Fig. 1 A and B and
Movie S1. Frames are 70 nm apart. Cyan marks the contour of the evulsion, and red marks individual mitochondria. (Scale bar: 1 pm.)

Movie S2
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Movie S3. SBEM sections show a single healthy axon within the optic nerve head glial lamina that has two nearby protrusions containing mitochondria
accumulations. This is the same axon shown in Fig. 1 E-H. Frames are 70 nm apart. Cyan marks the contour of the axon, and red marks individual mitochondria.
(Scale bar: 5 pm.)

Movie S3

Movie S4. Rotating view of SBEM reconstruction shows that the mitochondria-containing protrusions are present on an axon that appears healthy. This is the
same axon shown in Fig. 1 E-H and Movie S3. Frames are 70 nm apart. Cyan marks the contour of the axon, and red marks individual mitochondria. (Scale bar:
5pm.)

Movie S4
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Movie S5. Three-dimensional reconstruction of confocal stacks of the optic nerve head from a mouse that received an adenoassociated virus 2 (AAV2)::
mtDNA (Mito) EGFPmCherry intravitreal injection shows that mCherry-positive/EGFP-negative (mCherry-ONLY) signal colocalizes with lysosomal-associated
membrane protein 1 (Lamp1). These are the same data presented in Fig. 2C. Stacks of confocal images (Z = 0.4 um) were rendered as 3D reconstructions using
Imaris software (Bitplane, Inc.). DAPI is shown in blue, EGFP is shown in green, mCherry is shown in red, and Lamp1 is shown in white. EGFP and mCherry are
initially shown separately and then together to emphasize the presence of acidified mitochondria. mCherry-ONLY signal (magenta) is overlaid on the EGFP-
mCherry signal in flashes, and then shown by itself. White channel (Lamp1) signal is flashed over the mCherry-ONLY signal. Then, the mCherry-ONLY signal is
phased out. EGFP and mCherry signals are phased back in with the white Lamp1 signal.

Movie S5
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Movie S6. Three-dimensional reconstruction of confocal stacks of the optic nerve head from a mouse that received an AAV2::MitoEGFPmCherry intravitreal
injection shows the mCherry-ONLY signal to be within Mac2-labeled astrocytes. These are the same data presented in Fig. 2D. Stacks of confocal images (Z = 0.4
um) are rendered as 3D reconstructions using Imaris software. DAPI is shown in blue, EGFP is shown in green, mCherry is shown in red, and Mac2 is shown in
white. EGFP and mCherry are initially shown separately and then together to emphasize the presence of acidified mitochondria. mCherry-ONLY signal
(magenta) is overlaid on the EGFP-mCherry signal in flashes, and is then shown by itself. White channel (Mac2) signal is flashed over the mCherry-ONLY signal.
Then, the mCherry-ONLY signal is phased out. EGFP and mCherry signals are phased back in with white Mac2 signal.

Movie S6

Movie S7. Three-dimensional reconstruction of confocal stacks taken at the optic nerve head of a glutamate transporter 1 (GLT1)::EGFP mouse labeled by
TUNEL to detect degrading DNA and by MitoFISH to detect mtDNA. Similar imaging parameters were used as in Movies S5 and S6. DAPI is shown in blue, GFP is
shown in green, MitoFISH is shown in red, and TUNEL is shown in white. GFP and MitoFISH are shown individually, and MitoFISH is then overlaid with TUNEL to
visualize volumes of overlap. Volumes of overlap (TUNEL-positive and mFISH-positive voxels) were localized by Imaris (magenta) and flashed onto the MitoFISH
and TUNEL data. The TUNEL-positive, MitoFISH-positive signal is then covisualized with GFP to show that mitochondrial degradation occurs within astrocytes.
Finally, the raw GFP, MitoFISH, and TUNEL signals are all shown together.

Movie S7
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Movie S8. Three-dimensional reconstruction of confocal stacks labeled by TUNEL to detect degrading DNA in the optic nerve head of mice, where degrading
retinal ganglion cell mitochondria are identified by AAV2::MitoEGFPmCherry intravitreal injection. These are the same data presented in Fig. 3B. DAPI is shown
in blue, EGFP is shown in green, mCherry is shown in red, and TUNEL is shown in white. EGFP and mCherry are shown individually and then together. The
mCherry-ONLY voxels are shown in purple, and the TUNEL signal is then shown to overlap the purple acidified mitochondria. Finally, the raw EGFP, mCherry,
and TUNEL signals are shown together.

Movie S8
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Movie S9. SBEM sections show that protrusions found on cortical neurites contain degrading mitochondria and are structurally similar to those found in the
optic nerve head. This is the same axonal protrusion shown in Fig. 5. Frames are 70 nm apart. (Scale bar: 1 pm.)

Movie S9
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