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Compartment-Specific Regulation of Autophagy in Primary
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Autophagy is an essential degradative pathway that maintains neuronal homeostasis and prevents axon degeneration. Initial observa-
tions suggest that autophagy is spatially regulated in neurons, but how autophagy is regulated in distinct neuronal compartments is
unclear. Using live-cell imaging in mouse hippocampal neurons, we establish the compartment-specific mechanisms of constitutive
autophagy under basal conditions, as well as in response to stress induced by nutrient deprivation. We find that at steady state, the cell
soma contains populations of autophagosomes derived from distinct neuronal compartments and defined by differences in maturation
state and dynamics. Axonal autophagosomes enter the soma and remain confined within the somatodendritic domain. This compart-
mentalization likely facilitates cargo degradation by enabling fusion with proteolytically active lysosomes enriched in the soma. In
contrast, autophagosomes generated within the soma are less mobile and tend to cluster. Surprisingly, starvation did not induce au-
tophagy in either the axonal or somatodendritic compartment. While starvation robustly decreased mTORCI signaling in neurons, this
decrease was not sufficient to activate autophagy. Furthermore, pharmacological inhibition of mammalian target of rapamycin with
Torinl also was not sufficient to markedly upregulate neuronal autophagy. These observations suggest that the primary physiological
function of autophagy in neurons may not be to mobilize amino acids and other biosynthetic building blocks in response to starvation, in
contrast to findings in other cell types. Rather, constitutive autophagy in neurons may function to maintain cellular homeostasis by
balancing synthesis and degradation, especially within distal axonal processes far removed from the soma.
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Autophagy is an essential homeostatic process in neurons, but neuron-specific mechanisms are poorly understood. Here, we
compare autophagosome dynamics within neuronal compartments. Axonal autophagy is a vectorial process that delivers cargo
from the distal axon to the soma. The soma, however, contains autophagosomes at different maturation states, including input
received from the axon combined with locally generated autophagosomes. Once in the soma, autophagosomes are confined to the
somatodendritic domain, facilitating cargo degradation and recycling of biosynthetic building blocks to primary sites of protein
synthesis. Neuronal autophagy is not robustly upregulated in response to starvation or mammalian target of rapamycin inhibi-
tion, suggesting that constitutive autophagy in neurons maintains homeostasis by playing an integral role in regulating the quality
of the neuronal proteome. /

ignificance Statement

ity and functionality, neurons must have robust housekeeping
pathways to ensure the quality and integrity of proteins and or-
ganelles in the cytoplasm. Neurons are postmitotic and so cannot
simply dilute out proteotoxins by cell division. Thus, neurons are
particularly dependent on quality-control pathways, such as au-

Introduction
Most neurons in our brain are born during embryogenesis and
need to last an entire lifetime. To support their long-term viabil-
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tophagy, to maintain cellular homeostasis.

Autophagy is an evolutionarily conserved degradative path-
way that eliminates damaged organelles and protein aggregates
from the cytoplasm (Xie and Klionsky, 2007; Mizushima et al.,
2008). In neurons, autophagy is essential. CNS-specific and
neuron-specific loss of autophagy is sufficient to induce neuronal
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Figure1.  Axonal, LAMP1-positive autophagosomes enter the soma through the AlS and become restricted to the somatodendritic domain. 4, Hippocampal neuron, grown 8 DIV, develops axon
and dendritic processes. Neurons were transfected with mCherry-LC3 and YFP-NaVIl-Il, a marker for the AIS. Arrowheads denote autophagic vesicles. (Figure legend continues.)
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death (Hara et al., 2006; Komatsu et al., 2006, 2007; Nishiyama et
al., 2007). Furthermore, autophagy is misregulated in various
neurodegenerative diseases characterized by the accumulation of
protein aggregates, including Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease, and amyotrophic lateral sclerosis
(Yamamoto and Yue, 2014). Despite evidence that autophagy is
critical in maintaining neuronal homeostasis, surprisingly little is
understood about the fundamental mechanisms driving this pro-
cess in neurons.

We have established that neurons exhibit robust, constitutive
autophagy with a clear enhancement of autophagosome forma-
tion in the distal axon (Maday et al., 2012; Maday and Holzbaur,
2014). Following formation, autophagosomes undergo robust
retrograde transport toward the soma (Hollenbeck, 1993; Yue,
2007; Lee et al., 2011; Maday et al., 2012; Maday and Holzbaur,
2014). As autophagosomes move toward the soma, they mature
into degradative autolysosomes (Lee et al., 2011; Maday et al.,
2012; Cheng et al., 2015; Wang et al., 2015). Thus autophagy is
spatiotemporally regulated along the axon, exhibiting a high de-
gree of compartmentalization within the neuron.

Recent evidence further underscores specific roles of au-
tophagy within distinct compartments of the neuron. For exam-
ple, the bulk turnover of mitochondria via mitophagy may occur
specifically within the soma (Cai et al., 2012; Devireddy et al.,
2015). Autophagy is also enhanced within presynaptic and post-
synaptic terminals to regulate neuronal activity and synaptic
transmission (Hernandez et al., 2012; Shehata et al., 2012). To-
gether, these data suggest that autophagy may be differentially
regulated within the axonal and somatodendritic compartments.

Here, we examine autophagosome dynamics in different neuro-
nal compartments (axonal vs somatodendritic) and determine how
this process is regulated in response to metabolic stress induced by
nutrient deprivation. We find that the cell soma contains different
populations of autophagosomes, which are derived from distinct
neuronal compartments and are defined by their maturation state
and dynamics. Autophagosome distribution is compartmentalized;
axonal autophagosomes entering the soma are then restricted to the
somatodendritic domain, while autophagosomes originating from
dendrites are infrequently observed under basal conditions. Com-
partmentalization within the neuron likely facilitates degradation
events by enabling fusion with proteolytically active lysosomes; these
more active lysosomes are enriched in the soma relative to the axon.

<«

(Figure legend continued.) B, Kymographs of mCherry-LC3 motility through the AIS. For clar-
ity, the mCherry-LC3 kymograph was traced and shown below; the gray box denotes the AIS
region. C, Kymograph analysis of GFP-LC3 and LAMP1-RFP motility in the mid-axon and proxi-
mal axon. Closed arrowheads denote retrogradely moving autophagosomes that comigrate
along the mid-axon with LAMP1-RFP, and enter the soma positive for LAMP1-RFP. Open arrow-
heads denote LAMP1-RFP-positive organelles that are negative for GFP-LC3. D, Still images
along the mid-axon generated from the movie analyzed in C. Closed arrowheads denote au-
tophagosomes positive for LAMP1-RFP. Open purple arrowheads denote organelles positive for
LAMP1-RFP only. E, GFP-L(3 transgenic hippocampal neurons 10 DIV were immunostained for
LAMP1. Closed arrowheads denote autophagosomes in the axon that are positive for endoge-
nous LAMP1. Open arrowheads denote endogenous LAMP1-positive organelles that are nega-
tive for GFP-LC3. F, Time series of autophagosome motility at the base of an axon in a
hippocampal neuron grown 10 DIV. Arrowheads denote a GFP-L(3-positive autophagosome
rejected from entry into the axon. G, Time series of autophagosome motility into a dendrite of a
hippocampal neuron grown 8 DIV. Arrowheads denote a GFP-L(3-positive autophagosome that
robustly enters into the dendritic shaft. H, Frequency distribution of distances that autophago-
somes enter from the base of each neurite population (axons, n = 12 events from 6 neurons
from 3 experiments; dendrites, n = 51 events from 15 neurons from 5 experiments; 5-10 DIV).
Values for dendrites are under-represented since autophagosomes move beyond the field of
view. Scale bars: horizontal, 5 um; vertical, 1 min.
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Surprisingly, we do not observe an induction of autophagy in re-
sponse to nutrient deprivation or mammalian target of rapamycin
(mTOR) inhibition, indicating that the primary role of constitutive
autophagy in neurons may not be to mobilize amino acids in re-
sponse to starvation but to effectively turnover aging proteins and
organelles to maintain homeostasis.

Materials and Methods

Reagents

GFP-LC3 transgenic mice, strain name B6.Cg-Tg(CAG-EGFP/
LC3)53Nmi/NmiRbrc (Mizushima et al., 2004) were obtained from the
RIKEN BioResource Center in Japan. Constructs include YFP-NAVII-III
(Addgene #26056), LAMP1-RFP (Addgene #1817), DsRed2-mito (gift
from Dr. Thomas Schwarz), and mCherry-LC3. Primary antibodies for
immunofluorescence include mouse anti-p62 (Abcam, ab56416), rat
anti-lysosomal-associated membrane protein 1 (LAMP1) (Abcam,
ab25245), and chicken anti-GFP (Aves Labs, GFP-1020). Secondary an-
tibodies for immunostain include goat anti-mouse Alexa-594 and goat
anti-rat Alexa-594 (Invitrogen), and goat anti-chicken Cy2 (Jackson Im-
munoResearch Laboratories). Antibodies for immunoblot analysis in-
clude rabbit anti-LC3 (Abcam, ab48394), mouse anti-GAPDH (Abcam,
ab9484), rabbit anti-pS6 (Cell Signaling Technology, 2215S), rabbit
anti-S6 (Cell Signaling Technology, 2217), mouse anti-a-tubulin
(Sigma-Aldrich, T9026), rabbit anti-calnexin (Stressgen, SPA-860), and
donkey anti-mouse and rabbit peroxidase-conjugated secondary anti-
bodies (Jackson ImmunoResearch Laboratories).

Primary hippocampal culture

The hippocampus was dissected from mouse embryos of either sex at day
15.5. Hippocampal neurons were isolated by 0.25% trypsin digestion for
10 min at 37°C, followed by trituration through a small-bore glass Pas-
teur pipette. We plated 750,000 hippocampal neurons in a 10 cm dish
filled with eight 25 mm acid-washed glass coverslips coated with 500
pg/ml poly-L-lysine. To determine the polarity of single axons during
live-cell imaging, GFP-LC3 transgenic neurons were diluted 1:20 with
nontransgenic neurons isolated from littermates. For live-cell experi-
ments with transfected markers and fixed-cell immunolabeling, GFP-
LC3 transgenic neurons were plated undiluted. Axons were identified by
morphologic criteria established by Kaech and Banker (2006). Wild-type
mouse hippocampal neurons used in Figure 5G-I were obtained from
the Neurons R Us core facility at the University of Pennsylvania, pre-
pared from C57BL/6 mouse embryos at day 18. Neurons were grown for
8-10 DIV in maintenance media (Neurobasal medium supplemented
with 2% B-27, 37.5 mm NaCl, 33 mum glucose, 2 mm GlutaMAX, and 100
U/ml penicillin and 100 pg/ml streptomycin) at 37°C in a 5% CO, incu-
bator. Every 3—4 d, 20-30% media was replaced; 1 uMm AraC (antimitotic
drug) was added to the first feed. For transfection, coverslips (7 DIV)
were transferred to a six-well tray and transfected with 1.8 ug of DNA
using Lipofectamine 2000 (Invitrogen) and incubated for 16-18 h. All
animal protocols were approved by the Institutional Animal Care and
Use Committee at the University of Pennsylvania.

Starvation and Torinl treatments

For starvation experiments, neurons were washed in either maintenance
media or artificial CSF (ACSF; 10 mm HEPES, pH 7.4, 125 mm NaCl, 5
mm KCl, 2 mm CaCl,, 1 mm MgCl,, 10 mm glucose), and incubated in
maintenance media with 100 nm bafilomycin Al (Sigma-Aldrich) or
equivalent volume of DMSO (solvent control), or ACSF with 100 nm
bafilomycin Al or equivalent volume of DMSO (solvent control), re-
spectively. For Western blotting and immunostain, neurons were incu-
bated in these conditions for 4 h. For live-cell imaging, neurons were
incubated in starvation conditions for 2 h and then transferred to new
media for live-cell imaging for 2 h, totaling 4 h of treatment. Neurons in
maintenance media were transferred to Hibernate E (BrainBits) supple-
mented with 2% B-27, 2 mm GlutaMAX, and either 100 nm bafilomycin
A1l or DMSO. Samples in ACSF were transferred to new ACSF with 100
nM bafilomycin Al or DMSO. For the starvation experiment in Figure
5G, wild-type hippocampal neurons were washed in either maintenance
media, ACSF with glucose, or ACSF without glucose, followed by a 4 h
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incubation in maintenance media, ACSF with glucose, or ACSF without
glucose, respectively. For the Torinl treatment in Figure 5 H, I, wild-type
hippocampal neurons were incubated 4 h in maintenance media supple-
mented with either 250 nm Torinl (Calbiochem), 100 nM bafilomycin
Al, 250 nm Torinl and 100 nm bafilomycin A1, or an equivalent volume
of DMSO as a solvent control.

Live-cell imaging

For live-cell imaging of neurons under basal conditions (Figs. 1A—
D,F-H, 2 A, D,E), neurons were imaged in Hibernate E (BrainBits) sup-
plemented with 2% B-27 and 2 mm GlutaMAX. Twenty-five millimeter
coverslips with hippocampal neurons were sandwiched within a Cham-
lide CMB magnetic imaging chamber (BioVision Technologies). Live-
cell microscopy was performed on a PerkinElmer UltraVIEW Vox
Spinning Disk Confocal with a Nikon Eclipse Ti Inverted Microscope
with the Perfect Focus System using an Apochromat 100X 1.49 numer-
ical aperture oil-immersion objective (Nikon) in an environmental
chamber at 37°C. Digital images were acquired with a Hamamatsu
EMCCD (C9100-50 camera using Volocity software (PerkinElmer).
Solid-state 488 and 561 nm lasers (PerkinElmer) were used for excita-
tion. Axons were imaged at 1-2 s per frame for 5 min. Z-stacks were
obtained of the entire cell body at 0.1 wm sections. Whenever possible,
axons and cell bodies were obtained from the same neuron.

Immunostaining

Hippocampal neurons at 10 DIV were fixed for 10 min in 4% PFA/4%
sucrose previously warmed to 37°C. Cells were washed two times in PBS (50
mMm NaPO,, 150 mm NaCl, pH 7.4), permeabilized for 5 min in 0.1% TX-100
in PBS, washed two times in PBS, and then blocked for 1 h in 5% goat serum,
1% BSA in PBS. Samples were then incubated in primary antibody diluted in
block solution for 1 h, washed three times for 5 min in PBS, incubated in
secondary antibody diluted in block solution for 1 h, washed three times for
5 min in PBS, and mounted in ProLong Gold (Life Technologies). Images
were acquired on a Leica DMI6000B inverted epifluorescence microscope
using an Apochromat 63X 1.4 numerical aperture oil-immersion objective
witha 1.6 X optical magnification (Leica Microsystems). Digital images were
acquired with a Hamamatsu ORCA-R2 charge-coupled device camera using
LAS-AF software (Leica Microsystems).

Immunoblotting

We plated 240,000 GFP-LC3 transgenic neurons per 6 cm dish coated
with 50 pug/ml poly-L-lysine, grown for 8—10 DIV, and starved according
to the conditions described above. Neurons were then washed in PBS (50
mM NaPO,, 150 mm NaCl, pH 7.4) and lysed in RIPA buffer [50 mm
Tris-HCI, pH 7.4, 150 mm NaCl, 1% Triton X-100, 0.5% deoxycholate,
0.1% SDS, and 1X complete protease inhibitor mixture (Roche)] for 30
min on ice. For samples measuring phospho-S6 levels, Halt Protease and
Phosphatase inhibitor mixture (ThermoFisher Scientific) along with 5
mM EDTA were substituted for the Roche complete protease inhibitor
mixture. Samples were centrifuged at 15,800 X g for 15 min at 4°C.
Supernatants were analyzed by SDS-PAGE and transferred onto an Im-
mobilon P PVDF membrane. Membranes were blocked in 5% milk in
Tris-buffered saline-Igepal (24.8 mm Tris-HCI, pH 7.4, 2.7 mm KCl, 137
mM NaCl, 0.05% Igepal) for 30 min at room temperature followed by
incubation in primary antibody diluted in block solution for overnight at
4°C, rocking. Membranes were washed 3 X 20 min in HRP wash buffer
(50 mm Tris-HCI, pH 8.0, 150 mm NaCl, 0.1% BSA, 0.05% Igepal), and
peroxidase-conjugated secondary antibodies diluted in HRP wash buffer
were applied for 45 min. Membranes were washed 3 X 20 min in HRP
wash buffer and developed using the SuperSignal West Pico Chemilumi-
nescent Substrate (ThermoScientific).

Image analysis

Entry into neurites. In Fiji (Schindelin et al., 2012), a line was drawn from
the base of the axon or dendrite (defined as where the neurite widens and
opens to cell soma) to the farthest distance into the neurite that an au-
tophagosome reached during the entire duration of the movie. The
length of this line was recorded and values for entry into axons and
dendrites were plotted as a histogram.
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Colocalization between LC3 and LAMPI. Discrete puncta with signals
above background that colocalized or shared ~80% overlap were binned
as copositive. With live-cell imaging, puncta that were comigrating were
binned as copositive.

Autophagosome transport and density. Kymographs were generated in
Fiji using a line width of three pixels. From the kymographs, autophago-
some average velocity through the axon initial segment (AIS) region
(defined as 5-30 wm from the soma) was calculated as displacement
divided by time. For kymographs generated in the mid-axon (>50 um
from soma), we determined the percentage of autophagosomes moving
in the net retrograde direction (displacement of =5 pum within 5 min)
versus net anterograde direction (displacement of =5 um within 5 min).
Autophagosomes that exhibited a confined motility (displacement of <5
pm within the 5 min imaging window) were binned as bidirectional or
stationary. Area flux (number of autophagosomes/100 um/min) was
determined from each kymograph as the sum of retrograde, anterograde,
and bidirectional/stationary vesicles normalized by kymograph length
and time. Autophagosome density was determined from the first frame
of the movie by counting the number of autophagosomes normalized by
distance of the axon.

Line scans. Line scans of GFP-LC3, LAMP1, and p62 in the soma were
generated using the plot profile tool in Fiji (line width of one pixel). A
mean background intensity value was determined for each channel from
a box drawn within the cell. Intensity values for a given marker were
normalized by subtracting the respective mean background, and dividing
the dataset by its maximum.

GFP-LC3 area in the soma. To measure the total cellular GFP-LC3, max-
imum projections were generated in Fiji of the z-stacks of the soma. LC3-
positive regions were identified and segmented using ilastik. Segmentations
from ilastik were imported into Fiji and the total LC3 area was measured
using the analyze particles function. The total area of LC3 particles for a given
cell body was then divided by the total area of the cell body.

Quantitation of Western blotting. Bands were quantitated using the gel
analyzer tool in Fiji. To control for differences in sample loading between
lanes, values for LC3-II were divided by values for GAPDH from the
corresponding lanes. Treatments were then normalized relative to the
corresponding control sample (maintenance + DMSO) and expressed as
a fold difference above control.

Figure preparation and statistical tests. All image measurements were
obtained from the raw data. GraphPad Prism was used to plot graphs and
perform statistical tests; statistical tests are denoted within each figure
legend. When performing a one-way ANOVA with Dunnett’s post hoc
test, values were compared with the maintenance control column. In the
case of the two-way ANOVA with Bonferroni’s post hoc test, row means
were compared. Images were prepared in Fiji and Adobe Photoshop,
adjusting contrast and brightness equally to all images within a series.
Figures were assembled in Adobe Illustrator.

Results
The soma contains autophagosomes at different maturation
states originating from distinct neuronal compartments
Previous work has identified a robust pathway for autophago-
some biogenesis and maturation in axons (Lee et al., 2011; Maday
et al., 2012; Maday and Holzbaur, 2014), suggesting that there
may be compartment-specific regulation of autophagy in neu-
rons. To explore this possibility, we examined autophagy in dif-
ferent neuronal compartments under basal versus stress
conditions. To track the fate of autophagosomes originating in
the axon, we performed live-cell imaging of autophagosomes in
the proximal axon as they transit through the AIS to enter the cell
soma. Mouse hippocampal neurons were transfected with
mCherry-LC3 to label autophagosomes and autolysosomes.
YFP-NaVII-III was used to mark the AIS. At 8 DIV, a well defined
axon and dendrites are established and the YFP-NaVII-III local-
izes to the AIS region of the proximal axon (Fig. 1A).

We observed robust and processive movement of autophagic
vesicles through the YFP-NaVII-III-positive AIS region as they
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Figure2. The soma contains autophagosomes from distinct compartments at different stages of maturation. A, Time series of autophagosome biogenesis in the soma of a hippocampal neuron
grown 6 DIV. Arrowheads denote a newly forming autophagosome. Scale bar, 1 wm. B, GFP-LC3 transgenic hippocampal neurons grown 10 DIV were fixed (Figure legend continues.)
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enter into the soma (Fig. 1B). Previous reports suggest the AIS
functions as a filter to sort vesicles into the axon and observed a
~2-fold decrease in velocities as vesicles move through this re-
gion (Song et al., 2009). To measure the average velocity of au-
tophagosomes moving in the retrograde direction through the
AIS region (~5-30 wm from soma), hippocampal neurons were
isolated from GFP-LC3 transgenic mice (Mizushima et al., 2004)
and cultured for 8-10 DIV. The average velocity of GFP-LC3-
positive puncta within the AIS region was 0.55 = 0.03 wm/s
(mean = SEM; n = 134 vesicles from 13 neurons from 5 experi-
ments), not significantly different from our previous reported
value of 0.62 = 0.06 wm/s measured in the mid-axon (>50 um
from soma) of hippocampal neurons from the same develop-
mental time period (Maday and Holzbaur, 2014). Thus, retro-
gradely moving autophagosomes do not slow down as they
transit through the AIS region.

To determine the maturation state of autophagosomes entering
the soma from the axon, we performed dual-color live-cell imaging
of GFP-LC3 with the late endosomal/lysosomal marker LAMP1-
RFP in hippocampal neurons grown 8§—10 DIV. Imaging along the
axon reveals retrogradely moving GFP-LC3 puncta that robustly
colocalize with LAMP1-REFP in the mid-axon as well as in the prox-
imal axon as they enter into the soma (Fig. 1C,D). Kymographs
indicate comigration of LC3 and LAMP1, strongly suggesting that
they are the same compartment (Fig. 1C). In the mid-axon, 34 of 37
(~92%) GFP-LC3-positive puncta were positive for LAMP1-RFP
(measured from five neurons from two experiments). Interestingly,
one of the autophagosomes that was LAMP1 negative was newly
formed, evidenced by an increase in size and fluorescence with time
(Maday et al., 2012; Maday and Holzbaur, 2014). This result is con-
sistent with other reports of formation along the mid-axon (Ashrafi
et al., 2014), although we find these events to be infrequent under
basal conditions. As a confirmatory approach, we assessed axonal
GFP-LC3-positive puncta for the presence of endogenous LAMP1
by immunostain, and found that 38 of 54 (~70%) GFP-LC3-
positive puncta are positive for endogenous LAMP1 (from =17 ax-
ons from two experiments; Fig. 1E). Thus, the vast majority of
autophagosomes entering the soma from the axon are positive for
the late endosomal/lysosomal marker LAMP1, indicating that these
compartments have begun to fuse within the axon before reaching
the soma.

To track the destination of autophagosomes that reach the
soma, we measured the sorting of autophagosomes between the
axon and dendrites. Autophagosomes from the soma sometimes
re-enter the base of the proximal axon, but are promptly rejected
and return back to the soma (Fig. 1F; n = 12 events). In contrast,

<«

(Figure legend continued.) ~ and immunostained for GFP and p62. Arrowheads denote cells
with GFP-L(3-positive structures that are copositive for p62. Lower panels are GFP-LC3 trans-
genic neurons cocultured with nontransgenic neurons (10 DIV); the presence of p62-positive
clusters is not dependent on expression of GFP-LC3. €, GFP-LC3 transgenic hippocampal neu-
rons grown 10 DIV were immunostained for GFP, p62, and LAMP1. Corresponding line scans are
shown on the right; arrowheads denote overlapping peaks of fluorescence intensity. D, Stills
from live-cell imaging of hippocampal neurons on 8 DIV expressing GFP-LC3 and LAMP1-RFP.
Shown is an apical and basal plane of two individual cells and corresponding line-scan analysis.
Closed arrowheads on basal images denote organelles positive for both GFP-LC3 and LAMP1-
RFP. Colocalized puncta may appear slightly offset due to the sequential capture of images,
green followed by purple. Arrowheads on line scans denote peaks of overlapping fluorescence.
Open white arrowheads on GFP-LC3 basal image denote autophagosomesin neighboring axons
that are not transfected with LAMP1-RFP. E, First frames and corresponding maximum projec-
tions of the entire frames of GFP-L(3 movies acquired in the apical or basal plane of two differ-
ent hippocampal neurons grown 8 DIV. Individual autophagosomes are color-coded to visualize
the entire trajectory in the maximum projection. Scale bars: B-E, 5 um.
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autophagosomes entering the dendrite from the soma navigate
deeply into the dendritic shaft (Fig. 1G; n = 51 events). Quanti-
tation of the distances autophagosomes enter into each neurite
population revealed a ~3.6-fold higher median distance in den-
drites compared with axons, 8.3 wm compared with 2.3 pum,
respectively (Fig. 1H ). Interestingly, despite their ability to navi-
gate into dendrites, the vast majority of autophagosomes eventu-
ally return to the soma. Under our conditions of basal autophagy,
autophagosome biogenesis in dendrites was infrequent, indicat-
ing that the soma receives autophagosomes forming primarily
from the axonal compartment and fewer from dendrites. Thus,
autophagosomes represent a primarily unidirectional and retro-
grade cargo that can exit the axon, but not re-enter the axon.
Upon entry into the soma, autophagosomes are restricted to the
somatodendritic domain, further supporting the highly com-
partmentalized nature of the autophagy pathway in neurons.

Next we wanted to determine whether all the autophagosomes
in the soma are derived from the axon or whether there is also
local formation. To address this possibility, we performed live-
cell imaging of GFP-LC3 in the cell soma of hippocampal neu-
rons. In Figure 2A, a GFP-LC3 punctum appears and enlarges to
form a ring structure, indicative of autophagosome formation as
previously observed in the distal axons of dorsal root ganglion
and hippocampal neurons (Maday et al., 2012; Maday and Hol-
zbaur, 2014). Thus, autophagosomes can also be generated lo-
cally within the soma.

To more completely define the somal population of autopha-
gosomes, we immunostained for GFP and observed two popula-
tions of neurons based on the GFP-LC3 distribution in the soma.
Approximately 52% of hippocampal neurons had larger GFP-
LC3-positive structures (>2 wm in the longest axis) in the soma
(Fig. 2B). We immunostained these larger LC3-positive struc-
tures for p62, an adaptor that links ubiquitinated cargo to the LC3
machinery during engulfment (Pankiv et al., 2007). Shown in
Figure 2B, C (top), these large GFP-LC3-positive structures are
positive for p62. Line-scan analysis indicates that multiple indi-
vidual p62 puncta overlap with a more continuous LC3 signal,
suggesting that p62 puncta may be enclosed within a larger au-
tophagosome structure (Fig. 2C, top). Furthermore, the presence
of p62-positive clusters is not dependent on expression of the
GFP-LC3 transgene, as p62-positive clusters were also present in
nontransgenic neurons (Fig. 2B, bottom). Thus, GFP-LC3-
positive structures within the soma contain the cargo adaptor
P62, suggesting that these structures represent bona fide au-
tophagosomes.

To assess the maturation state of autophagosomes in the soma,
we measured colocalization with LAMP1. In basal regions of the cell,
we observed an enrichment of discrete GFP-LC3-positive puncta
that were robustly positive for LAMP1-RFP (Fig. 2D). Line-scan
analysis shows overlapping peaks of LC3 and LAMP1 fluorescence
intensity, indicating colocalization (Fig. 2D). This population of au-
tophagosomes likely represents the LC3/LAMP1 copositive organ-
elles originating from the axon that feeds into more basal regions of
the soma. In contrast, the larger GFP-LC3-positive structures were
enriched in apical regions of the soma, and exhibited only partial
overlap with endogenous LAMP1 (Fig. 2C, bottom) or the live-cell
marker LAMP1-RFP (Fig. 2D, apical plane). Thus, we suggest that
autophagosomes in the soma can be found in different stages of
maturation, with axonally derived autophagosomes more likely to
be more uniformly LAMP1 positive than autophagosomes formed
within the soma itself.

To further distinguish between these populations, we performed
live-cell imaging of GFP-LC3 and LAMP1-RFP in the soma. Analysis
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of motility patterns reveals that these two populations exhibit unique
dynamics. The LAMP1-positive autophagosomes likely derived
from the axon are quite motile and are found predominantly within
basal regions of the cell (Fig. 2E). In contrast, the larger LAMP1-
negative, LC3-positive structures observed within apical regions of
the soma are primarily stationary or oscillate within a confined re-
gion of a few micrometers (Fig. 2E).

Together, these results support the presence of multiple pop-
ulations of autophagosomes within the soma defined by different
maturation states and motility patterns. One population of au-
tophagosomes likely originates in the axon, is LAMP1 positive,
and remains highly motile once reaching the soma. However, the
soma also contains LAMP1-negative autophagosomes, likely
formed locally within this compartment. These LC3 structures
tend to cluster and are predominantly stationary. These results
further support the hypothesis that autophagy in primary neu-
rons is highly compartmentalized (Maday and Holzbaur, 2014;
Devireddy et al., 2015).

Amino acid deprivation does not effectively upregulate
autophagy in the axon

Next, we wanted to ask whether these populations of autophago-
somes are differentially regulated in a compartment-specific
manner in response to stress. Since autophagy was originally
identified in yeast as a response to starvation (Tsukada and Oh-
sumi, 1993), we applied stress in the form of nutrient deprivation.
To starve neurons of amino acids, we incubated hippocampal
neurons in ACSF, a buffered salt solution supplemented with
glucose. Neurons were incubated in either maintenance media
(Neurobasal media supplemented with glucose and B-27) or
ACSF for 2 h, and we then performed live-cell imaging for 2 h
with continued treatment. Since levels of autophagy are a balance
between the antagonistic activities of autophagosome forma-
tion and autophagosome degradation, the total effect of any
starvation-induced autophagy was measured by treating with 100
nM bafilomycin Al. Bafilomycin Al inhibits the vacuolar H *-
pump and blocks lysosome-mediated degradation and also au-
tophagosome-lysosome fusion (Yamamoto et al., 1998). Thus,
with bafilomycin A1, we can measure autophagy induction in the
absence of autophagy clearance.

We first measured autophagosome density along the axon by
determining the number of autophagosomes per 100 pwm. Sur-
prisingly, we observed no change in autophagosome density
along the axon in response to starvation (Fig. 3A,B). Treatment
with ACSF alone did not increase autophagy and treatment in
combination with bafilomycin Al did not further increase the
density of axonal autophagosomes (Fig. 3A,B). We also mea-
sured autophagosome flux as defined by the total number of
autophagosomes observed within a region of interest along the
axon over time. Again, we observed no change in autophagosome
area flux in response to starvation with and without bafilomycin
Al (Fig. 3A,C). Together, these data indicate that autophagy in
the axon is not effectively upregulated by amino acid deprivation.

Interestingly, we did observe a decrease in the percentage of
autophagosomes engaged in retrograde transport in neurons
treated with bafilomycin Al (Fig. 3D). Retrograde transport de-
creased by ~50% in both maintenance-treated and ACSF-treated
conditions supplemented with bafilomycin Al, suggesting that
bafilomycin Al treatment alone reduces motility. This decrease
in retrograde transport is accompanied by a corresponding in-
crease in nonprocessive autophagosomes that exhibit motility
within a confined region (Fig. 3E). This effect is not due to star-
vation, since there is only a slight decrease in retrograde transport
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in neurons treated with ACSF alone. Bafilomycin A1, however,
did not arrest autophagosome transport completely, as there is a
wide range of responses within the neuronal population. To-
gether, these data suggest that inhibiting autophagosome matu-
ration decreases retrograde transport. However, since this is not a
complete arrest in transport, ~50% of axonal autophagosomes
are likely to reach the cell soma in the presence of bafilomycin A1.

To rule out the possibility that reduced autophagosome trans-
port is due to decreased cell viability with drug treatment, we
measured mitochondrial transport in maintenance/DMSO and
ACSF/bafilomycin Al conditions. We observed no change in mito-
chondrial density along the axon, with 15.7 = 1.4 (mean * SEM)
mitochondria/100 wm in maintenance/DMSO and 16.5 * 1.4
(mean * SEM) mitochondria/100 wm in ACSF/bafilomycin Al
(n = 13-17 neurons from 2 experiments). There was also no change
inarea flux along the axon, with 3.7 % 0.3 (mean * SEM) mitochon-
dria/100 wm/min in maintenance/DMSO and 3.7 = 0.3 (mean *
SEM) mitochondria/100 pm/min in ACSF/bafilomycin Al (n =
13-17 neurons from 2 experiments). Further, the percentage of mo-
tile mitochondria was not altered in either the anterograde or retro-
grade direction (Fig. 4 A, B). Thus, since mitochondria sustain their
motility in the presence of bafilomycin A1, the decrease in autopha-
gosome transport is not due to decreased cell viability or alterations
to the cellular energy state, but suggests rather a reduction specifi-
cally in autophagosome transport.

Based on these observations, amino acid depletion does not
induce autophagy along the axon. We then considered whether
this lack of response is due to incomplete starvation since glucose
is still present. Thus, we removed glucose from the ACSF treat-
ment and determined the effect on autophagy in the axon. Sur-
prisingly, we did not observe any change in autophagosome
density or area flux along the axon in these conditions either (Fig.
4C,D), indicating that complete starvation (no amino acids and
glucose) does not induce enhanced autophagy in the axon. Glu-
cose depletion did, however, affect retrograde transport. In the
fourth hour of treatment, retrograde transport decreased by
~50%, suggesting insufficient ATP to fuel axonal transport (Fig.
4E). As we saw no enhancement of autophagy in the axon after a
4 h incubation of hippocampal neurons in minimal media, our
findings suggest that axonal autophagy is a constitutive process
that is not effectively upregulated in response to starvation.

Autophagosomes accumulate in the soma in response to
bafilomycin A1l but not starvation

To further investigate the compartmentalized regulation of au-
tophagy in neurons, we examined the soma under conditions of
starvation. We obtained paired data from the axons imaged in
Figure 3 and generated z-stacks of the corresponding soma (max-
imum projections shown in Fig. 54). With live-cell imaging, we
determined the GFP-LC3 distribution in the soma. One popula-
tion of neurons contained discrete, smaller GFP-LC3 puncta
(Fig. 5A), while a second population of neurons contained larger
GFP-LC3-positive structures (Fig. 54, inset), similar to our im-
munostain results (Fig. 2B). ACSF treatment did not increase the
number of autophagosomes in the soma. However, we observed
a dramatic increase in GFP-LC3 puncta with bafilomycin Al
treatment in neurons under either maintenance or ACSF condi-
tions (Fig. 5A). This effect was restricted to the soma, as we did
not observe an increase in GFP-LC3 in dendrites under ACSF
conditions with and without bafilomycin A1 (Fig. 5A). Bafilomy-
cin Al also dramatically increased the number of p62 puncta in
the soma (Fig. 5B). In some neurons, we observed that ACSF
treatment appeared to breakdown and disassemble the larger
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LC3 structures as well as p62-positive clusters. However, this was
not a consistent effect across datasets (Fig. 5A,B).

We quantitated the area occupied by GFP-LC3 in the soma using
ilastik, a machine learning approach to identifying and segmenting
objects of interest. While there was a slight increase in the area of
GFP-LC3 fluorescence in neurons treated with ACSF, this effect was
not statistically significant (Fig. 5C). Removing glucose from ACSF
did not further enhance autophagy levels in the soma (Fig. 5D). The
most significant effect was observed in the presence of bafilomycin
Al. Bafilomycin A1 dramatically increased GFP-LC3 area ~3.1-fold
for neurons in maintenance media, and ~2.2-fold for neurons in
ACSF, compared with the maintenance/DMSO control (Fig. 5C).
Thus, under the conditions tested, neither amino acid nor energy
deprivation upregulated autophagy in the somatodendritic or ax-
onal compartment of primary hippocampal neurons. Bafilomycin
Al, however, dramatically increases the area labeled with GFP-LC3
in the soma, although not in dendrites or the axon. These results
suggest that the final destination and site for the bulk of autophago-
some clearance/degradation is in the soma, rather than locally within
the axon.

As a complementary approach, we also determined the levels
of autophagy during starvation with and without bafilomycin A1l

<«

(Figure legend continued.)  density (number of autophagosomes per 100 um axon in the first
frame of movie) in the mid-axon (mean = SEM; n = 23—32 neurons from 5— 6 experiments;
8-10 DIV; one-way ANOVA with Dunnett’s post hoc test). C, Quantitation of autophagosome
area flux (number of autophagosomes per 100 m per minute) in the mid-axon (mean == SEM;
n = 23-33 neurons from 5— 6 experiments; 8 —10 DIV; one-way ANOVA with Dunnett's post
hoctest). D, Quantitation of autophagosomes undergoing retrograde transport in the mid-axon
(mean == SEM; n = 23-33 neurons from 5— 6 experiments; 8 =10 DIV). *p =< 0.05; ***p =<
0.001 (one-way ANOVA with Dunnett's post hoc test). E, Quantitation of autophagosome mo-
tility along the mid-axon of hippocampal neurons (mean = SEM; n = 23-33 neurons from
5-6 experiments; 810 DIV). *p = 0.05; ***p < 0.001 (one-way ANOVA with Dunnett's post
hoctest within each grouping designated by x-axis breaks). ns, Not significant; AVs, autophagic
vacuoles.

by immunoblot analysis of lysates from cultured hippocampal
neurons. Levels of autophagosome-associated lipidated LC3,
LC3-1II, did not change with ACSF treatment alone, but were
~2.5-fold higher in bafilomycin Al-treated conditions (in either
maintenance or ACSF; Fig. 5E, F). This increase measured in
total cell lysates by immunoblotting is strikingly similar to the
increase we observed in the soma by live-cell imaging (Fig. 5C).
Thus, the accumulation of autophagosomes in the soma accounts
for the increase in autophagy upon bafilomycin Al treatment.
Since bafilomycin Al did not arrest retrograde transport com-
pletely, the increase in LC3-II in the soma is a sum of axonal
autophagosomes that still reach the soma combined with locally
synthesized autophagosomes.

Since starvation alone did not induce autophagy in hip-
pocampal neurons, we wanted to determine whether mTORCI, a
negative regulator of autophagy, was effectively inhibited under
our starvation conditions. To test this, neurons were treated for
4 h in either maintenance media, ACSF with glucose, or ACSF
without glucose, and samples were immunoblotted for phospho-
S6, a downstream substrate of mMTORCI. Active mTORCI phos-
phorylates S6 kinase, which in turn phosphorylates ribosomal S6
(Laplante and Sabatini, 2009). Thus, levels of phosphorylated S6
serve as a readout of mMTORCI1 activity. We observed a dramatic
decrease in pS6 levels under starvation conditions (ACSF with or
without glucose) compared with the maintenance control, with
minimal variance in total S6 protein (Fig. 5G). These results in-
dicate that mTORCI activity is effectively inhibited under our
starvation paradigm, indicating that neurons are in fact respond-
ing to nutrient deprivation. However, under these same condi-
tions we did not see an upregulation of autophagy, suggesting
that mTOR may not be an effective regulator of autophagy in
primary neurons.

To test this hypothesis directly, we inhibited mTOR function
with Torinl, an ATP-competitive inhibitor. Hippocampal neu-
rons were treated with 250 nm Torin1 and analyzed by immuno-
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blot for endogenous LC3-I1 levels. Treatment with Torinl alone
did not significantly increase LC3-II levels compared with
DMSO-treated control cells (Fig. 5H,I). To measure autophagic
flux, bafilomycin Al was added alone or in combination with
Torinl. On its own, bafilomycin Al significantly increased
LC3-11 levels (Fig. 5H,I) as expected. Treatment with bafilomy-
cin Al in combination with Torinl resulted in only a minimal
increase in LC3-II compared with bafilomycin Al treatment
alone. To confirm the effectiveness of Torin1, we immunoblotted
lysates for pS6 and observed a robust decrease in pS6 levels with
minimal alterations in total S6 levels, indicating that Torin1 in-
activates mTORCI function in neurons. Together, these results
suggest that inhibition of mTOR does not robustly activate au-
tophagy in cultured hippocampal neurons.

Discussion

Here, we investigate the regulation of autophagy within different
compartments of the neuron under basal versus stress condi-
tions. We identify distinct populations of autophagosomes
within the soma. These organelles are derived from multiple
compartments within the neuron and are defined by the matura-
tion state and motility. Autophagosomes derived from the axon
are largely LAMP1 positive and motile (Fig. 57). The soma also
contains LAMP1-negative autophagosomes, likely formed locally
within this compartment (Fig. 5]). These LAMP1-negative au-
tophagosomes are generally clustered and relatively immobile.
Blocking lysosome function with bafilomycin Al leads to au-
tophagosome accumulation in the soma only, not in the axon or
dendrites, suggesting the soma is the primary site of autophago-
some clearance. Thus, robust retrograde transport of autophago-
somes along the axon delivers autophagosomes to the soma to
facilitate degradation and recycling of amino acids for new bio-
synthetic reactions.

Axonal autophagosomes pass through the AIS with little re-
sistance and no change in velocity. The majority of axonal au-
tophagosomes are positive for the late endosomal/lysosomal
marker LAMP1, suggesting that initial fusion between these com-
partments occurs in the axon. This fusion event follows comple-
tion of autophagosome biogenesis since we noted an example of
a LAMP1-negative autophagosome undergoing formation along
the mid-axon. These findings in hippocampal neurons are con-
sistent with previous observations in dorsal root ganglion neu-
rons where autophagosomes are preferentially generated in the
distal axon and mature into LAMP1-positive organelles during
retrograde transport toward the soma (Maday et al., 2012), indi-
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(Figure legend continued.) ~ Scale bar, 5 um. €, Quantitation of GFP-L(3 area normalized to the
soma area (mean = SEM; n = 24-36 neurons from 5— 6 experiments; 8—10 DIV). ***p =<
0.001 (one-way ANOVA with Dunnett's post hoc test). D, Quantitation of GFP-L(3 area normal-
ized to the soma area (mean = SEM; n = 30-33 neurons from 3—4 experiments; 8 -9 DIV;
one-way ANOVA with Dunnett’s post hoc test). E, Quantitation of immunoblotting of lysates
from cultured hippocampal neurons. LC3-Il levels were normalized to GAPDH (mean = SEM;
n = 3 experiments; SDS-PAGE and immunoblotting were performed in duplicate for each
experiment, 810 DIV). ***p = 0.001 (one-way ANOVA with Dunnett’s post hoc test).
F, Immunoblot analysis of lysates from cultured hippocampal neurons for endogenous L(3 and
GAPDH (loading control). G, Immunoblot analysis of lysates from cultured wild-type hippocam-
pal neurons for mTORC1 activity. Alpha-tubulin loading controls are shown below each corre-
sponding immunoblot. H, I, Inmunoblot analysis and corresponding quantitation of LC3-Il
levels in lysates from cultured wild-type hippocampal neurons treated with Torin1. LC3-Il levels
were normalized to GAPDH (mean = SEM; n = 3 experiments; 8—10 DIV). *p =< 0.05; **p =
0.01 (one-way ANOVA with Dunnett's post hoc test). Calnexin and c-tubulin serve as loading
controls for pS6 and total S6 immunoblots, respectively. J, Model schematic of the
compartment-specific requlation of autophagy in neurons. ns, Not significant.
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cating a conserved mechanism of autophagosome maturation
along the axon of various neuronal subtypes.

Once autophagosomes enter the soma, they are restricted to
the somatodendritic domain (Fig. 5]) and are unable to re-enter
the axon. In contrast, autophagosomes can readily enter den-
drites. These dynamics are consistent with a dynein-dominant
mechanism of motility. In the axon, dynein drives the retrograde
transport of autophagosomes (Maday et al., 2012) along the uni-
formly plus-end out array of microtubules (Baas et al., 1988).
Axonal microtubules are thus ideally oriented to allow exit but
not re-entry of dynein-driven cargos. Microtubule tracks in the
proximal two-thirds of the dendrite, however, are mixed polarity
with ~40% of microtubules with minus ends directed outward
(Baas et al., 1988; Kleele et al., 2014). Thus, microtubules at the
base of dendrites are in the proper orientation for dynein-
mediated entry. Consistent with this, recruitment of dynein to
peroxisomes is sufficient to drive their transport into dendrites
along the mixed microtubule array (Kapitein et al., 2010). Al-
though both kinesin-1 and kinesin-2 are bound to autophago-
somes (Maday et al., 2012), we suggest dynein remains the
dominant motor driving autophagosome motility throughout
the lifetime of this organelle.

The observed dynamics support the existence of a one-way
filter at the base of the axon that restricts entry but not exit of
dynein-driven organelles (Fig. 5]). The AIS was previously pro-
posed to function as an actin-based cytoplasmic filter to restrict
the entry of dendritic cargoes (Song et al., 2009). Recent reports
have challenged this hypothesis by demonstrating that dendritic
cargoes are rejected from the axon before AIS development,
emphasizing the contributions of sorting mechanisms at the
trans-Golgi network (TGN; Petersen et al., 2014). Furthermore,
super-resolution and electron micrograph data have challenged
the existence of a dense actin meshwork at the AIS (Xu et al.,
2013; Jones et al., 2014; D’Este et al., 2015), although these results
do not exclude the existence of layered mechanisms to maintain
axon—dendrite identity. Autophagosomes represent a unique or-
ganelle population not derived from the TGN, but rather from
ER membranes in the distal axon (Maday and Holzbaur, 2014).
Therefore, exclusion of autophagosomes from axonal re-entry
requires additional mechanisms that may occur at the recently
defined preaxonal exclusion zone (PAEZ), proximal to the AIS
region (Farias et al., 2015). Penetration through the PAEZ re-
quires appropriately bound kinesin-1 motors (Farias et al., 2015).
While kinesin-1 motors are bound to neuronal autophagosomes,
these motors are likely maintained in an autoinhibited state via
scaffolding proteins, including JIP1 and huntingtin (Fu et al,,
2014; Wong and Holzbaur, 2014). Thus, our results are also con-
sistent with a gating function at the base of the axon in the vicinity
of the PAEZ that maintains the compartment-specific distribu-
tion of organelles and functions within the neuron.

In contrast to the uniform and vectorial pathway defined for
axonal autophagosomes, we find that the soma contains autophago-
somes at different maturation states. Axonal autophagosomes enter
the soma largely LAMP1 positive, but the soma also contains
LAMP1-negative autophagosomes likely generated locally within
this compartment (Fig. 5]). In fact, we observed events of autopha-
gosome biogenesis evident by the appearance of GFP-LC3-positive
puncta that expand into ring-like structures, similar to previous ob-
servations in the distal axon (Maday et al., 2012; Maday and Holz-
baur, 2014). The number of autophagosomes forming in the soma
was difficult to determine because of the depth of the soma and the
rapid nature of autophagosome biogenesis (4—6 min). Our previous
findings in DRG neurons indicated an enrichment of autophago-
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some formation in the distal axon compared with the soma (Maday
and Holzbaur, 2014). However, this polarization may be more pro-
nounced in developing neurons compared with synaptically con-
nected hippocampal neurons.

Blocking lysosome function with bafilomycin Al increased
autophagosomes in the soma but not in the axon or dendrites,
supporting the idea that the soma has a role as the primary site for
degradation of autophagic cargo. Consistent with this, impaired
retrograde transports result in immature autophagosomes and
the accumulation of undigested cargo within autophagosomes
(Fu et al., 2014; Wong and Holzbaur, 2014). Previous reports
indicate higher proteolytic activity in somal lysosomes compared
with axonal lysosomes (Lee et al., 2011; Gowrishankar et al., 2015;
Xie et al., 2015), suggesting a gradient of degradative activity.
Thus, autophagosomes likely undergo retrograde transport to
achieve full maturation into degradative compartments by fusing
with proteolytically active lysosomes enriched in the soma.

Bafilomycin A1 treatment attenuated the retrograde transport
of autophagosomes, as previously noted (Lee etal., 2011; Wang et
al., 2015). Bafilomycin Al also inhibits the motility of late endo-
somes and lysosomes (Lee et al., 2011). Together, these results
suggest that the acidification state of degradative organelles af-
fects their transport, although the underlying mechanisms are
not yet clear. Thus, organelle function may be tightly coupled to
transport, and vice versa.

The role of starvation and mTORCI signaling in regulating neu-
ronal autophagy has been controversial. To study the effects of nu-
trient deprivation on neuronal tissue in vivo, Mizushima et al. (2004)
deprived GFP-LC3 transgenic mice of food for 24 h and examined
the effects on various tissues. Nutrient deprivation induced au-
tophagy in many tissues, such as the liver, muscle, kidney, and heart.
However, no induction was observed in the brain (Mizushima et al.,
2004). Since other tissues, such as the liver and muscle will cannibal-
ize themselves to supply the brain with nutrients, and the brain can
survive on ketones for energy (Rabinowitz and White, 2010; Ezaki et
al., 2011), neuronal tissue is less likely to experience starvation con-
ditions unless extreme circumstances arise. Additionally, neurons
rely on neighboring glial cells for lactate (Saab et al., 2013). Exami-
nation of cell-autonomous effects of starvation on neurons in vitro
has yielded varying effects. One study observed an induction of au-
tophagy in cultured cortical neurons within 30 min of nutrient re-
moval, although glial contributions cannot be completely ruled out
(Young et al., 2009). Another group found an induction of au-
tophagy following a 24 h incubation in salt solution coupled with
prolonged treatment with protease inhibitors (Boland et al., 2008).
In contrast, the Finkbeiner laboratory reported no induction of au-
tophagy in cultured striatal or cortical neurons following mTOR
inhibition with rapamycin or everolimus (Tsvetkov et al., 2010).
Mixed results have also been reported from in vivo studies using
either rapamycin or everolimus to affect the clearance of protein
aggregates via autophagy (Ravikumar et al., 2004; Fox et al., 2010).

In our study, starvation conditions that effectively activate au-
tophagy in other cell types [e.g., hepatocytes and HeLa cells (Kochl et
al., 2006; Tsvetkov et al., 2010)] were not sufficient to induce au-
tophagy in hippocampal neurons. We observed consistent densities
of autophagosomes along the axon, ~5—6 autophagic vacuoles per
100 wm, in control versus starvation conditions. Autophagosomes
underwent robust retrograde transport in ACSF, indicating sus-
tained cell viability in starvation medium. Glucose deprivation,
however, attenuated retrograde transport in the fourth hour of treat-
ment, consistent with localized glycolysis providing ATP to power
transport (Zala et al., 2013).
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While starvation effectively reduced mTORCI signaling in
hippocampal neurons, this was not sufficient to markedly acti-
vate autophagy. Further, inhibition of mTOR directly with
Torinl also did not robustly induce autophagy in neurons, con-
sistent with previous reports that inhibition of mTOR with rapa-
mycin or everolimus was ineffective in enhancing autophagy in
neurons (Fox et al., 2010; Tsvetkov et al., 2010). Together, these
results indicate that autophagy in cultured neurons is not signif-
icantly upregulated by nutrient deprivation or mTOR inhibition
under the conditions tested.

We propose that the primary physiological function of au-
tophagy in neurons may not be to mobilize amino acids in re-
sponse to starvation. Rather, autophagy has a critical role in
regulating neuronal development and homeostasis (Fimia et al.,
2007; Shen and Ganetzky, 2009; Tang et al., 2014; Yamamoto and
Yue, 2014). Autophagy has been linked to synaptic activity (Her-
nandez et al., 2012; Shehata et al., 2012; Wang et al., 2015). Au-
tophagy also plays a critical role in maintaining homeostasis of
the distal axon (Komatsu et al., 2007; Nishiyama et al., 2007),
where it regulates the quality of the distal proteome (Maday and
Holzbaur, 2014). Importantly, in the context of disease, the lim-
ited ability of the neuron to upregulate autophagy may be a point
of vulnerability rendering the axon susceptible to stress.
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