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Autophagy is a regulated lysosomal degradation process that
involves autophagosome formation and transport. Although re-
cent evidence indicates that basal levels of autophagy protect
against neurodegeneration, the exact mechanism whereby this
occurs is not known. By using conditional knockout mutant mice,
we report that neuronal autophagy is particularly important for
the maintenance of local homeostasis of axon terminals and
protection against axonal degeneration. We show that specific
ablation of an essential autophagy gene, AtgZ, in Purkinje cells
initially causes cell-autonomous, progressive dystrophy (mani-
fested by axonal swellings) and degeneration of the axon termi-
nals. Consistent with suppression of autophagy, no autophago-
somes are observed in these dystrophic swellings, which is in
contrast to accumulation of autophagosomes in the axonal dys-
trophic swellings under pathological conditions. Axonal dystrophy
of mutant Purkinje cells proceeds with little sign of dendritic or
spine atrophy, indicating that axon terminals are much more
vulnerable to autophagy impairment than dendrites. This early
pathological event in the axons is followed by cell-autonomous
Purkinje cell death and mouse behavioral deficits. Furthermore,
ultrastructural analyses of mutant Purkinje cells reveal an accumu-
lation of aberrant membrane structures in the axonal dystrophic
swellings. Finally, we observe double-membrane vacuole-like struc-
tures in wild-type Purkinje cell axons, whereas these structures are
abolished in mutant Purkinje cell axons. Thus, we conclude that the
autophagy protein Atg7 is required for membrane trafficking and
turnover in the axons. Our study implicates impairment of axonal
autophagy as a possible mechanism for axonopathy associated
with neurodegeneration.

axon | axonopathy | neurodegeneration | autophagosome | Purkinje cell

M acroautophagy is characterized by dynamic membrane
rearrangements, involving the formation, trafficking, and
degradation of double-membrane autophagic vacuoles (auto-
phagosomes) in the cytoplasm. Macroautophagy (hereafter re-
ferred to as autophagy) is a highly regulated process, which can
be induced by nutrient starvation, trophic factors, and stress (1).
Despite recent advances in characterizing autophagy in several
model systems, autophagic processes in the nervous system
remain poorly understood. On one hand, nutrient deprivation
has not been observed to induce autophagy in the mammalian
brain (2), thus suggesting a specific regulatory system for auto-
phagy that is not typically activated by starvation. On the other
hand, a variety of conditions that cause neuronal stress or
degeneration can lead to the accumulation of autophagosomes
in neurons, thus implicating autophagy in these neuropathogenic
processes (3, 4).

The axon is a highly specialized neuronal compartment that
performs many functions independently from the cell body.
After axotomy or excitotoxicity, double-membrane vacuoles
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resembling autophagosomes were originally observed to accu-
mulate in dilated axon terminals that result from the injury (5,
6), a local phenomenon that is not observed in undisturbed
axons. Autophagosome-like vacuoles have also been shown to be
present in the dysfunctional or degenerating axons associated
with a range of chronic neurodegenerative conditions, including
Alzheimer’s (7, 8), Parkinson’s (9), Huntington’s (10), and
Creutzfeldt-Jakob (11) diseases and their animal models (12—
14). These observations suggest a link between locally altered
autophagy and axonopathy, which is one of the underlying
mechanisms in neurodegeneration (15).

Although the biological significance of these autophago-
somes-like vacuoles in degenerating axons is unclear, recent
studies have shown that genetic inactivation of autophagy in the
mouse CNS causes neurodegeneration accompanied by axonal
dystrophy and the formation of intracellular ubiquitin-associated
inclusions (16, 17). These studies suggest a role for basal levels
of autophagy in neuronal protection and in protein quality
control. However, the connection between the inactivation of
autophagy and the observed axonal dystrophy and neurodegen-
eration remains to be determined. In addition, because autoph-
agy was suppressed in all cell types in the CNS (including neurons
and nonneuronal cells) (16, 17), it is not known whether the
observed axonal dystrophy and neurodegeneration is cell-
autonomous.

Here, we seek to further elucidate the physiological function of
neuronal autophagy by generating conditional knockout mice with
Purkinje cell-specific deletion of A#g7, an autophagy gene encoding
El-like enzyme in the two ubiquitin-like conjugation systems that
are essential for the autophagosome biogenesis (18). We show that
ablation of Atg7 leads to abnormal swellings and dystrophy of
Purkinje cell axon terminals in the deep cerebellar nuclei (DCN).
Subsequently, these Atg7-deletion mice develop cell-autonomous
neurodegeneration of Purkinje cells, dendritic atrophy, and behav-
ioral deficits. Moreover, double-membrane vacuole-like structures
are formed in the distal ends of wild-type Purkinje cell axons,
whereas they are absent in Afg7-deletion Purkinje cell axons.
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Fig. 1. Deletion of Atg7 specifically in Purkinje cells caused progressive
dystrophic swelling of axon terminals. (A) Immunohistochemistry of Atg7
protein expression in Purkinje cells of Atg7fioxflox and Atg7flox/flox,pcp2-Cre
mice at P15 and P19. The endogenous Atg7 protein was present at P15 but
absent at P19 in the Atg7flox/flox;pcp2-Cre Purkinje cells. (Scale bar: 100 um.) (B)
Progression of the abnormal Purkinje cell axon terminal swellings in the DCN
of Atg7floxIflox;pcp2-Cre mice (anti-calbindin immunofluorescent staining in
green with anti-NeuN counterstained in red) at P19, P35, and P56. Atg 7flox/flox
was used as control. (Scale bar: 20 um.) n = 3-5.

Instead, the mutant Purkinje cell axon terminal swellings accumu-
late aberrant membranous structures. Our results suggest that
autophagy is required for normal axon terminal membrane traf-
ficking and turnover, and indicate an essential role of local auto-
phagy in the maintenance of axonal homeostasis and prevention of
axonal degeneration.

Results

Specific Depletion of Atg7 in Purkinje Cells Caused Cell-Autonomous
Dystrophy and Degeneration of Axon Terminals. To generate Pur-
kinje cell-specific deletion of Arg7 in mice, we crossed mice
harboring the floxed Arg7 alleles (19) with transgenic mice
expressing Cre recombinase under control of the Pcp2 (L7)
promoter (20) to establish the mouse line Azg7/*/f1e¥;Pcp2-Cre.
To determine when loss of the endogenous Atg7 protein oc-
curred, we examined Atg7 expression in Atg7lo¥/flox;Pep2-Cre
mice at postnatal day 15 (P15) and P19. At P15, Atg7 was
expressed at similar levels in Purkinje cells of both mutant
Atg7oxlflox;pep2-Cre and the control Atg7o¥fox mice, whereas at
P19, despite residual expression in a small number of Purkinje
cells (<12%), Atg7 immunostaining was largely diminished in
Atg7oxlflox;pep2-Cre Purkinje cells (>88%), but unchanged in
the Atg7/lo¥iflox Purkinje cells (Fig. 14). At P35, >95% Purkinje
cells in Atg7"o¥/flex; Pep2-Cre showed no detectable Atg7 expres-
sion (data not shown). In addition, Atg7 deficiency in
Atg7oxlflox;pep2-Cre mice was specific for Purkinje cells because
Atg7 is clearly present in the other cell types (Fig. 1.4). Thus, the
specific loss of Atg7 in Purkinje cells occurred largely between
P15 and P19 in Aig7*/fox;Pcp2-Cre mice.

Next, we examined Purkinje cell axons in the DCN of
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Atg7floxiflox: Pep2-Cre mice by immunofluorescent staining using
an antibody against calbindin, a Purkinje cell marker. At P15,
no morphological alteration was observed in the axons of
Atg7floxiflox: pep2-Cre Purkinje cells compared with those of
Atg7ftexlflox Purkinje cells [supporting information (SI) Fig. 7],
consistent with the presence of normal levels of Atg7 in
Atg7floxiflox: Pep2-Cre Purkinje cells at this stage (Fig. 14).
However, at P19, Atg7/x/flox;Pcp2-Cre Purkinje cell axons were
abnormally dilated, as visualized by green fluorescence-
labeled “endbulbs” (Fig. 1B). In addition, these Purkinje cell
axonal swellings were labeled with the antibody raised against
synaptophysin, the presynaptic terminal marker (SI Fig. 8),
suggesting that they were terminals of Purkinje cell axons. The
number and size of the swollen axon terminals in the DCN of
the Atg7/lo¥lflox;Pcp2-Cre were markedly increased at P35 in
comparison with those at P19 (Fig. 1B). At P56, the number of
such axonal dystrophic swellings of the mutant Purkinje cells
was noticeably decreased in comparison with that at P35,
suggesting that many of these swollen axons had degenerated
by this age (Fig. 1B). These data demonstrated that deletion of
Atg7 caused cell-autonomous axonal dystrophy and degener-
ation in Purkinje cells.

Axonal Dystrophic Swellings of Atg7flox/flox.pcp2-Cre Purkinje Cells
Were Devoid of GFP-Light Chain 3 (LC3)-Labeled Puncta and Exhibited
Increased Levels of p62/SQSTM1. Transgenic mice producing GFP
fused with microtubule-associated protein 1 light chain 3 (LC3), a
specific marker for autophagosomes (21), were previously gener-
ated to monitor autophagosomes in vivo (2). By expressing GFP-
LC3 in Lurcher mice (GFP-LC3/Lurcher), we showed that a large
number of autophagosomes were formed in the dystrophic axon
terminals of Lurcher Purkinje cells (Fig. 24d), providing in vivo
evidence for the induction of autophagy in response to Lurcher-
induced excitotoxicity (22). To assess autophagic activity in
the dystrophic axons of Aig7"flox;Pcp2-Cre Purkinje cells, we
crossed transgenic GFP-LC3 with Aig7"xflox;Pcp2-Cre mice
(Arg7floxlfiox, Pep2-Cre/GFP-LC3). Despite intense GFP-LC3 accu-
mulation in the axonal dystrophic swellings of Purkinje cells in
Atg7fexiflox, Pep2-Cre/GFP-LC3 mice at P35, no GFP-LC3 fluores-
cent puncta characteristic of autophagosomes were observed in
these swellings (Fig. 24 b and c¢). We contrasted this finding to our
observation of GFP-LC3 puncta in Purkinje cell axons GFP-LC3/
Lurcher mice (Fig. 2Ad) (22). In addition, no GFP-LC3 puncta were
observed in the somata or dendrites of Atg7"¥/fox,Pcp2-Cre/GFP-
LC3 Purkinje cells (Fig. 24 f and g), again in contrast to the
observation of GFP-LC3 puncta in the somata and dendrites of
GFP-LC3/Lurcher Purkinje cells (Fig. 24h) (22).

It has been shown that inhibition of autophagy is correlated
with increased levels of the polyubiquitin binding protein p62/
SQSTM1 (22, 23). We thus examined the levels of p62/SQSTM1
in Atg7loviflox; Pep2-Cre Purkinje cells. As detected with anti-p62/
SQSTM1 immunofluorescent staining, p62/SQSTM1 was mark-
edly accumulated in the axonal dystrophic swellings (Fig. 2B,
arrows) and somata (SI Fig. 9) of Atg7/%~/flox;Pcp2-Cre Purkinje
cells in comparison with Azg7flevflor Purkinje cells. It is also
noteworthy that the dystrophic axonal swellings in Lurcher
Purkinje cells did not have detectable p62/SQSTM1 immuno-
fluorescent staining (SI Fig. 10). These results provided molec-
ular evidence for impaired autophagic activity in the dystrophic
axons of Atg71x!flox; Pcp2-Cre Purkinje cells, but not in the
dystrophic axons of Lurcher Purkinje cells.

Atg7flexflox;pcp2-Cre Purkinje Cells Exhibited Normal Dendritic Tree
and Spine Morphology at P56. Despite the remarkable dystrophy
and degeneration of Purkinje cell axon terminals in the DCN of
Atg7flexlflox; Pep2-Cre mice at P35 and P56, the cerebellar cortex
displayed little change in its overall size and organization (Fig.
3A4). For example, at P35 and P56, Atg7"~/flox;Pcp2-Cre mice and
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Fig.2. The axonal dystrophic swellings of the Atg7-deficient Purkinje cells contained no GFP-LC3 labeled autophagosomes but accumulated p62/SQSTM1. (A)
The absence of GFP-LC3 puncta in Purkinje cell axonal dystrophic swellings (b and ¢) and somata (f and g) of Atg7flox/flox.pcp2-Cre/GFP-LC3 mice (P35). GFP-LC3
puncta were found in GFP-LC3/Lurcher Purkinje cell axonal dystrophic swellings (d) and somata (h) (P12). DCN (a) and Purkinje cell layer (PCL) (e) of control mice
Atg7flox/flox)GFP-LC3 are shown. (Scale bars: a, b, e, and £, 20 um; ¢, d, g, and h, 10 um.) (B) Anti-p62/SQSTM1 immunofluorescent staining (in green) showed
accumulation of p62/SQSTM1 in Purkinje cell axonal dystrophic swellings (calbindin labeling in red) (white arrows) in the DCN of Atg7flox/flox.pcp2-Cre mice at

P56. Atg7flox/flox was used as control. (Scale bar: 10 um.)

Atg7<lflox mice did not exhibit significant difference in their
cerebellar molecular layer thickness (Fig. 3.4 and B). To evaluate
changes in dendritic tree and spine morphology, we examined
the expression pattern of metabotropic glutamate receptor la
(mGluR1e) protein, a marker for parallel fiber—Purkinje cell
synapses. No difference in localization and intensity of the
anti-mGluR1a immunofluorescent staining was observed be-
tween the Atg7/1o¥flox; Pep2-Cre and Atg7Mvfiex cerebellar molec-
ular layers at either P35 (data not shown) or P56 (Fig. 3C). Thus,
Atg7 deletion had little effect on Purkinje cell dendritic tree and
spine morphology up to at least P56. We conclude that A«g7

A Atg7fioxfiox
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P19 P35 P56

Calbindin mGIluR1 1

Fig.3. Deletion of Atg7in Purkinje cells had little effect on the morphology of
cerebellar cortex, Purkinje cell dendritic tree and spines in Atg7foX/flox.pcp2-Cre
mice at P56. (A) H&E-stained images of midsagittal sections from Atg7floxflox and
Atg7floxiflox.pcp2-Cre cerebella at P56. (Scale bar: 0.5 mm.) n = 3-5. (B) Quantifi-
cation of the molecular layer thickness (as the distance between lobules V and VI
of the Purkinje cell layer divided by 2) from the cerebellar midsagittal sections of
Atg7floxlflox and Atg7flox/flox:pcp2-Cre mice at P19, P35, and P56. n = 3-5. (C)
Immunofluorescent staining of cerebellar midsagittal sections shows normal
localization and appearance of mGluR1« (in red) in Atg77ox/flox;pcp2-Cre mice
compared with Atg7flex/flox mice at P56. Green indicates anti-calbindin. (Scale bar:
10 um.)n=3.
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deletion in Purkinje cells elicit differential effects on the den-
dritic and axonal compartments, suggesting that the axon ter-
minals are particularly vulnerable to autophagy deficiency.

Axonal Dystrophy Preceded Cell-Autonomous Degeneration of Pur-
kinje Cells and Behavioral Deficits in Atg7flox/flox:;pcp2-Cre Mice. To
further evaluate the effects of Azg7 deletion, we assayed for
Purkinje cell degeneration and mouse behavioral deficits.
Whereas the Purkinje cell axonal dystrophic swellings in the DCN
of Atg7Mexflox;Pep2-Cre mice first became apparent at P19 and grew
severe at P35 (Fig. 2A4), no significant difference in Purkinje cell
numbers was observed between the Aig7"flox;Pcp2-Cre and
Atg7M¥lflex mice at both ages (Fig. 4 A and B). However, at P56, the
number of Purkinje cells in Aig7"/flox;Pcp2-Cre mice was reduced
by 28.4% (P < 0.0005) compared with Azg7"lex mice (Fig. 44 and
B). Thus, loss of Purkinje cells in Aig7¥/fiox;Pcp2-Cre mice occurred
between P35 and P56. In comparison, the onset of axonal dystrophy
began as early as P19. In addition, levels of GluR&2 (a Purkinje
cell-specific glutamate receptor subtype) in Atg7oxflox;Pep2-Cre
cerebellar extract were not reduced until P56 (SI Fig. 11), further
supporting that the onset of axon dystrophy was earlier than
Purkinje cell degeneration in Atg7%¥/fe*;Pcp2-Cre mice.

Next, we assessed the locomotive behaviors in Atg7#¥/flox,pcp2-
Cre mice by limb-clasping, rotarod, and gait analyses at different
postnatal ages. At P19 and P35, Aig7ox!flex; Pcp2-Cre mice appeared
normal and did not show any difference in performance compared
with their control Aig7xfex littermates (data not shown). At P56,
Atg7foxflex: Pep2-Cre and Atg 7o mice performed equally well on
the rotarod and gait analyses (Fig. 4 C and D). However, 5 of 13
Atg7oxflex. pep2-Cre mice (38.5%) displayed limb-clasping reflexes
on tail suspension, in comparison with 0 of 10 of their control
littermates (P < 0.01). Thus, at P56, despite the 28.4% loss of
Purkinje cells (Fig. 4B), Atg7oxfe*;Pcp2-Cre mice displayed only
mild behavioral impairment. In contrast, at 1 year, these mice
demonstrated severe behavioral disorders in locomotion and motor
coordination when evaluated in all three behavioral tests (Fig.
4 C and D; data not shown).

We summarize the temporal relationship of the morphological
alterations, differential pathology in different compartments of
Purkinje cells, and behavioral changes in Aig7ox*;Pcp2-Cre mice
in SI Table 1. These results demonstrate that axonal dystrophic
swelling is an early pathogenic event and is likely to be a direct result
of impairment of local autophagy in axon terminals.

Aberrant Membrane Structures Accumulated in the Dystrophic Axon
Terminals of Atg7flox/flox,pcp2-Cre Purkinje Cells. To further assess
the effect of impairment of autophagy on axon terminals, we
characterized the axonal dystrophic swellings of Azg7/*¥/fiex; Pcp2-
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Fig. 4. Time course of Purkinje cell degeneration and locomotive behavioral
deficitsin Atg7flox/flox;pcp2-Cre mice. (A) Anti-calbindin immunofluorescent stain-
ing of the cerebellar midsagittal sections of Atg7fox/flox and Atg7floxflox.pcp2-Cre
mice at P35 and P56. (B) Quantitation of Purkinje cells at lobules IV-V of the
midsagittal sections of Atg7fox/flox and Atg7flox/flox:pcp2-Cre mice at P19, P35, and
P56 based on H&E-stained images. n = 3, 3, and 3 for Atg7flox/flox 3t P19, P35, and
P56, respectively. n = 2, 3, and 5 for Atg7flox/flox;.pcp2-Cre at P19, P35, and P56,
respectively (¥, P < 0.0005). (C) At P56, Atg7flox/flox and Atg7flox/flox.Pcp2-Cre mice
showed no significant difference in the time spent on the rod in rotarod assay. At
1 year, Atg7floxiflox mice spent much longer time on the rod than
Atg71lox/flox.pcp2-Cre mice (**, P< 0.05). (D) In gait analyses at P56, Atg 7lox/flox and
Atg7floxlflox.pcp2-Cre mice showed similar step width and overlapping of forefeet
and hindfeet (forefeet, red; hindfeet, black). At 1 year old, Atg7fox/flox.pcp2-Cre
mice showed shorter step width than Atg77ox/flox mice as well as nonoverlapping
forefeet and hindfeet (left feet, black; right feet, red). For both Cand D, n = 5 at
P56; n = 3 and 4 at 1 year.

Cre Purkinje cells by transmission electron microscopy. The
cross-sections of the Purkinje cell axon terminals in the DCN of
the Atg7f1o* mice were normally 0.5-2 wm in diameter (Fig. 54,
white arrows). Remarkably, the swollen Purkinje cell axon
terminals in the DCN of the Atg7"*/flox;Pcp2-Cre mice often
spanned 1-6 um in diameter (Fig. 5 B-F, black arrows) and
differed profoundly in their morphology from the axonal dys-
trophic swellings observed in Lurcher Purkinje cells (Fig. 5G,
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black arrows). The Purkinje cell axonal dystrophic swellings of
Lurcher mice contained a large number of autophagosomes/
autolysosomes (Fig. 5G), whereas those of the Aig7ox1ox;Pep2-
Cre mice were devoid of autophagosomes (Fig. 2 and 6A4f).
However, these autophagasome-free swellings of the
Atg7flexlflox; Pep2-Cre Purkinje cell axons often contained abnor-
mal organelles or membrane structures (Fig. 5 B-F, white
arrows), including stacks of cisternal membranes that formed
lamellar bodies (Fig. 5 B and E, white arrows) (24), large and
elaborate cisternal arrays and filaments (Fig. 5F, white arrow),
and highly convoluted double-membrane whorls that occupied
1.5-2 wm of the swollen terminal (Fig. 5 C and D, white arrows).
The exact nature of these aberrant structures was not clear; they
were rarely seen in the somata of Aig7"¥/flox;Pcp2-Cre Purkinje
cells (data not shown) or in the Aig7/fex Purkinje cells axons
(Fig. 54). However, it is noteworthy that the formation of
convoluted membrane whorls was previously described in hepa-
tocytes with Arg7 deletion and was attributed to a failure in
autophagic degradation (19). Our observations suggest a con-
served function for autophagy in the clearance of cellular
membranes and/or lipids in both axon terminals and hepatocytes.

Vacuole-Like Structures with Double Membranes Were Formed in
Normal Purkinje Cell Axons but Were Absent in the Dystrophic Axon
Terminals of Atg7flox/flox;pcp2-Cre Purkinje Cells. Interestingly,
through further ultrastructural analysis, we observed vacuole-
like structures with double membranes in the myelinated Pur-
kinje cell axons in the DCN of control Aig7%fex mice (Fig. 64a
and SI Fig. 12). These structures typically appeared to be closed
and had diameters of 0.1-0.5 um (Fig. 64a). We occasionally
observed these double-membrane vacuole-like structures in the
process of formation (Fig. 64 b—e and SI Fig. 124). Many of
these developing double-membrane vacuole-like structures ap-
peared to be formed through invagination of the axolemma
along the myelinated layers (Fig. 64 b and ¢, SI Fig. 124),
reminiscent of invasion by oligodendrocytic processes (25, 26).
Some of them appear to be continuous with the axonal plasma
membrane (Fig. 64 d and e), which are enwrapping portions of
axoplasm (27). The average number of these distinct double-
membrane vacuole-like structures (both closed and in the pro-
cess of formation) in Purkinje cell axons of Atg7¥/flox mice was
~0.9/50 um? (Fig. 6B). In contrast, these structures were virtu-
ally absent in the Atg7xflox;Pcp2-Cre mice (Fig. 6 Af, B, and C).
Although we have yet to determine the exact nature of the
vacuole-like structures with double membranes and their rela-
tionship with autophagosomes, our results suggested that Arg7
was required for the formation of these distinct structures in
axon terminals of normal Purkinje cells.

Discussion

Axonal dystrophic swelling is a hallmark of CNS axonopathy, which
can be triggered by neuronal injuries, excitotoxicity, and various
neurodegenerative conditions. Despite the prevalence of this pa-
thology, the molecular mechanisms underlying axonopathy as well
as the connection between axonopathy and neurodegeneration
remain poorly understood (28). A critical question is whether
axonal dystrophy and degeneration precede neuronal cell death or
are secondary to neurodegeneration. Here, we analyzed the time
course of pathological events after the deletion of the autophagy
gene Atg7 in cerebellar Purkinje cells. We showed that axonal
dystrophy and degeneration caused by ablation of Atg7 occurred
much earlier than the onset of neuronal death, indicating that
axonal dystrophy was not secondary to neurodegeneration. In
addition, axonal dystrophy and degeneration was a cell-autonomous
event, which precluded the action of glia as the primary cause of the
axonal dystrophy in Atg7flox;Pcp2-Cre mice. Although this study
was limited to Purkinje cells for the purpose of cell type-specific
study of autophagy, axonal dystrophies occurred widely in many
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Fig. 5. Deletion of Atg7 in Purkinje cells led to aberrant membrane structures in the axonal dystrophic swellings. Ultrastructural image of normal myelinated
Purkinje cell axons (white arrows) and axon terminals (black arrows) in the DCN of Atg7fox/flox mice (A) and Purkinje cell axonal dystrophic swellings (black arrows)
in the DCN of Atg7flox/flox.pcp2-Cre mice (B—F). (B and E) Stacks of cisternal membranes (white arrows). (C and D) Convoluted double-membrane whorls (white
arrows). (F) The arrays of abnormal filaments (white arrows). (G) A dystrophic axon (black arrows) of Lurcher Purkinje cells containing numerous autophago-

somes. (Scale bars: 500 nm.)

regions of the mutant mouse brain with 417 or Atg5 deletion (16,
17). We speculate that the axonal dystrophy associated with various
types of neurons in these mutant mice are also cell-autonomous
events caused by the absence of neuronal autophagy. Importantly,
our results implied that interference in local autophagy would have
a deleterious effect on axons, a potential mechanism of axonopa-
thies involving impaired autophagy. Furthermore, we showed that
deletion of Arg7 had little effect on the overall morphology of the
Purkinje cell dendritic arbors at a stage when axon terminals
displayed massive dystrophy and degeneration. These differential
effects of Arg7 deletion suggested that basal levels of autophagy
played a particularly important role in housekeeping functions in
axon terminals and in protection against axonal degeneration.
We showed that A1g7 was indispensable for the formation of the
distinctive vacuole-like structures with double membranes, which
were normally present within wild-type Purkinje cell axons. These
structures have not been described previously in the wild-type
Purkinje cell axons. Although the majority of these structures were
likely derived from invagination of neighboring oligodendrocytes
(Fig. 64 b and ¢ and SI Fig. 124) (25, 26), some of them appeared

to originate from axonal subsurface cisternae (27) or smooth
endoplasmic reticulum (29) (Fig. 64 d and e). Although we have yet
to determine the nature of these structures, we cannot exclude the
possibility that some of these structures are autophagosome-related
vacuoles. A previous study has shown the presence and transport of
autophagosomes in the axons of cultured sympathetic neurons,
despite that the physiological function of autophagy in the axons is
unknown (30). Regardless of the nature of these vacuole-like
structures, Atg7 deletion abolished their formation, and caused
axonal swelling and accumulation of aberrant membrane structures
in these swellings. These results established an important role of
Atg7 in regulating local membrane trafficking and turnover. How-
ever, an important question arising from these results is whether the
requirement of Atg7 for the formation of the double-membrane
vacuole-like structures is somehow connected to autophagy or
associated with a specific Atg7 function independent of autophagy.
Current evidence suggests that Azg7 function is exclusively associ-
ated with autophagy. Consistent with this idea, the abolishment of
the double-membrane vacuole-like structures caused by Atg7 de-
letion can be explained by the failure of autophagy, which would
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Fig.6. Deletion of Atg7in Purkinje cells abolished double-membrane vacuole-like structures in their axon terminals in the DCN. (A) Ultrastructural images show

the presence of vacuole-like structures with double membranes in Purkinje cell preterminal axons of Atg7fox/flox mice (a—e, white arrows) and the abolishment
of these structures in Atg7ox/flox;pcp2-Cre mice (f) at P35. (Scale bars: 0.5 um.) (B) Comparison of the numbers of these vacuole-like structures per transmission
electron microscopy micrograph (50 um2) in the DCN of Atg7flox/flox;pcp2-Cre versus Atg7flox/flox mice (ratio, 4.0; P = 0.00003). (C) Comparison of the volume
fraction of double-membrane vacuole-like structures by point counting of transmission electron microscopy micrographs in the DCN of Atg7flox/flox.pcp2-Cre
versus Atg7fox/flox mice (ratio, 6.9; P = 0.00002).
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normally participate in the formation of these structures. Thus, we
hypothesize that, in addition to the role in protein quality control
(16, 17), neuronal autophagy regulates membrane homeostasis in
the axon terminals. Furthermore, we showed that deletion of Azg7
caused the axonal terminal swelling, which was a reminiscence of
hepatic cell swelling in Azg7-deleleted mouse liver (19). It is
conceivable that axon terminals and hepatocytes may share a
similar mechanism for cell (or cellular compartment) size control,
which requires autophagy (31).

Previous morphological studies have consistently shown the
presence of large numbers of autophagosome-like vacuoles in
axonal dystrophic swellings of injured neurons (4-13). We have
previously demonstrated that induction of autophagy in Lurcher
Purkinje cells involved accumulation of autophagosomes in the
dystrophic axons (22). In contrast, our present study shows that
the axonal swellings of Purkinje cells in Azg7/7¥/fo*; Pcp2-Cre mice
were devoid of vacuoles that resembled the autophagosomes
observed in Lurcher mice. Although our present study demon-
strates a role for basal levels of autophagy in axonal protection
and indicates that altered autophagy could serve as an adaptive
response for remodeling the axon terminals for regeneration (3,
22), we cannot exclude the possibility that up-regulation of
autophagy in dystrophic axons is actually destructive, causing
overdegradation of axonal structures. This possibility can be
tested, in principle, by genetic crossing of the autophagy-
deficient mice with diseased mice containing the autophago-
some-like vacuoles in dystrophic axons or cell bodies.

In summary, our study provides genetic and molecular evidence
for the indispensable role of neuronal autophagy in the mainte-
nance of axonal homeostasis, particularly in local membrane traf-
ficking and turnover. Perturbation of local autophagy in the axons
leads to axonopathy. We believe that it is important to study the
connection between axonal autophagy impairment and human
neuropathological conditions associated with axonal dystrophy.

Materials and Methods

Antibodies. Antibodies used were mouse monoclonal anti-
calbindin D-28K (Swant, Bellinzona, Switzerland), anti-
calbindin (Sigma, St. Louis, MO), anti-GluR&2 (BD Transduc-
tion Laboratories, San Diego, CA), anti-p62 (American
Research Products, Belmont, MA), Cy3-conjugated anti-mouse
and anti-rabbit IgG (Upstate Biotechnology, Lake Placid, NY),
and NeuN, mGluR1e, and actin antibodies (Chemicon Interna-
tional, Temecula, CA). Anti-Atg7 is described in ref. 19.
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Animals. Pcp2-Cre transgenic mice (20) (The Jackson Laboratory,
Bar Harbor, ME) and Ag7"fox mice (19) were crossed to produce
Atg7Moxlflox; Pep2-Cre mice. Atg7"¥!fex;Pep2-Cre mice and GFP-LC3
transgenic mice (2) were crossed to produce Aig7oxf%; Pep2-Cre/
GFP-LC3 mice.

Histological Examination. Mice were fixed by cardiac perfusion
with 0.1 M phosphate buffer containing 4% paraformaldehyde.
The color images of the Meyer’s H&E-stained midsagittal
cryosections (10 um) of cerebella were acquired with a 20X
objective lens and a color CCD camera, and later assembled to
full images in Photoshop for the quantification of Purkinje cells.
Immunofluorescent stained cerebellar samples were prepared as
described in ref. 22 and examined by using confocal microscopy.

Behavioral Analyses. Motor function was assessed by the limb-
clasping test, rotarod assay, and gait analysis (SI Materials and
Methods).

Electron Microscopy. Tissue samples were obtained from three
Atg7flexlflox mice and three Atg7/'*/flox;Pcp2-Cre mice. Details of
the experiment are described in SI Materials and Methods. In
brief, thin sections (70 nm) of the lateral cerebellar nucleus and
cerebellar cortex were prepared and examined by transmission
electron microscopy (H7500; Hitachi, Tokyo, Japan). A double-
blind point-counting method was used to quantify double-
membrane vacuole-like structures in 55 micrographs of either
Atg7floxifiox or Arg7flexlflox:Pep2-Cre mice. The total number of
these structures overlying at least one intersection of a Photo-
shop-generated grid was counted to be 52 and 13 for Atg7/Txlflox
and Aig7f1o¥/flox; Pep2-Cre samples, respectively. The total number
of intersections within these structures was 132 and 19 for
Atg7flexlflox and Atg7/1ox!flex; Pcp2-Cre samples, respectively.

Statistical Analyses. The equality of the variance was first tested
by using the F test. Pair-wise comparisons were calculated by
using one-tailed Student’s ¢ test. The standard error was calcu-
lated for each sample.
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