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ABSTRACT

Macroautophagy/autophagy is a key homeostatic process that targets cytoplasmic components to the
lysosome for breakdown and recycling. Autophagy plays critical roles in glia and neurons that affect
development, functionality, and viability of the nervous system. The mechanisms that regulate autop-
hagy in glia and neurons, however, are poorly understood. Here, we define the molecular underpinnings
of autophagy in primary cortical astrocytes in response to metabolic stress, and perform a comparative
study in primary hippocampal neurons. We find that inducing metabolic stress by nutrient deprivation
or pharmacological inhibition of MTOR (mechanistic target of rapamycin kinase) robustly activates
autophagy in astrocytes. While both paradigms of metabolic stress dampen MTOR signaling, they affect
the autophagy pathway differently. Further, we find that starvation-induced autophagic flux is depen-
dent on the buffering system of the starvation solution. Lastly, starvation conditions that strongly
activate autophagy in astrocytes have less pronounced effects on autophagy in neurons. Combined,
our study reveals the complexity of regulating autophagy in different paradigms of metabolic stress, as
well as in different cell types of the brain. Our findings raise important implications for how neurons and
glia may collaborate to maintain homeostasis in the brain.

Abbreviations ACSF: artificial cerebrospinal fluid; baf A;: bafilomycin A;; EBSS: earle’s balanced salt
solution; GFAP: glial fibrillary acidic protein; Glc: glucose; GM: glial media; MAP1LC3/LC3: microtubule-
associated protein 1 light chain 3; MTOR: mechanistic target of rapamycin kinase; p-RPS6: phospho-RPS6;
p-ULK1: phospho-ULK1; RPS6: ribosomal protein S6; SQSTM1/p62: sequestosome 1; ULK1: unc-51-like
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Introduction

Autophagy is an evolutionarily conserved process of self-digestion
that is critical to maintaining cellular homeostasis [1,2].
Autophagy targets cytoplasmic components such as proteins and
organelles to lysosomes for destruction and recycling. Cargoes are
packaged into autophagosomes that fuse with lysosomes to enable
degradation by resident lysosomal hydrolases. In this way, autop-
hagy can tune the balance between biosynthesis and degradation,
thereby regulating the composition and quality of the proteome
and organelles. Autophagy serves physiological roles in develop-
ment, immunity, and adaptive responses to stress (e.g. proteotoxic,
metabolic, and oxidative) [1]. In fact, dysfunctional autophagy is
associated with various pathological states including cancer and
neurodegenerative disease [3-6].

Autophagy is particularly critical in cells of the nervous system
that must maintain viability and functionality for up to a century
of time [4,7-10]. Neurons and glia must establish and maintain
a complex network of trillions of intercellular connections in the
brain. Further, neurons are extremely active and fire action poten-
tials at rates up to ~50 impulses per second [11]. As a consequence,
neuronal proteins and organelles are exceptionally vulnerable to
overuse and damage [12,13]. Given that neurons are post-mitotic,
they cannot simply dilute out proteotoxins by cell division, making

them reliant on quality control pathways to maintain homeostasis
throughout their extended lifetime [4,7].

In fact, loss of autophagy in neurons and glia can lead to
defects in neurodevelopment, affecting processes such as axon
outgrowth and guidance, astrocyte differentiation, synapto-
genesis, and developmental-based synaptic pruning [14-19].
Therefore, autophagy plays a critical role in establishing
proper connectivity of the nervous system. Autophagy is
also important in maintaining the viability and functionality
of established neuronal networks. Central nervous system-
specific and neuron-specific knockout of core autophagy
genes causes neuronal dysfunction and death in mice [20-
23]. Furthermore, neuron-specific alterations in autophagy
can lead to synaptic dysfunction [24-26]. Autophagy in sur-
rounding glia also has a profound influence on neuronal
health. Autophagy in Schwann cells, the myelinating glia of
the peripheral nervous system, degrades myelin in response to
axonal injury to promote neurite regeneration [27,28].
Additionally, autophagy in microglia, the phagocytic macro-
phages of the central nervous system, facilitates degradation of
extracellular AP, linking glial autophagy with the clearance of
proteotoxins associated with Alzheimer disease [29-31]. In
total, autophagy serves key roles in neurons and glia during
neurodevelopment and neuroprotection.

CONTACT Sandra Maday @ smaday@pennmedicine.upenn.edu @ Department of Neuroscience, Perelman School of Medicine at the University of Pennsylvania,

Philadelphia, PA 19104, USA
© 2019 Informa UK Limited, trading as Taylor & Francis Group


http://orcid.org/0000-0002-3173-2031
http://orcid.org/0000-0002-8329-1741
http://orcid.org/0000-0001-8664-4592
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15548627.2019.1703354&domain=pdf&date_stamp=2020-09-01

1652 (&) A. KULKARNI ET AL.

The mechanistic basis for how autophagy is regulated in
each cell type, however, is largely unknown. We previously
established a vectorial pathway for autophagy in the axon that
delivers cargo from the distal axon to the soma for degrada-
tion in neurons [32,33]. Unexpectedly, neuronal autophagy
was largely unaffected by canonical autophagy inducers such
as nutrient deprivation and pharmacological inhibition of
MTOR [34]. These results raise the question of whether
these properties are specific to neurons or whether they are
shared by other cell types in the brain, such as glia.

Here, we examine the regulation of autophagy in response to
metabolic stress in primary astrocytes, as compared with pri-
mary hippocampal neurons. We find that autophagy is robustly
activated in astrocytes in response to two paradigms of metabolic
stress: (1) nutrient deprivation and (2) pharmacological inhibi-
tion of MTOR. While both paradigms inhibit MTOR, they
impact the mechanisms underlying autophagy differently.
Further, activation of autophagy in response to starvation is
dependent on the buffering system of the salt solution. Lastly,
we find that autophagy is more robustly activated in primary
astrocytes as compared with primary neurons in response to
starvation, revealing striking differences in how autophagy is
managed between different cell types in the brain.

Results

MTOR inhibition activates selective autophagy in primary
astrocytes

We previously demonstrated that canonical autophagy indu-
cers such as nutrient deprivation and MTOR inhibition do
not robustly activate autophagy in primary neurons [34].
These unexpected results led us to examine whether these
properties are unique to neurons or are shared by other cell
types in the brain such as astrocytes. Here, we define how
autophagy is regulated in response to metabolic stress in
primary cortical astrocytes. To measure autophagy, we iso-
lated cortical glia from transgenic mice expressing GFP-LC3,
a well-characterized marker for autophagosomes [35,36]. Glial
cultures were enriched for astrocytes, and consisted of ~84%
GFAP-positive astrocytes, ~5% IBA1l-positive microglia, and
~0.06% GALC-positive oligodendrocytes (Figure 1A and S1).
The vast majority of the remaining cells were morphologically
indistinguishable from GFAP-positive astrocytes. Since GFAP
expression varies with astrocyte reactivity [37], this popula-
tion likely represents non-reactive astrocytes.

In this model, autophagosomes are represented by GFP-
LC3-positive puncta distributed throughout the cytoplasm
(Figure 1B). At steady state, the number of autophagosomes
measured is a balance between the antagonistic activities of
autophagosome formation and degradation. Therefore, to
measure autophagic flux, we inhibited lysosome-mediated
degradation with bafilomycin A;. In this way, we can measure
changes in autophagosome formation without losing autop-
hagosomes due to degradation. For each treatment condition,
levels of autophagy were quantified by measuring the total
area occupied by GFP-LC3-positive puncta per astrocyte,
normalized to the respective astrocyte area.

To determine whether autophagy in astrocytes is regulated
by MTOR, we suppressed MTOR function with torinl,
a specific ATP-competitive inhibitor [38]. GFP-LC3 trans-
genic astrocytes were treated with 250 nM torinl for 4 h
and analyzed by immunofluorescence for GFP (LC3). For
immunofluorescence analysis, only cells that exhibited the
characteristic morphology of cultured GFAP-positive astro-
cytes, defined as polygonal cells often with finger-like projec-
tions (Figure 1A and SI1A), were analyzed. Thus, the
immunofluorescence analysis represents a highly pure popu-
lation of astrocytes. We found that treatment with torinl
dramatically increased the total area of GFP-LC3 puncta per
astrocyte ~5-fold relative to the DMSO control (Figure 1B,C),
suggesting an induction of autophagy with MTOR inhibition.
As expected, bafilomycin A; increased GFP-LC3 area
~6.5-fold as compared with the DMSO control (Figure 1B,
C) due to an accumulation of autophagosomes in the absence
of lysosome-mediated degradation. Co-treatment of bafilomy-
cin A; with torinl further increased GFP-LC3 area ~12.4-fold
relative to the DMSO control. Most strikingly, torinl
increased GFP-LC3 area ~2-fold beyond what is accumulated
due to bafilomycin A; alone (Figure 1B,C), indicating that
inhibition of MTOR induces autophagic flux. Combined,
these results demonstrate that MTOR inhibition activates
autophagy in primary astrocytes.

We also analyzed these samples for levels of selective autop-
hagy by co-staining for SQSTM1/p62. SQSTML1 is a receptor that
binds to ubiquitin and LC3 to facilitate engulfment of specific
cargoes into the autophagosome [39]. During the process of
selective autophagy, SQSTM1 will also be engulfed by the autop-
hagosome and degraded. Treatment of astrocytes with torinl
resulted in a 2.1-fold increase in total area of SQSTMI1-positive
puncta, although this effect was not statistically significant
(Figure 1B,D). Treatment with bafilomycin A; to block lyso-
some-mediated degradation increased the total area of
SQSTM1-positive puncta ~11.2-fold relative to the DMSO con-
trol (Figure 1B,D). Co-treatment with bafilomycin A; and torinl
resulted in a significant increase in SQSTMI1 puncta area
~1.3-fold relative to bafilomycin A; alone (Figure 1B,D), sug-
gesting that MTOR inhibition increases the flux of SQSTM1
through lysosome-mediated degradative pathways.

We observed a population of SQSTM1-positive puncta
in torinl-treated cells that were co-positive for GFP-LC3
(Figure 1B), suggesting that MTOR inhibition may induce
selective autophagy. To examine this possibility, we mea-
sured the degree of colocalization between SQSTMI-
positive puncta and GFP-LC3-positive autophagosomes.
First, we measured the percentage of SQSTMI puncta
area that overlaps with GFP-LC3-positive autophagosomes.
Treatment with torinl increased overlap of SQSTM1 with
LC3 by ~2-fold relative to the DMSO control (Figure 1B,E).
Blocking autophagosome clearance with bafilomycin A,
increased overlap of SQSTM1 with LC3 by ~1.8-fold as
compared with DMSO (Figure 1B,E). Co-treatment of bafi-
lomycin A; with torinl further increased this overlap
~2.3-fold relative to DMSO, and ~1.3-fold relative to bafi-
lomycin A; alone (Figure 1B,E). Thus, a population of
autophagosomes that is generated during MTOR inhibition
are engulfing SQSTMI, consistent with an induction of
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Figure 1. Inhibition of MTOR activates SQSTM1-mediated selective autophagy in primary astrocytes. (A) Immunostaining analysis and phase image of primary mouse
cortical glia enriched for astrocytes (GFAP; astrocyte-specific marker). Bar: 20 um. (B) Maximum projections of z-stacks of GFP-LC3 transgenic astrocytes treated with
the MTOR inhibitor torin1 for 4 h and immunostained for GFP and SQSTM1. Arrowheads denote puncta co-positive for GFP-LC3 and SQSTM1. Outlines define cell
boundaries. Bar: 10 um. Inset bar: 1 um. (C) Quantification of total GFP-LC3 puncta area normalized to cell area of astrocytes treated with torin1 for 4 h (mean + SEM;
one-way ANOVA with Tukey’s post hoc test; n = 54-96 cells from 3 independent experiments, 5-7 DIV). (D) Quantification of total SQSTM1 puncta area normalized to
cell area of astrocytes treated with torin1 for 4 h (mean + SEM; one-way ANOVA with Tukey's post hoc test; n = 64-94 cells from 3 independent experiments, 5-7
DIV). (E) Quantification of the percentage of SQSTM1 puncta area that overlaps with GFP-LC3 puncta area in astrocytes treated with torin1 for 4 h (mean + SEM; one-
way ANOVA with Tukey’s post hoc test; n = 53-82 cells from 3 independent experiments, 5-7 DIV cells). (F and G) Immunoblot analysis and corresponding
quantification of lysates generated from glia treated for 4 h with torin1. (F) GAPDH and TUBA1A/a-tubulin serve as loading controls; horizontal lines designate
individual blots. (G) LC3-Il levels were normalized to GAPDH (mean + SEM; one-way ANOVA with Dunnett’s post hoc test; n = 3 independent experiments, each
experiment was performed with technical replicates, 3-6 DIV). (H and I) Immunoblot analysis and quantification of SQSTM1 levels in glia treated with torin1. SQSTM1
levels were normalized to GAPDH (mean + SEM; one-way ANOVA with Dunnett’s post hoc test; n = 4 independent experiments, 6-8 DIV). Baf A, bafilomycin A,
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selective autophagy. We also performed the converse ana-
lysis and measured the percentage of GFP-LC3-positive
area that is positive for SQSTMI1 puncta. With this analysis,
we find that the percentage of GFP-LC3 area that overlaps
with SQSTMI1-positive puncta remains largely the same in
torinl-treated samples relative to controls (Fig. S2A).
Combined, these findings suggest that while more
SQSTM1-positive autophagosomes are formed during
MTOR inhibition, the percentage of autophagosomes dedi-
cated to SQSTMI1-mediated degradation out of the total
population remains relatively constant. Thus, SQSTM1-
mediated selective autophagy is induced, but not enriched,
during MTOR inhibition.

As a complementary approach, we determined levels of
autophagy during MTOR inhibition by immunoblot analysis
of lysates from primary cortical glia. Treatment with torinl
decreased levels of p-RPS6 (S240/244), a downstream target in
the MTOR signaling pathway [40], relative to total RPS6
levels, indicating that MTOR activity was effectively reduced
in our treatment conditions (Figure 1F). To determine the
effects of MTOR inhibition on autophagy, we immunoblotted
for endogenous LC3. During autophagosome formation, cyto-
solic LC3 (LC3-I) is converted to LC3-II by addition of a lipid
tag that facilitates association with the autophagosome mem-
brane [36]. Thus, the density of LC3-II can serve as an
indicator for autophagy levels. Treatment with torinl
increased LC3-II levels relative to the DMSO control (Figure
1F,G), suggesting an induction of autophagy with MTOR
inhibition. Treatment with bafilomycin A; to block autopha-
gosome clearance increased LC3-II levels relative to the
DMSO control (Figure 1F,G). Co-treatment with bafilomycin
A, and torinl increased LC3-II levels relative to bafilomycin
A, alone (Figure 1F,G), indicating an increase in autophagic
flux with torinl treatment. Consistent with the immunofluor-
escence data, the immunoblotting results also support that
MTOR inhibition activates autophagy in astrocytes.

To determine whether torinl-induced autophagy results in
the degradation of autophagic cargo, we immunoblotted for
total levels of SQSTM1. While immunofluorescence measures
punctate, autophagosome-associated SQSTM]1, immunoblot
analysis measures total levels of SQSTM1 including punctate
forms as well as soluble, cytosolic forms of SQSTMI.
Treatment with torinl consistently displayed a trend of
decreased total SQSTM1 levels across multiple trials, although
the decrease was not statistically significant, raising the pos-
sibility that SQSTML1 is degraded through selective autophagy
during MTOR inhibition (Figure 1H,I). Combined with the
immunofluorescence results that show an increased popula-
tion of SQSTM1 puncta that colocalize with GFP-LC3 and are
targeted for lysosomal degradation with torinl treatment
(Figure 1B,D,E), these results suggest that inhibition of
MTOR activates selective autophagy in primary astrocytes.

Different starvation treatments elicit varying effects on
autophagy in astrocytes

Next, we examined whether autophagy is upregulated in
astrocytes in response to nutrient deprivation. For this experi-
ment, we incubated astrocytes in artificial cerebrospinal fluid

(ACSF), a buffered salt solution with 10 mM glucose, to starve
them of amino acids. We also incubated astrocytes in ACSF
lacking glucose for added energy deprivation. Surprisingly,
starvation in ACSF without glucose for 4 h dampened autop-
hagic flux in astrocytes (Figure 2A,B). While treatment with
bafilomycin A, to block autophagosome clearance increased
GFP-LC3 area ~8.6-fold relative to the DMSO control, co-
treatment of bafilomycin A; with ACSF lacking glucose
decreased the area of GFP-LC3-positive autophagosomes
~2.6-fold relative to the fed (normal growth media) bafilomy-
cin A; condition (Figure 2A,B). Co-treatment with bafilomy-
cin A; with ACSF lacking glucose also reduced the
degradative flux of SQSTM1 ~ 2.1-fold relative to the fed
bafilomycin A; condition (Figure 2A,C). Combined, these
results suggest that starvation in ACSF lacking glucose dam-
pens autophagic flux in primary astrocytes.

We also observed a ~ 2-fold reduction in the overlap between
SQSTM1-positive puncta and GFP-LC3-positive autophago-
somes with ACSF lacking glucose as compared with the fed
DMSO control (Figure 2A,D). Consistent across our experi-
ments, blocking autophagosome clearance with bafilomycin A,
predictably increased the area of SQSTM1-positive puncta that
overlaps with GFP-LC3-puncta ~2.1-fold (Figure 2D). However,
co-treatment of bafilomycin A; with ACSF lacking glucose
decreased overlap of SQSTM1 puncta with GFP-LC3-positive
puncta ~1.7-fold relative to the fed DMSO control and ~3.6-fold
relative to the fed bafilomycin A, condition (Figure 2D). We also
observed a decrease in the percentage of GFP-LC3-positive area
that overlaps with SQSTM1-positive puncta in astrocytes treated
with ACSF lacking glucose relative to controls (Fig. S2B).
Together, these data indicate that the decrease in SQSTM1
puncta that are positive for LC3 is not due to just an overall
dampening of autophagy levels, but is also a selective reduction
in the amount of autophagosomes that are involved in SQSTM1-
mediated autophagy relative to the total population. Therefore,
starvation in ACSF lacking glucose not only dampens selective
autophagy levels, but also de-enriches SQSTM1-mediated selec-
tive autophagy in primary astrocytes.

We also directly compared autophagy levels in glia incu-
bated for 4 h in ACSF with and without 10 mM glucose by
immunoblotting. In low nutrient conditions, MTOR signaling
has been previously established to be dampened [41]. To
determine whether astrocytes sense starvation in our experi-
mental paradigm, we immunoblotted for p-RPS6 as a measure
of MTOR activity. Starvation in ACSF * glucose decreased
p-RPS6 levels relative to total RPS6, indicating a decrease in
MTOR signaling in response to nutrient deprivation (Figure
2E). Thus, the astrocytes are sensing starvation in our experi-
mental conditions. Treatment in ACSF + glucose did not alter
steady state levels of LC3-II (Figure 2E,F). However, ACSF +
glucose decreased the accumulation of LC3-II during bafilo-
mycin A; treatment (Figure 2E,F). Treatment with ACSF +
glucose also began to dampen the accumulation of SQSTM1
during bafilomycin A, treatment although this effect was not
significant until 8 h of treatment (Figure 2G,H and S3B,E,F).
Combined, the immunoblotting results corroborate the
immunofluorescence findings that starvation in ACSF with
or without glucose dampens autophagic flux in primary
astrocytes.
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Figure 2. Starvation in ACSF dampens autophagy in primary astrocytes and induces a switch to SQSTM1-independent autophagy. (A) Maximum projections of
Z-stacks of GFP-LC3 transgenic astrocytes starved in ACSF without glucose for 4 h and immunostained for GFP and SQSTM1. Closed arrowheads denote puncta co-
positive for GFP-LC3 and SQSTM1. Open arrowheads denote SQSTM1-positive puncta that are not co-positive for GFP-LC3. Outlines define cell boundaries. Bar: 10um.
(B) Quantification of total GFP-LC3 puncta area normalized to cell area of astrocytes starved in ACSF without glucose for 4 h (mean + SEM; one-way ANOVA with
Tukey's post hoc test; n = 58-68 cells from 4 independent experiments, 3-6 DIV). (C) Quantification of total SQSTM1 puncta area normalized to cell area of astrocytes
starved in ACSF without glucose for 4 h (mean = SEM; one-way ANOVA with Tukey's post hoc test; n = 58-91 from 4 independent experiments, 3-6 DIV). (D)
Quantification of the percentage of SQSTM1 puncta area that overlaps with GFP-LC3 puncta area in astrocytes starved in ACSF without glucose for 4 h (mean + SEM;
one-way ANOVA with Tukey’s post hoc test; n = 38-53 cells from 3 independent experiments, 5-6 DIV cells). (E and F) Immunoblot analysis and quantification of
lysates generated from glia starved in ACSF + glucose for 4 h. (E) GAPDH and TUBA1A/a-tubulin serve as loading controls; horizontal lines designate individual blots.
(F) LC3-I levels were normalized to GAPDH (mean + SEM; one-way ANOVA with Dunnett’s post hoc test; n = 3 independent experiments, 3—-6 DIV). (G and H)
Immunoblot analysis and quantification of SQSTM1 levels in glia starved in ACSF + glucose for 4 h. SQSTM1 levels were normalized to GAPDH (mean + SEM; one-way
ANOVA with Dunnett’s post hoc test; n = 3 independent experiments, 3—-6 DIV). Baf A;, bafilomycin A;; Glc, glucose; GM, glial media.

Next, we assessed whether autophagy might be induced at
earlier times in response to starvation in ACSF, or whether
autophagy induction may require longer time periods of starva-
tion than 4 h. To address these possibilities, we performed a time
course to track the temporal response of autophagy to starvation

in ACSF without glucose from 30 min up to 8 h. Within 30 min,
starvation in ACSF lacking glucose decreased LC3-II levels rela-
tive to fed DMSO and fed bafilomycin A; samples, suggesting an
initial dampening of autophagic flux (Fig. S3A, C and D).
Autophagic flux increased with time in ACSF no glucose,
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however, it remained consistently lower as compared to cognate
fed controls (Fig. S3A, C and D). Curiously, at early time points
when LC3-II and autophagy levels were low, SQSTM1 levels and
SQSTM1 degradative flux were high in ACSF without glucose
relative to fed controls (Fig. S3B, E and F). With further incuba-
tion in ACSF no glucose, SQSTMI1 levels and SQSTM1 degra-
dative flux decreased (Fig. S3B, E and F). By 8 h, SQSTM1 was
elevated in only the fed bafilomycin A;-treated sample due to
impaired SQSTM1 degradation (Fig. S3B, E and F). At this time
point, SQSTM1 flux was dampened in ACSF no glucose relative
to the fed bafilomycin A; condition (Fig. S3B, E and, F), provid-
ing further evidence for decreased autophagic flux with starva-
tion in ACSF. Collectively, these findings suggest that starvation
in ACSF without glucose unexpectedly dampens autophagy in
primary astrocytes during acute and long-term treatments.

This unanticipated dampening of autophagic flux with starva-
tion in ACSF without glucose was corroborated with immuno-
fluorescence analysis. Bafilomycin A; added to normal growth
media resulted in a steady increase in GFP-LC3 and SQSTM1
puncta area over time due to impaired lysosome-mediated degra-
dation (Fig. S3G and H). By contrast, co-treatment of bafilomy-
cin A; with ACSF lacking glucose decreased GFP-LC3 and
SQSTM1 puncta area relative to the fed bafilomycin A; control
(Fig. S3G and H). This effect is detected as early as 30 min of
starvation and persists for up to 8 h (Fig. S3G and H). In total,
based on our immunofluorescence and immunoblotting results,
we find that starvation in ACSF * glucose decreases autophagic
flux in primary astrocytes.

Our observations that ACSF dampens autophagic flux in
astrocytes was unexpected, given that nutrient deprivation has
been previously established to activate autophagy in various
other cell types [42,43]. Therefore, we considered whether
some feature of these precise starvation conditions was prevent-
ing induction of autophagy. For this experiment, we starved
astrocytes in a different type of buffered salt solution, Earle’s
Balanced Salt Solution (EBSS), that contains 5.6 mM glucose. In
contrast to starvation in ACSF, starvation in EBSS increased
the percent area occupied by GFP-LC3 puncta per cell by
~4.8-fold relative to the fed DMSO control (Figure 3A,B).
Interestingly, we noted that the autophagosomes generated in
EBSS were often larger, ring-like structures, compared to the
smaller, punctate structures observed with torinl-induced
autophagy (Figures 1B and 3A, insets). Consistent across our
experiments, bafilomycin A, added to the normal growth media
increased GFP-LC3 puncta area by ~5.4-fold relative to DMSO
alone (Figure 3A,B). Co-treatment of bafilomycin A, with EBSS
resulted in a dramatic increase in GFP-LC3 puncta area per cell,
~14.4-fold above the fed DMSO control, and ~2.7-fold above the
fed bafilomycin A, control (Figure 3A,B). Thus, starvation in
EBSS dramatically induces autophagy in primary astrocytes.

We also found that starvation in EBSS increased selective
forms of autophagy. EBSS increased SQSTMI puncta area
~3.8-fold relative to fed DMSO (Figure 3A,C). Consistently,
bafilomycin A; added to normal growth media increased
SQSTM1 puncta area ~11-fold relative to the fed DMSO control
(Figure 3A,C). Treatment with EBSS plus bafilomycin A,
increased SQSTM1 puncta area ~20-fold relative to the fed
DMSO, and ~1.8-fold relative to the fed bafilomycin A,
(Figure 3A,C). Thus, starvation in EBSS increases the appearance

of SQSTM1-positive puncta and flux of SQSTM1 through lyso-
somal-mediated degradative pathways.

Starvation in EBSS also increased the percent area of SQSTM1-
positive puncta that colocalize with GFP-LC3-positive autophago-
somes by ~4.2-fold relative to the fed DMSO control (Figure 3A,
D). While blocking degradation with bafilomycin A; increased
colocalization between SQSTM1 and GFP-LC3 by 2.7-fold relative
to the fed DMSO control, EBSS plus bafilomycin A; increased
colocalization by ~4-fold relative to the fed DMSO control and
~1.5-fold above the bafilomycin A, alone (Figure 3A,D). Using the
converse analysis, the percent area of GFP-LC3-positive autopha-
gosomes that colocalized with SQSTM1 puncta in EBSS was
similar to that in fed media controls (Fig. S2C). Thus, like
MTOR inhibition, starvation in EBSS activates, but does not
enrich, SQSTM1-mediated selective autophagy in primary astro-
cytes. These effects are in stark contrast to those in ACSF where
selective autophagy is dampened.

To compare the starvation paradigms directly, we deter-
mined levels of autophagy after 30 min and 4 h in ACSF or
EBSS (both containing glucose) by immunoblotting lysates
from primary cortical glia. Starvation in either ACSF or
EBSS progressively decreased p-RPS6 relative to total RPS6,
from 30 min to 4 h (Figure 4A), indicating decreased MTOR
activity in response to starvation in both salt solutions. Thus,
the cells are sensing nutrient deprivation in either starvation
paradigm. At 30 min, treatment with ACSF (containing glu-
cose) dampened autophagic flux in astrocytes (Figure 4A, Ai).
By 4 h, levels of LC3-II were equivalent between fed and
ACSF conditions, suggesting that autophagosome levels may
be increasing with time of starvation treatment, however,
autophagic flux remained lower in ACSF (with glucose) +
bafilomycin A, relative to the fed + bafilomycin A; condition
(Figure 4A, Ai). These time-dependent effects are similar to
our results with starvation in ACSF lacking glucose (Fig. S3A,
C and D), indicating that the dampening of autophagic flux in
ACSF is not dependent on glucose. By contrast, we did not
observe a dampening of autophagic flux with EBSS treatment,
but rather an activation of autophagic flux in EBSS (Figure
4A, Ai). Thus, while astrocytes sense nutrient deprivation in
either ACSF or EBSS, they regulate autophagy differently in
response to each starvation paradigm; ACSF dampens autop-
hagic flux and EBSS activates autophagic flux.

In addition to opposing effects on autophagy, the two salt
solutions also elicited different effects on SQSTMI1 levels. At
30 min, ACSF and EBSS increased SQSTM1 levels and flux of
SQSTM1 through lysosome-mediated degradative pathways
relative to fed controls (Figure 4A, Aii). These results are
similar to our previous results with 30 min in ACSF without
glucose (Fig. S3B, E and F). Thus, while ACSF dampens
autophagic flux and EBSS activates autophagic flux,
SQSTM1 levels increase after 30 min in either starvation
treatment. At 4 h, however, SQSTM1 degradative flux was
significantly increased in only EBSS and not in ACSF with
glucose (or ACSF without glucose; Figure 4A, Aii and Fig.
S3B, E, F). These results, combined with our colocalization
analysis (Figures 2D and 3D), are consistent with the induc-
tion of selective autophagy in EBSS and not in ACSF.

To determine whether the increase in SQSTM1 after 30 min
of treatment in EBSS and ACSF was due to changes in
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Figure 3. Starvation in EBSS activates autophagy in primary astrocytes. (A) Maximum projections of Z-stacks of GFP-LC3 transgenic astrocytes starved in EBSS for 4 h
and immunostained for GFP and SQSTM1. Arrowheads denote puncta co-positive for GFP-LC3 and SQSTM1. Outlines define cell boundaries. Bar: 10 pm. Inset bar:
1 pum. (B) Quantification of total GFP-LC3 puncta area normalized to cell area of astrocytes starved in EBSS for 4 h (mean + SEM; one-way ANOVA with Tukey's post
hoc test; n = 65-91 cells from 3 independent experiments, 4-5 DIV). (C) Quantification of total SQSTM1 puncta area normalized to cell area of astrocytes starved in
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test; n = 25-39 cells from 3 independent experiments, 4-5 DIV).

autophagic flux or contributions from new protein synthesis, we
starved astrocytes in the presence of cycloheximide to inhibit
protein synthesis. Treatment with cycloheximide dampened, but
did not completely abolish, the starvation-induced increase in
SQSTM1 (Fig. S4A and B). Therefore, elevated SQSTM1 during
acute starvation is partially attributed to new protein synthesis.
Interestingly, 30 min in ACSF, but not EBSS, decreased levels of
ubiquitination (Fig. S4A and C), providing further evidence that
these salt solutions elicit differential effects on degradative
pathways.

Our striking observations that the two salt solutions, which
both effectively starve cells, elicit opposing effects on autop-
hagic flux were puzzling. These differential effects were not
due to increased cytotoxicity (Fig. S5). Indeed, there was no

toxicity in either buffer (Fig. S5). Thus, we next sought to
define the factors in EBSS and ACSF that could account for
such differences. While the salt composition of ACSF and
EBSS is largely similar (Table 1), the glucose concentration
is 10 mM in ACSF and 5.6 mM in EBSS. To determine
whether this difference in glucose concentration could
account for the opposing effects of these salt solutions on
autophagic flux, we starved glia for 4 h in ACSF or EBSS
with either 5.6 mM or 10 mM glucose. Interestingly, treat-
ment in ACSF with 5.6 mM or 10 mM glucose dampened
autophagic flux to the same degree, and treatment in EBSS
with 5.6 mM or 10 mM glucose induced autophagic flux to
the same degree (Figure 4B, Bi). Further, different glucose
concentrations had no effect on SQSTMI1 levels within
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Table 1. Solutions used for starvation experiments.

AUTOPHAGY 1659

ACSF without ~ ACSF buffered with bicarbonate and  ACSF with 5.6 mM EBSS, Sigma  EBSS buffered with  EBSS with 10 mM
Solution: ACSF glucose phosphate Glucose E3024 HEPES glucose
Nacl 125 mM 125 mM 125 mM 125 mM 116 mM 117 mM 116 mM
KCl 5 mM 5 mM 5 mM 5 mM 54 mM 53 mM 54 mM
Cadl, 2 mM 2 mM 2 mM 2 mM 1.8 mM 1.8 mM 1.8 mM
MgCl, 1 mM 1 mM 1 mM 1 mM - - -
MgS0O, - - - - 0.8 mM 0.8 mM 0.8 mM
HEPES 10 mM, pH 10 mM, pH 7.4 - 10 mM, pH 7.4 - 10 mM, pH 7.4 -
7.4
NaHCO; - - 26 mM - 26 mM - 26 mM
NaH, - - 1 mM - 1T mM - 1 mM
PO4
Glucose 10 mM - 10 mM 5.6 mM 5.6 mM 5.6 mM 10 mM

a given salt solution (Figure 4B, Bii). Thus, the differential
effects of ACSF and EBSS on autophagic flux are not depen-
dent on glucose concentration.

Another key difference between these salt solutions is in the
buffering systems; EBSS is buffered with bicarbonate and phos-
phate and ACSF is buffered with HEPES. Therefore, we exam-
ined the contributions of the buffering systems on modulating
autophagy levels during starvation. For this experiment, we
swapped the buffering systems and generated EBSS containing
HEPES, and ACSF containing bicarbonate and phosphate buf-
fers (Table 1). As expected, all generated salt solutions effectively
starved the astrocytes, as indicated by decreased p-RPS6 relative
to total RPS6 (Figure 4C). Consistent with our previous results,
treatment with EBSS buffered with bicarbonate and phosphate
induced autophagy (Figure 4C, Ci). Remarkably, starvation in
EBSS buffered with HEPES, and not bicarbonate and phosphate,
reduced autophagic flux, similar to ACSF buffered with HEPES
(Figure 4C, Ci). Furthermore, when we performed the converse
experiment and substituted bicarbonate and phosphate for
HEPES, ACSF did not dampen autophagy, but activated autop-
hagy to levels induced by EBSS buffered with bicarbonate and
phosphate buffers (Figure 4C, Ci). Combined, we find that
starvation in salt solutions buffered with HEPES dampen autop-
hagic flux, and salt solutions buffered with bicarbonate and
phosphate induce autophagic flux. Consistent with these results,
SQSTM1 degradative flux increased in only bicarbonate/phos-
phate-buffered salt solutions (Figure 4C, Cii), further supporting
an activation of selective autophagy. To our surprise, these find-
ings indicate that the buffering system dramatically impacts the
ability of the cell to activate autophagy in response to nutrient
deprivation.

We next examined the cellular mechanism by which ACSF
or EBSS differentially impact the autophagy pathway.
Starvation in either salt solution effectively reduces the spe-
cific MTOR activity that promotes protein synthesis, as

measured by decreased p-RPS6:RPS6 (Figure 4A and C).
Next, we investigated whether these salt solutions differen-
tially impact the specific MTOR activity that regulates ULK1
(unc-51-like kinase 1), a kinase involved in autophagosome
biogenesis [1,44]. MTOR phosphorylation of ULK1 at residue
§757 inhibits ULK1; glucose starvation leads to removal of
ULK1 phosphorylation at S757, and autophagy induction
[45]. We found that starving glia for 4 h in ACSF with
10 mM glucose, ACSF with no glucose, or EBSS with
5.6 mM glucose reduces p-ULK1 (S757) relative to total
ULK1 to similar levels (Figure 4D, Di). Further, reductions
in p-ULK1 (S757) relative to total ULK1 during starvation are
comparable to levels achieved with pharmacological inhibition
of MTOR using torinl (Figure 4D, Di). Thus, our conditions
of nutrient deprivation effectively inhibit MTOR activity, and
the differential effects of the salt solutions on autophagic
regulation are not due to differences in ULKI regulation.

Starvation is a more potent activator of glial autophagy
as compared with neuronal autophagy

We previously reported that starvation in ACSF (buffered with
HEPES) did not robustly activate autophagy in primary hippo-
campal neurons [34]. In our present study, we find that activation
of autophagy in response to starvation is critically dependent on
the buffering system of the starvation solution, with HEPES buffer
leading to an inhibition of autophagic flux. These results led us to
wonder whether the buffer accounted for the lack of autophagy
induction during starvation of neurons in ACSF. To address this
possibility, we evaluated the ability of neurons to activate autop-
hagy in response to starvation in EBSS buffered with bicarbonate
and phosphate. For this experiment, we isolated hippocampal
neurons from GFP-LC3 transgenic mice and measured
the percent area occupied by GFP-LC3-positive autophagosomes
in the soma by live-cell imaging. Our preparations of primary

Figure 4. Starvation in EBSS activates autophagy in a buffer-dependent manner. (A-Aii) Immunoblot analysis and corresponding quantification of glia starved in
ACSF versus EBSS for 30 min or 4 h. LC3-Il and SQSTM1 levels were normalized to GAPDH (mean + SEM; one-way ANOVA with Dunnett’s post hoc test; statistical tests
were performed independently for each time point; n = 3-5 independent experiments, 5-7 DIV). (B-Bii) Immunoblot analysis and corresponding quantification of
glia starved for 4 h in ACSF vs EBSS with either 5.6 mM or 10 mM glucose. LC3-Il and SQSTM1 levels were normalized to GAPDH (mean + SEM; one-way ANOVA with
Dunnett’s post hoc test; n = 4 independent experiments, 4-5 DIV). (C-Cii) Immunoblot analysis and corresponding quantification of glia starved for 4 h in ACSF
versus EBSS with either HEPES or bicarbonate/phosphate buffering systems. LC3-Il and SQSTM1 levels were normalized to GAPDH (mean + SEM; one-way ANOVA
with Dunnett’s post hoc test; n = 3 independent experiments, 4-8 DIV). (D and Di) Immunoblot analysis and corresponding quantification of glia starved for 4 h in
the indicated salt solutions. p-ULK1:TUBATA was normalized to total ULK1:TUBA1A (mean + SEM; starvation data are analyzed by a one-way ANOVA with Dunnett’s
post hoc test; torin1 data are analyzed by a t-test; n = 3 independent experiments, 3-6 DIV). (A-D) GAPDH and TUBA1A/a-tubulin serve as loading controls; horizontal

lines designate individual blots. Baf A;, bafilomycin A;; GM, glial media.
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hippocampal neurons are highly pure. Immunostaining analysis
indicated that ~96% of Hoechst-positive cells were positive for the
neuron-specific marker TUBB3/B3 tubulin; GFAP-positive astro-
cytes were rarely detected (Fig. S6).

In contrast to astrocytes, treatment of neurons with EBSS for
4 h had no significant effect on autophagosome area in the soma
relative to the fed control at steady state (Figure 5A,B). As
expected, treatment with bafilomycin A; to block autophago-
some clearance dramatically increased GFP-LC3 puncta area in
fed conditions by ~3.9-fold relative to the fed DMSO control.
Co-treatment of bafilomycin A; with EBSS, however, resulted in
only a modest increase in autophagosome area relative to the fed
bafilomycin A, alone (Figure 5A,B). These results demonstrate
that while there is a slight stimulation of autophagy in neurons
during starvation, this induction is not as pronounced in neu-
rons as it is in astrocytes. Therefore, neurons respond differently
than astrocytes when challenged with metabolic stress.

We also measured autophagy levels by immunoblotting
lysates from hippocampal neurons starved for 30 min or 4 h
in ACSF (buffered with HEPES) or EBSS (buffered with
bicarbonate and phosphate). Similar to astrocytes, hippocam-
pal neurons detect nutrient deprivation in both salt solutions
and downregulate MTOR signaling, as indicated by decreased
p-RPS6 levels relative to total RPS6 (Figure 5C). Unlike in
astrocytes, dampening of autophagic flux in ACSF was not as
robust in primary neurons (Figure 5C,D). Treatment with
EBSS resulted in only a slight activation of autophagy in
neurons (Figure 5C,D). Unlike astrocytes, neurons did not
accumulate SQSTM1 during short-term treatments in either
ACSF or EBSS (Figure 5C,E). Thus, combined with the fluor-
escence data, these results indicate that autophagy is differen-
tially regulated in neurons and astrocytes in response to stress,
with starvation being a more potent activator of autophagy in
astrocytes as compared with neurons.

Since autophagy is only mildly induced in primary neurons
after 4 h of starvation, we next assessed whether robust
activation of autophagy in neurons may require longer time
periods of starvation. To address this possibility, we incubated
GFP-LC3 transgenic hippocampal neurons in EBSS for 6 h
and 8 h, and measured the percent area of GFP-LC3-positive
puncta in the soma, normalized for soma area. Treatment
with EBSS increased autophagosome area in the soma as
a function of time, indicating that autophagy can be induced
in neurons with longer periods of starvation (Figure 5F—H).
Consistent with this result, autophagic flux was induced after
6 h of starvation in EBSS (Figure 5F,G). We were unable to
assess autophagic flux at 8 h due to increasing toxicity asso-
ciated with extended bafilomycin A; treatment. Thus, we find
that neurons can activate autophagy with longer periods of
starvation (Figure 5F—H), however, the effects are less pro-
nounced as compared to astrocytes that are starved for less
time (4 h; Figure 3A,B).

Discussion

Whether glia and neurons regulate autophagy in a similar
manner in response to stress is poorly understood. Here, we
address this issue and investigate the mechanistic basis for
regulating autophagy during metabolic stress in primary

astrocytes, and perform a comparative analysis with primary
hippocampal neurons. We find that autophagy in astrocytes is
strongly activated by pharmacological inhibition of MTOR
(Figure 1). We also find that nutrient deprivation activates
autophagy in astrocytes and this induction is critically depen-
dent on the buffering system of the starvation solution (Figure
3,4). Starvation in salt solutions buffered with HEPES dam-
pens autophagy while starvation in salt solutions buffered with
bicarbonate and phosphate activates autophagy (Figure 2-4).
By contrast, starvation conditions that robustly activate autop-
hagy in astrocytes have less pronounced effects in neurons,
suggesting that nutrient deprivation is not as potent an acti-
vator of autophagy in neurons as compared to astrocytes
(Figure 5).

Our findings help to define the molecular basis for autop-
hagy in response to various paradigms of metabolic stress and
emphasize that different methods of MTOR inhibition, either
by pharmacological inactivation or nutrient deprivation,
impact the autophagy pathway differently. Results from
immunofluorescence and immunoblotting analyses were cor-
roborative, but immunofluorescence analysis allowed more
sensitive detection of differences. While both treatments of
MTOR inhibition can induce autophagy, the morphology of
the autophagosomes generated in each treatment are different.
Starvation leads to the formation of larger, more ring-like
autophagosomes as compared with the smaller, more punctate
autophagosomes formed during MTOR inhibition with torinl
(Figures 1B and 3A). Additionally, while both treatments
induce SQSTMI1-positive, selective forms of autophagy, the
effect on total SQSTM1 levels differs between each paradigm.
During a 4 h treatment with torinl, increased autophagy
levels result in a consistent trend of decreased total SQSTM1
levels (Figure 1H and I). By contrast, starvation (in either
ACSF or EBSS) elicits an early increase in steady state levels
of SQSTM1, which then return to baseline by 4 h of starvation
(Figure 2G, H, 4A, Aii, S3B, E and F). We find that this initial
increase in SQSTM1 during acute starvation is in part due to
new protein synthesis (Fig. S4A and B). Interestingly, while
MTOR signaling was dampened in all starvation paradigms
tested, autophagy was not consistently activated (Figure 2E, F,
4A, C, D, S3A and C). In fact, starvation in ACSF dampened
autophagic flux in astrocytes (Figure 2, 4A-C and S3). Thus,
not all conditions of MTOR inhibition are sufficient to sti-
mulate autophagy. Our findings underscore the mechanistic
diversity of different paradigms of autophagy activation.
Further, our results raise important considerations when
interpreting SQSTM1 as a readout for autophagic flux, as
total SQSTMI levels are differentially impacted depending
on the type of metabolic stress.

One of our most striking observations is that not all star-
vation conditions result in the activation of autophagy (Figure
2-4 and S3). These differential effects are not due to differ-
ences in glucose concentration (Figure 4B, Bi) or an increase
in cytotoxicity (Fig. S5). Rather, these differential effects are
attributed to the buffering system of the salt solution. We
starved astrocytes in two salt solutions, ACSF versus EBSS,
that differed primarily in the type of buffering system, HEPES
versus bicarbonate-phosphate, respectively. We also per-
formed experiments to swap the buffering system and
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Figure 5. Starvation in EBSS does not robustly activate autophagy in primary neurons. (A) Maximum projections of z-stacks in the soma of GFP-LC3 transgenic
hippocampal neurons starved in EBSS for 4 h. Bar: 10 pm. (B) Corresponding quantification of GFP-LC3 puncta area normalized to the soma area of neurons starved in
EBSS for 4 h (mean + SEM; one-way ANOVA with Tukey’s post hoc test; n = 49-71 neurons from 4 independent experiments, 8-10 DIV). (C-E) Immunoblot analysis
and corresponding quantification of wild type hippocampal neurons starved in ACSF versus EBSS for 4 h. GAPDH and TUBA1A/a-tubulin serve as loading controls;
horizontal lines designate individual blots. LC3-ll and SQSTM1 levels were normalized to GAPDH (mean + SEM; one-way ANOVA with Dunnett’s post hoc test;
statistical tests were performed independently for each time point; n = 6 independent experiments, 8-10 DIV). (F) Maximum projections of z-stacks in the soma of
GFP-LC3 transgenic hippocampal neurons starved in EBSS for 6 h and 8 h. Bar: 10 pm. (G) Quantification of GFP-LC3 puncta area normalized to the soma area of
hippocampal neurons starved in EBSS for 6 h (mean + SEM; one-way ANOVA with Tukey’s post hoc test; n = 34-64 neurons from 4 independent experiments, 8-9
DIV). (H) Quantification of GFP-LC3 puncta area normalized to the soma area of hippocampal neurons starved in EBSS for 8 h (mean + SEM; student’s t-test;
n = 46-68 neurons from 4 independent experiments, 8-9 DIV). Baf A,, bafilomycin A;; MM, maintenance media.

generated ACSF buffered by bicarbonate-phosphate and EBSS
buffered with HEPES. All combinations of salt solutions effec-
tively decreased p-RPS6 levels (Figure 2E, 4A, C and S3A),
indicating a decrease in MTOR signaling, consistent with cells
sensing nutrient deprivation in all paradigms tested. However,
most strikingly, autophagy was activated in only salt solutions
buffered with bicarbonate and phosphate, and not HEPES
(Figure 2-4 and S3). Salt solutions buffered with HEPES had
an inhibitory effect and dampened autophagic flux.
Differences between these salt solutions was further evident
by measuring levels of SQSTMI-mediated selective autop-
hagy. Indeed, EBSS elicited SQSTMI1-mediated selective

autophagy whereas ACSF muted the process. We also
observed a decrease in cellular ubiquitination levels in ACSF
(HEPES-buffered) as compared with EBSS (bicarbonate/phos-
phate-buffered) (Fig. S4). Thus, the buffering system drama-
tically impacts the ability of the cell to modulate autophagy in
response to metabolic stress. These findings provide an
important distinction for the autophagy field in considering
how buffer components impact starvation-induced
autophagy.

Notably, buffering systems can affect cellular function in
other contexts. For example, incubating neurons in HEPES-
buffered solutions, but not bicarbonate-based solutions, can



1662 (&) A.KULKARNI ET AL.

alter neuron membrane potential and dampens firing rates
[46]. The mechanisms underlying this effect are unclear. One
possibility is that bicarbonate, which is a more physiological,
cell-permeant buffer than HEPES, may enable tighter regula-
tion of extracellular and hence intracellular pH over extended
time periods. One recent report links acidic intracellular pH
with alterations in lysosome distribution and function [47],
which could have profound effects on the autophagy pathway.
Likewise, acidic intracellular environments can decrease
autophagic flux [48]. We found that starvation in either buf-
fering system effectively downregulates p-RPS6:RPS6 and
p-ULKL:ULK1 (Figure 4). Thus, these buffer-dependent
effects are not explained by differential activities of MTOR
signaling that regulate new protein synthesis and autophagy,
respectively. Future studies will need to identify the cellular
mechanisms underlying these buffer-dependent effects.

Our results also highlight differences in the regulation of
stress-induced autophagy between astrocytes and neurons.
We find that starvation is a more potent activator of autop-
hagy in astrocytes as compared with neurons. After 4 h of
starvation, autophagy is activated more robustly in astrocytes
as compared with neurons (Figure 3, 4 and 5). While longer
periods of starvation (6 h and 8 h) can activate autophagy in
neurons (Figure 5), the effects are less pronounced as com-
pared to astrocytes that are starved for less time (4 h; Figure
3). Further, during acute starvation in either ACSF or EBSS,
SQSTM1 levels and SQSTMI degradative flux are initially
elevated in astrocytes, but are unaltered in neurons (Figure
4A, Aii, 5C, E, and S3B, E). Since ACSF and EBSS have
opposing effects on autophagy, this increase in SQSTMI1
degradative flux in astrocytes is uncoupled from LC3-II-
dependent macroautophagy at early time points of starvation.
We show that a component of this starvation-induced
increase in SQSTML1 in astrocytes is attributed to new synth-
esis of SQSTM1 (Fig. S4). The remaining increase in SQSTM1
degradative flux may be attributed to microautophagy,
a process where cargoes are engulfed directly into endolyso-
somal organelles without an autophagosome intermediate.
A recent study demonstrated that during acute starvation,
selective autophagy receptors, such as SQSTMI, are efficiently
degraded through endosomal microautophagy, independent
of macroautophagy [49]. Interestingly, we see this starvation-
induced increase in SQSTM1 degradative flux only in astro-
cytes and not in neurons, suggesting that not only macroau-
tophagy, but also microautophagy, may be differentially
regulated in astrocytes versus neurons. Lastly, we show that
MTOR inhibition activates autophagy more robustly in astro-
cytes as compared to our previous results in neurons [34]
(Figure 1). Thus, we find that astrocytes exhibit a more pro-
nounced activation of autophagy during metabolic stress as
compared with neurons. These results may point to a major
dichotomy in autophagic regulation between the main cell
types of the brain.

Given that neurons are post-mitotic and must survive for
nearly a century, they are particularly dependent on robust
quality control pathways to maintain health and functionality
throughout their extended lifetime. Thus, our findings that
metabolic stressors are more potent activators of autophagy in
astrocytes as compared with neurons are particularly

intriguing. These data may point to a metabolic division of
labor in the brain. The extensive specialization of neurons
may render them more dependent on glia for metabolic sup-
port. In fact, Zheng et al. have shown that neural progenitor
cells switch from aerobic glycolysis to oxidative phosphoryla-
tion as they differentiate into neurons, linking different meta-
bolic programs with proliferative versus post-mitotic
differentiation states [50]. Concomitant with this transition
to oxidative phosphorylation, mitochondrial mass increases in
neurons [50]. As a consequence, neurons may then rely on
glia to provide fuel, in the form of lactate, for mitochondrial
ATP production [51,52]. This intercellular transfer of lactate
represents a point of vulnerability for neurons as mutations in
the oligodendroglial-enriched lactate transporter lead to neu-
rodegenerative disease in humans [53]. Interestingly, a recent
study examined changes in the neuronal proteome when
neurons were grown in isolation or in combination with glia
[54]. Lack of glia greatly enhanced the turnover of neuronal
glycolytic proteins, suggesting that in the absence of metabolic
support from glia, neurons must rely on their own glycolytic
machinery [54]. Complexity is further added when consider-
ing region-specific functions for neurons in the brain.
A recent study demonstrates that starvation upregulates
autophagy in only hypothalamic neurons and not cortical,
hippocampal, or cerebellar neurons in vivo [55], suggesting
neuron-specific functions for autophagy in the brain. In total,
emerging data support a collaboration between neurons and
surrounding glia to regulate metabolic function in the brain.
In this role, we find that glia are more responsive to metabolic
stress, in terms of activating autophagy, as compared with
neurons.

Other studies have indicated that autophagy and other
branches of the quality control network might be regulated
differently in neurons versus astrocytes in response to other
modalities of stress. Pamenter et al. show that ischemic stress
induces extensive vacuolization in astrocytes as compared
with neurons [56]. Pla et al. suggest that ethanol stress
might elicit autophagy in astrocytes but not in neurons [57].
Post-mortem samples from Alzheimer disease patients exhibit
elevated levels of TFEB, a transcription factor that regulates
autophagosome and lysosome biogenesis, in astrocytes as
compared with neurons [58]. Mice deficient in PI(3,5)P,
accumulate SQSTMI1 preferentially in astrocytes as compared
with neurons [59]. Moruno-Manchon et al. also demonstrate
cell-type specific differences in SPHK1 (sphingosine kinase 1)-
associated autophagy in neurons versus astrocytes [60].
Tydlaka et al. demonstrate that glia exhibit higher proteaso-
mal activity with aging as compared with neurons [61]. Thus,
accumulating evidence suggests that glia may be more sensi-
tive to different modalities of stress and respond with differ-
ent alterations in autophagy as compared with neurons.

Recent reports also raise an intriguing hypothesis of
whether glia may supplement neuronal degradation systems.
Indeed, work has shown intercellular transfer of organelles
from neuronal axons to neighboring astrocytes for degrada-
tion by lysosomes [62]. Further, microglia may have key
neuroprotective roles in models of neurodegenerative disease
by degrading aggregated proteins originating from neurons
[63]. An interesting implication for our results is that MTOR



inhibitors, such as rapamycin, may have neuroprotective
effects in vivo by stimulating autophagy preferentially in glia
as compared with neurons. These treatments, in combination
with small molecules to further target autophagy in neurons,
could be used to strengthen therapeutic strategies to mitigate
neurodegenerative disease [64].

Materials and methods
Reagents

GFP-LC3 transgenic mice, strain name B6.Cg-Tg(CAG-EGFP
/LC3)53Nmi/NmiRbrc were obtained from the RIKEN
BioResource Center in Japan [35] and maintained as hetero-
zygotes. All animal protocols were approved by the
Institutional Animal Care and Use Committee at the
University of Pennsylvania. Primary antibodies for immuno-
fluorescence include chicken anti-GFP (Aves Labs, Inc., GFP-
1020), mouse anti-SQSTM1/p62 (Abcam, Ab56416), rabbit
anti-GFAP (Millipore, AB5804), rabbit anti-IBA1 (Wako,
019-19741), anti-GALC (galactosylceramidase; H8H9)
mouse hybridoma supernatant (gift from Judith Grinspan,
University of Pennsylvania, Philadelphia, PA), and mouse
anti-TUBB3/B3 tubulin (Novus Biologicals, MAB1195-SP).
Secondary antibodies for immunofluorescence include goat
anti-chicken Cy2 (Jackson ImmunoResearch Laboratories,
103-225-155), goat anti-mouse Alexa Fluor 594 (Invitrogen,
A11032), goat anti-mouse Alexa Fluor 488 (Thermo Fisher
Scientific/Invitrogen, A11029), goat anti-rabbit Alexa Fluor
488 (Thermo Fisher Scientific/Invitrogen, A11034), and goat
anti-rabbit Alexa Fluor 594 (Thermo Fisher Scientific/
Invitrogen, A11037). Hoechst 33342 was purchased from
Thermo Fisher Scientific/Molecular Probes (H3570). Draq7
was purchased from Abcam (ab109202). Antibodies for
immunoblot analysis include rabbit anti-LC3 (Abcam,
ab48394), rabbit anti-LC3 (Cell Signaling Technology,
2775S), mouse anti-GAPDH (Advanced Immunochemicals,
2-RGM2 clone 6C5), mouse anti-GAPDH (Abcam, ab9484),
mouse anti-TUBA1A/a-tubulin (Sigma, T9026 clone DM1A),
rabbit anti-p-RPS6/S6 (Cell Signaling Technology, 2215), rab-
bit anti-RPS6/S6 (Cell Signaling Technology, 2217S), mouse
anti-SQSTM1/p62 (Abcam, ab56416), mouse anti-ubiquitin
(Cell Signaling Technology, 3936T, clone P4D1), rabbit anti-
p-ULK1 (Ser757; Cell Signaling Technology, 6888), rabbit
anti-ULK1 (Cell Signaling Technology, 8054, clone D8H5),
donkey anti-mouse peroxidase conjugated secondary antibody
(Jackson ImmunoResearch Laboratories, 715-035-151), and
donkey anti-rabbit peroxidase-conjugated secondary antibody
(Jackson ImmunoResearch Laboratories, 711-035-152). Small
molecules include bafilomycin A; (Sigma, B1793), torinl
(Calbiochem, 475991), and cycloheximide (Sigma, C7698).

Primary cortical astrocyte culture

Cerebral cortices were dissected from brains of GFP-LC3
transgenic or non-transgenic neonatal mice of either sex at
P0-P1, and carefully stripped of their meninges. Tissue was
digested with 0.25% trypsin (Thermo Fisher Scientific/Gibco,
15090-046) for 10 min at 37°C, then triturated with a 5 mL
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pipette to break up large pieces of tissue, and then triturated
with a P1000 pipet until a homogeneous cell suspension is
achieved. Cells were passed through a strainer with 40 pm
pores (Falcon, 352340) and plated at a density of 2,000,000--
3,000,000 astrocytes per 10 cm dish. Astrocytes were grown in
glial media (DMEM [Thermo Fisher Scientific/Gibco, 11965--
084] supplemented with 10% heat inactivated fetal bovine
serum [Hyclone, SH30071.03], 2 mM Glutamax [Thermo
Fisher Scientific/Gibco, 35050-061], 100 U/ml penicillin and
100 pg/ml streptomycin [Thermo Fisher Scientific/Gibco, 15-
140-122]) at 37°C in a 5% CO, incubator. The next day after
plating, and every 3-5 d following, glia were fed by replacing
glial media. When glia reached 80-90% confluence (~8-10
d after plating), astrocytes were trypsinized and plated for
experiments. 200,000-500,000 astrocytes were plated per
35 mm fluorodish (World Precision Instruments, FD35-100)
coated with 500 pg/ml poly-L-lysine (Sigma, P2636) for
immunofluorescence, or per 6-well for immunoblotting.
Astrocytes were grown in glial media for 3-8 DIV at 37°C
in a 5% CO, incubator. All immunoblot analyses utilized
GFP-LC3 transgenic glia except those shown in (Figure 4C
and S4) which were from non-transgenic glia. We noted no
differences in the cellular response to starvation between
GFP-LC3 transgenic and non-transgenic astrocytes.

Primary hippocampal neuron culture

Hippocampi were dissected from brains of GFP-LC3 trans-
genic mouse embryos of either sex at day 15.5; detailed
methods are found in Dong et al., 2019 [65]. In brief, the
tissue was digested with 0.25% trypsin for 10 min at 37°C, and
then triturated through a small-bore glass Pasteur pipette to
achieve a homogeneous cell suspension. For live-cell imaging,
we plated 750,000-1,500,000 GFP-LC3 transgenic hippocam-
pal neurons in a 10 cm dish containing eight 25 mm acid-
washed glass coverslips coated with 500 pg/ml poly-L-lysine.
For the immunofluorescence in Fig. S6, 1,500,000 non-
transgenic hippocampal neurons were plated in a 10 cm
dish containing eight 25 mm acid-washed glass coverslips
coated with 500 pg/ml poly-L-lysine. For immunoblotting
analysis in (Figure 5C-E), we obtained wild-type mouse hip-
pocampal neurons from the Neurons R Us core facility at the
University of Pennsylvania. These neurons were prepared
from C57BL/6 mouse embryos at day 18 and plated at
240,000 cells per 6-well coated with 50 pg/ml poly-L-lysine.
Neurons were grown for 8-10 DIV in maintenance media
(Neurobasal medium [Thermo Fisher Scientific/Gibco, 21-
103-049] supplemented with 2% B-27 [Thermo Fisher
Scientific/Gibco, 17504-044], 37.5 mM NaCl, 33 mM glucose
[Sigma, G8769], 2 mM glutaMAX, and 100 U/ml penicillin
and 100 pg/ml streptomycin) at 37°C in a 5% CO, incubator.
Every 3-4 d, 20-30% media was replaced; 1 pM AraC (anti-
mitotic drug; Sigma, C6645) was added to the first feed.

Torin1 and starvation treatments

For the torinl treatment, glia were incubated in glial media
supplemented with 250 nM torinl, 100 nM bafilomycin A;,
250 nM torinl and 100 nM bafilomycin A;, or an equivalent
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volume of DMSO as a solvent control, for 4 h at 37°C in a 5%
CO, incubator. For starvation experiments, the following
solutions were used (Table 1; the pH for all solutions was
confirmed to be within physiological range):

For starvation experiments, cells were washed once in
either regular growth media or the indicated salt solution,
and then incubated in each solution supplemented with
100 nM bafilomycin A;, or DMSO as a solvent control, for
the designated time at 37°C in a 5% CO, incubator. In Fig. 4,
glial media or the salt solutions were supplemented with
20 pg/ml cycloheximide or an equivalent volume of water as
a solvent control and incubated for 30 min at 37°C in a 5%
CO, incubator.

Immunostaining

Neurons or glia were fixed for 10 min in 4% PFA/4% sucrose
in PBS (150 mM NaCl, 50 mM NaPO,, pH 7.4) previously
warmed to 37°C. Cells were washed two times in PBS, per-
meabilized for 5 min in 0.1% Triton X-100 (Thermo Fisher
Scientific, BP151-100) in PBS, washed two times in PBS, and
then blocked for 1 h in PBS supplemented with 5% goat
serum (Sigma, G9023) and 1% bovine serum albumin
(Thermo Fisher Scientific, BP1605-100). Cells were then incu-
bated in primary antibody diluted in block solution for 1 h at
room temperature, washed 3 times for 5 min each in PBS, and
then incubated in secondary antibody diluted in block solu-
tion for 1 h at room temperature. For experiments requiring
nuclear stain, Hoechst dye was included in the incubation
with secondary antibody at a final concentration of 0.5 ug/
ml. Following incubation in secondary antibody, samples were
washed 3 times for 5 min each in PBS and kept in PBS for
imaging. Samples in Fig. S6 were mounted in ProLong Gold
(Thermo Fisher Scientific/Molecular Probes, P36930).

For immunolabeling oligodendrocytes in Fig. S1, live cells
were washed once in PBS and then labeled with anti-GALC
antibody for 30 min at room temperature. Cells were then
washed 5 times in PBS and then labeled with secondary anti-
body and Hoechst dye for 30 min at room temperature.
Samples were washed 5 times in PBS, fixed in 4% PFA/4%
sucrose for 10 min, and then washed 2 times in PBS and kept
in PBS for imaging.

Images in (Figure 1B, 2A, and 3A) were acquired on
a BioVision spinning disk confocal microscope system con-
sisting of a Yokagawa W1 spinning disk confocal, a Leica
DMi8 inverted widefield microscope, and Photometrics
Prime 95B sCMOS camera. Images were acquired with
VisiView software using a 63X/1.4 NA Plan-Apochromat oil-
immersion objective and solid-state 488 and 561 nm lasers for
excitation. Z-stacks were obtained of the entire astrocyte at
0.2 pm sections. For images that would be quantitatively
compared directly to each other, the same acquisition para-
meters were used across treatment conditions. Images in
(Figure 1A, S1, and S6) were acquired on a Leica DMi8
inverted widefield microscope with a Hamamatsu Orca
Flash 4.0 V2+ sCMOS camera, with DAPI, GFP, and Texas
Red filter cubes, and Leica software. (Figure 1A) used a 40X/
1.30 NA Plan-Apochromat oil-immersion PH3 objective. Fig.
S1 and S6 used a 20X/0.80 NA Plan-Apochromat dry PH2

objective and Z-stacks were obtained that spanned the entire
depth of the field of glia or neurons at 0.4 um sections.

Live-cell labeling of glia with Draq7

Following the starvation treatment described above, glia were
incubated in 3 uM Draq7 and 0.5 pg/ml Hoechst dyes in
either live-cell imaging media (Hibernate E [Brain Bits, HE-
Lf] supplemented with 2% B-27 and 2 mM GlutaMAX) for
the fed samples, or the indicated salt solution for the starved
samples, for 10 min at 37°C in a 5% CO, incubator. Glia were
imaged on the spinning disk confocal microscope using
a 40X/1.30 Plan-Apochromat oil-immersion objective and
405 and 640 nm solid state lasers with the temperature main-
tained at 37°C with an environmental chamber. Z-stacks were
generated that spanned the entire depth of the field of glia at
0.5 um sections. As a positive control for each condition, 0.1%
Triton X-100 was added to the samples and the samples were
incubated for 5 min at 37°C in the environmental chamber
before acquiring Z-stacks. Cytotoxicity was measured as the
percentage of Hoechst-positive cells that were co-positive for
Draqy7.

Live-cell imaging of neurons

For the starvation of neurons, neurons were washed once in
either maintenance media or EBSS, and then incubated in each
solution supplemented with 100 nM bafilomycin A; or DMSO
as a solvent control, for 4, 6, or 8 h at 37°C in a 5% CO,
incubator. For live-cell imaging, fed samples were imaged in
Hibernate E supplemented with 2% B-27 and 2 mM GlutaMAX,
and either 100 nM bafilomycin A; or DMSO. Starved samples
were imaged in fresh EBSS solution with either 100 nM bafilo-
mycin A; or DMSO. Neurons were imaged using a Chamlide
CMB magnetic imaging chamber (BioVision Technologies) for
a maximum of 30 min on the spinning disk confocal micro-
scope in an environmental chamber at 37°C. Z-stacks spanning
the entire depth of the soma were acquired at 0.2 pm sections
using a 40X/1.30 NA objective and 488 nm laser for excitation.

Immunoblotting

Following torinl or starvation treatments, cells were washed in
PBS (150 mm NaCl, 50 mm NaPO,, pH 7.4) and lysed in RIPA
buffer (150 mM NaCl, 1% Triton X-100, 0.5% deoxycholate
[Thermo Fisher Scientific, BP349-100], 0.1% SDS [Thermo
Fisher Scientific/Invitrogen, 15-553-027], 1X complete protease
inhibitor mixture [Sigma, 11697498001], 50 mM Tris-HCI, pH
7.4) for 30 min on ice. For samples measuring p-RPS6/S6 or
p-ULKI levels, Halt Protease and Phosphatase inhibitor mixture
(Thermo Fisher Scientific, 78442) along with 5 mM EDTA were
substituted for the Roche complete protease inhibitor mixture.
Following lysis, samples were centrifuged at 17,000 x g for
15 min at 4°C. Supernatants were analyzed by SDS-PAGE and
transferred onto an Immobilon-P PVDF membrane.
Membranes were blocked in 5% milk in TBS-Igepal (2.7 mM
KCl, 137 mM NaCl, 0.05% Igepal [Sigma, 13021], 24.8 mM Tris-
HCI, pH 7.4) for 30 min at room temperature, followed by
incubation in primary antibody diluted in block solution for



overnight at 4°C, rocking. The following day, membranes were
washed 3 times for 20 min each in HRP wash buffer
(150 mm NaCl, 0.1% BSA, 0.05% Igepal, 50 mm Tris-HCL, pH
8.0) and incubated in peroxidase-conjugated secondary antibody
diluted in HRP wash buffer for 45 min at room temperature,
rocking. Following incubation in secondary antibody, mem-
branes were washed 3 times for 20 min each in HRP wash buffer

and developed using the SuperSignal West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific,
PI34580).

Image analysis

GFP-LC3 and SQSTM1 area

Maximum projections of Z-stacks were generated in Fiji, and
the entire astrocyte or neuron soma was outlined and mea-
sured for total area. Using Ilastik, GFP-LC3-positive and
SQSTM1-positive puncta were identified and segmented.
Ilastik segmentations were imported into FIJI and the area
of identified objects was measured using the “analyze parti-
cles” function. Total area occupied by GFP-LC3-positive and
SQSTM1-positive puncta per cell or soma was normalized to
the corresponding cell or soma area.

Colocalization between SQSTM1 puncta and GFP-LC3
puncta

Using the binary segmentations of GFP-LC3 and SQSTMI1
puncta for each cell, the GFP-LC3 image was subtracted from
the SQSTM1 image. The remaining area which represents
SQSTM1-positive puncta that do not overlap with GFP-LC3-
positive puncta was measured in FIJI using “analyzed parti-
cles”. This area was subtracted from the original total area of
SQSTM1 puncta to express the percent area of SQSTMI-
positive puncta that overlaps with GFP-LC3-positive puncta.
To determine the percent area of GFP-LC3-positive puncta
that overlaps with SQSTM1-positive puncta, the SQSTM1
image was subtracted from the GFP-LC3 image and processed
as above.

Quantification of western blotting

Bands were quantified using the gel analyzer tool in Fiji. To
control for sample loading differences between lanes, values for
LC3-1I, SQSTM1, p-ULK1, or ULK1 were divided by values for
GAPDH or TUBA1lA/a-tubulin loading controls from each
corresponding lane. Values were then normalized relative to
the control sample (glial media or maintenance media +
DMSO) and expressed as a fold difference above the control.

Statistical analysis and figure preparation

All image measurements were obtained from the raw data.
GraphPad Prism was used to plot graphs and perform statis-
tical analyses; statistical tests are denoted within each figure
legend (ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001;
*tp < 0.0001). For presentation of images, maximum and
minimum gray values were adjusted linearly in FIJI and
images were assembled in Adobe Illustrator.
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