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ABSTRACT

The autophagy-lysosome pathway is a cellular clearance system for intracellular organelles, macromolecules and
microorganisms. It is indispensable for cells not only to maintain their homeostasis but also to achieve more
active cellular processes such as differentiation. Therefore, impairment or disruption of the autophagy-lysosome
pathway leads to a wide spectrum of human diseases, ranging from several types of neurodegenerative diseases
to malignancies. In elongating axons, autophagy preferentially occurs at growth cones, and disruption of auto-
phagy is closely associated with incapacity for axonal regeneration after injury in the central nervous system.
However, the roles of autophagy in developing neurons remain elusive. In particular, whether autophagy is
involved in axon-dendrite determination is largely unclear. Using primary cultured mouse embryonic hippo-
campal neurons, we here showed the polarized distribution of autophagosomes among minor processes of
neurons at stage 2. Time-lapse observation of neurons from GFP-LC3 transgenic mice demonstrated that an “LC3
surge”—i.e., a rapid accumulation of autophagic marker LC3 that continues for several hours in one minor
process—proceeded the differentiation of neurons into axons. In addition, pharmacological activation and in-
hibition of autophagy by trehalose and bafilomycin, respectively, accelerated and delayed axonal determination.
Taken together, our findings revealed the close association between LC3, a marker of autophagy, and axon

determination in developing neurons.

1. Introduction

Autophagy is an evolutionally conserved cellular machinery for the
clearing away of cellular components in order to protect cells from
damage by these unfavorable materials (Mizushima and Komatsu,
2011). It is also important for nutrition supply and is activated under
starvation. Autophagy starts at the phagophore assembly site, where
nucleated proteins and lipids form cup-like structures called phag-
ophores or isolation membranes. As the membrane elongates, the
isolation membrane closes to form an autophagosome that engulfs
cytosolic materials including proteins, organelles, or microorganisms.
Thereafter, the autophagosome fuses to a lysosome and releases its
components into the lysosomal lumen to be degraded by lysosomal
catabolic enzymes (Mizushima et al., 2011).

Many studies have demonstrated the clinical relevance of autophagy

to human diseases (Mizushima and Levine, 2020). Several chemicals
that can modulate cellular autophagic activity have been under clinical
trials targeting neurodegenerative diseases, cancer and diabetes
(Kroemer, 2015). In particular, autophagy is indispensable in the ho-
meostasis of post-mitotic cells such as neurons. This is partially because
these post-mitotic cells are not able to dilute toxic cytosolic materials by
cell division (Nixon et al., 2008). Indeed, a conditional knockout mouse
for Atg7 in the neuronal lineage of the central nervous systems, whose
protein product is essential for the formation of an autophagosomal
membrane, displayed a neurodegenerative phenotype, and half of the
animals died around five weeks after birth (Komatsu et al., 2006).

The mechanisms of autophagy in “polarized” or axon-elongating
neurons are well documented. The autophagic machinery proteins
such as ATG9 and ATG13 were specifically enriched at the distal end of
axons or a growth cone. The isolation membranes are formed in close
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proximity to the endoplasmic reticulum, and the autophagosomes are
retrogradely transported toward soma, fusing with lysosomes (Maday
et al.,, 2012; Maday and Holzbaur, 2014). Such spatially regulated
autophagy in elongating neurons is thought to be important for the
maintenance of axonal homeostasis with a high molecular turnover
(Nixon, 2013). Indeed, our recent study demonstrated that the disrup-
tion of autophagy was closely associated with the inability of axons to
regenerate after injury (Sakamoto et al., 2019; Sakamoto et al., 2021a;
Sakamoto et al., 2021b). Scar-associated chondroitin sulfate activates
neuronal receptor PTPc (receptor-type protein tyrosine phosphatase
sigma), leading to the tyrosine-dephosphorylation of cortactin, which in
turn inhibits fusion between lysosome and autophagosome. As a result,
the autophagosomes are abnormally accumulated in the distal terminal
of the severed axonms, transforming the terminal into a so-called
“dystrophic endball,” as first described by Cajal.

In contrast, little is known about the mechanism or significance of
autophagy in unpolarized neurons. Mature neurons have a highly
developed polarity, typically with a single axon and multiple dendrites,
to process information through signal input, integration, and output to
form neural networks. Based on the observation of spontaneous polarity
formation using dispersed culture neurons derived from the rat hippo-
campus, the neuronal polarization process has been classified into five
stages. At the start of culture, neurons first form lamellipodia (stage 1:
several hours after plating). After that, a few immature neurites, called
minor processes, grow out from the cell body (stage 2: 0.5 to 1.5 days).
At this moment, the neurons are still symmetrical, and each minor
process undergoes growth and retraction. One of these immature neu-
rites elongates rapidly, breaking the symmetry to form the axon (stage 3:
1.5 to 3 days). The other minor processes develop into dendrites (stage
4: 4 to 7 days). Finally, the interneuronal connections are formed and
synaptic transmissions are established (stage 5: >7 days) (Dotti et al.,
1988; Arimura and Kaibuchi, 2007; Banker, 2018).

The extrinsic and intrinsic molecular machineries required to
convert one minor process into an axon to determine one minor process
as an axon have been extensively studied (Kishi et al., 2005; Yoshimura
et al., 2005; Shelly et al., 2007; Zhang et al., 2007; Yi et al., 2010; Chen
et al., 2013). However, as mentioned above, whether autophagy is
involved in the axon specification has not been addressed. Here, based
on live imaging of hippocampal neurons, we found that a spatially
activated autophagy in a minor process accelerated axon specification at
stage 2 to stage 3. Consistent with this finding the pharmaceutical
modulation of autophagy in stage 2 neurons also affected axon polari-
zation. Together, our data demonstrated that autophagy was closely
associated with axon specification in developing neurons.

2. Materials and methods
2.1. Animals

C57BL/6 J mice were purchased from SLC Inc. (Japan). GFP-LC3
transgenic mice carrying a rat LC3 fused with GFP at the N-terminal
under the control of the chick p-actin promoter were obtained from
RIKEN BioResource Center (Kuma et al., 2004). Mice were housed in a
temperature-controlled cage under a 12-h light/dark cycle, and received
food and water ad libitum.

2.2. Primary culture of hippocampal neurons

Primary culture of hippocampal neurons from embryonic day 17 or
18 (E17 or 18) was carried out as reported elsewhere with minor
modifications (Kaech and Banker, 2006). Briefly, hippocampal neurons
were dissected from embryos and kept in ice-cold HBSS (Hank's
balanced salt solution). The meninges were carefully removed with fine
forceps under a microscope. The tissues were minced and incubated
with TrypLE (Gibco) for 5 min at 37 °C The tissues were precipitated by a
brief centrifuge and triturated into single cells using a fire-polished
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Pasteur pipette. The dissociated cells were suspended in Neurobasal
Plus medium supplemented with 2% of B-27 Plus, GlutaMAX (x 100,
Gibco) and Antibiotic-Antimycotic (Gibco). The cells were seeded onto
PDL (poly-p-lysine, M.W. 50-100 kDa, 100 pg/mL, Gibco, A3890401)
and laminin (10 pg/mL; Thermo Scientific)-coated glass-bottom dishes
(IWAKI, 3911-035) and cultured until analysis. All experiments were
designed to minimize the number of animals used and their suffering
and pain based on international guidelines. All animal experiments were
approved by the Committee of Animal Care of the Nagoya University
School of Medicine.

2.3. Immunostaining

Primary cultured hippocampal neurons were fixed with 4% para-
formaldehyde (PFA) for 10 min at room temperature and permeabilized
with methanol at —30 °C for 1 min. The cells were then rinsed three
times with phosphate-buffered saline (PBS) and incubated in a blocking
solution containing 5% (v/v) normal goat serum (Vector Laboratories)
and 0.1% (v/v) Triton X-100 for 90 min at room temperature. For
neuron-specific class III -tubulin (Tujl) staining, samples were bathed
in 1:1000 mouse monoclonal anti-Tujl (Covance, 801,201) diluted in
PBS containing 2.5% (v/v) normal goat serum overnight at 4 °C After
three washes with PBS, the neurons were incubated with 1:250 Alexa
Fluor 488-conjugated goat anti-mouse IgG (1:250; Molecular Probes,
A11001) diluted in PBS containing 2.5% (v/v) goat serum for 2 h at
room temperature. For double staining for Tujl and LC3, samples were
incubated with mouse monoclonal anti-Tujl (1:1000; Covance,
801,201) and rabbit monoclonal anti-LC3B (1:500; Cell Signaling
Technology, 3868) dissolved in PBS containing 2.5% (v/v) goat serum
overnight at 4 °C. After washing, these samples were incubated with
secondary antibodies with Alexa Fluor488-conjugated goat anti-mouse
IgG (1:250; Molecular Probes, A11001) and 1:250 Alexa Fluor 594-con-
jugated goat anti-rabbit IgG (1:250; Molecular Probes, A11012) diluted
in PBS containing 2.5% (v/v) goat serum for 2 h at room temperature.
For double staining for Tau and LC3, mouse monoclonal anti-Tau-1
(1:1000; Chemicon, MAB3420) and rabbit monoclonal anti-LC3B
(1:500; Cell Signaling Technology, 3868) were used, and for double
staining for Tuj1 and Tau, rabbit polyclonal anti-Tuj1 (1:1000; Covance,
802,001) and mouse monoclonal anti-Tau-1 (1:1000; Chemicon,
MAB3420) were used, respectively. The samples were then thoroughly
washed with PBS and embedded with FluorSave mounting medium
(Millipore).

2.4. Image acquisition

Fluorescent images were obtained using a TiEA1R microscope
(Nikon) equipped with a Plan Apo VC 60 x A WI DIC N2 water im-
mersion objective lens (N.A. = 1.2, Nikon) and a GaAsP detector (Nikon)
in a fixed image acquisition setting. Digital images were processed and
analyzed using ImageJ. NeuronJ (Meijering et al., 2004) was used to
recognize all neurites using Tujl-stained images, and then MeasureROIs
plug-ins were used to convert them into ImageJ compliant ROIs to
measure the length of neurites. The soma was excluded from the
analysis.

2.5. Live-cell imaging

Neurons were time-lapse imaged in a recording chamber where CO,
concentration (5%), temperature (37 °C, and humidity were maintained.
For long time-lapse imaging to capture the transition of neurons from
stage 2 to stage 3, the images were acquired with a TIEA1R microscope
(Nikon) with a Plan Apo 40x DIC M N2 objective lens (N. A. = 0.95,
Nikon), a Perfect Focus System (Nikon), and a GaAsP detector (Nikon).
512 x 512-pixel images were taken continuously every 5 min. Digital
images were processed and analyzed using ImageJ. As with immuno-
staining, NeuronJ and MeasureROIs plug-ins were used to acquire
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neurite ROIs in differential interference contrast images, from which
neurite length and GFP-LC3 intensity were measured. The number of
GFP-LC3 puncta inside the ROI were counted visually for each neurite;
two examiners (N.S. and T.O.) counted each puncta individually, and
the smaller number was adopted.

2.6. Statistics and reproducibility

No statistical methods were used to determine the sample size of the
experiment. Unless otherwise noted, data are presented as mean values
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with standard deviation. The data sets were analyzed using unpaired t-
test to compare between two groups; in cases of three or more groups, a
one-way analysis of variance (ANOVA) was applied in combination with
a post hoc Tukey test to correct for multiple comparisons. Pearson's
correlation coefficient was used to examine the correlation. Statistical
analyses were performed using R version 4.1.0 (http://www.R-project.
org). Values of p < 0.05 were considered statistically significant. Each
experiment was independently repeated at least three times. All samples
or animals were included in the analysis. Experiments were not ran-
domized and were conducted in an unblinded fashion.

Fig. 1. Polarized localization of autophago-
somes in minor processes at stage 2.
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3. Results
3.1. Polarized distribution of autophagosomes in neurons at stage 2

To investigate whether autophagy was involved in determination of
the dendro-axonal fate, we carried out immunocytochemistry for LC3B,
a marker for autophagosomes in primary cultured immature primary
neurons (Kabeya et al., 2000). At stage 1, autophagosomes were located
equally throughout the cytosol (Fig. 1A). At stage 2, we observed two
types of neurons with respect to the localization of autophagosomes, i.e.,
polarized (Fig. 1A, middle panel) and non-polarized (Fig. 1A, bottom
panel). In the polarized neurons, autophagosomes seemed to be
enriched in one minor process rather than multiple processes (Fig. 1B to
Fig. 1D). This population accounted for approximately 20% of the
neurons at stage 2 (Fig. 1B). In contrast, the majority of neurons at stage
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2 showed non-polarized distribution of autophagosomes, in which
similar numbers of autophagosomes were located among minor pro-
cesses (Fig. 1B to Fig. 1D).

The class III B-tubulin (Tujl) signals also showed the polarized
pattern in some neurons (Fig. 1A), which might have been due to the
difference in the length and the diameter of each minor process. To
exclude potential bias, we compared the relationship between the
fluorescence detection area and integrated fluorescence intensity for
Tujl and LC3B for all minor processes in neurons at stage 2. Although
both Tujl and LC3B showed a significant increase in fluorescence in-
tensity in the LC3B-accumulated minor processes (Fig. 1E), further
scatter plot analysis revealed that Tuj1 had a stronger linear relationship
between intensity and area (Pearson's correlation coefficient, r = 0.94, n
= 491 neurites), indicating that Tuj1 was equally distributed to all minor
processes at stage 2 (Fig. 1F, left). In contrast, LC3B showed a relatively

Fig. 2. LC3 surge drove axonal specification.

A. Time-lapse recording of hippocampal neurons from GFP-
LC3 transgenic mice at stages 2 to 3. The images were ob-
tained with a 40x object lens every 5 min. The arrow indicates
polarized accumulation of autophagosomes in neurite #1
followed by its axonal specification. Scale bar, 10 pm. B. The
length (black) and the relative intensity of GFP-LC3 (green) in
five minor processes in (A). The relative intensity was calcu-
lated based on the average value of the intensities of all minor
processes. Note that the axonal specification of neurite #1
occurred just after the “LC3 surge” (arrow). See also Video 1.
C. Immunocytochemistry for Tau confirmed that neurite #1 in
(A) was specified into an axon. Scale bar, 10 pm. D. The
retrospective analysis of axon and dendrite for their length
and relative intensity of LC3 before axon determination (n =
23 neurons, at 5903 time points). A positive correlation be-
tween length and intensity was observed in future axon (r =
0.62) with higher correlation coefficient compared with future
dendrite (r = 0.41). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article.)
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low correlation (r = 0.87), with a disproportionately high intensity for
area (Fig. 1F, right, arrows), suggesting that LC3B was indeed accu-
mulated in some minor processes. Because one minor process should be
selected as an axon at stage 2 to stage 3, the results above led us to study
whether autophagy was a determinant for the axonal fate in developing
neurons.

3.2. “LC3 surge” drove a minor process to an axon

To further address the relationship between autophagy and axon
determination, we conducted a time-lapse imaging of primary cultured
hippocampal neurons obtained from GFP-LC3 transgenic mice at stages
2 to 3. Twelve hours after seeding, the neurons at stage 2 were picked up
and began to be observed under a confocal microscope. We observed the
oscillated distribution of autophagosomes among the minor processes.
However, at one point, there was a rapid augmentation of GFP signals
(LC3 surge, hereafter) in one minor process that persisted for several
hours (Fig. 2A). Along with the LC3 surge, the minor process started to
elongate and the neuron obtained polarity (Fig. 2B, arrow and Video 1).
After the live imaging, the same neurons were fixed and stained with
axonal marker Tau to confirm that the neurite which was elongated after

A 0 min

200 min
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the LC3 surge differentiated into an axon (Kosik and Finch, 1987)
(Fig. 2C). The retrospective analysis for the relative and maximum in-
tensity for GFP-LC3 in minor processes in stage 2 neurons also showed
that the future axons had significantly higher autophagic activity than
the future dendrites (Fig. 2D).

3.3. Forced activation of autophagy in developing neurons facilitated
axonal determination

Trehalose is a disaccharide from natural sources and has been shown
to activate autophagy in an mTOR-independent manner (Sarkar et al.,
2007). To investigate whether or not activated autophagy affects
neuronal polarization, we treated hippocampal neurons at stage 2 with
25 mM of trehalose (Fig. 3A). As expected, trehalose promptly induced
autophagy in minor processes and the effect lasted for more than 200
min, as examined by the intensity of GFP-LC3 and GFP-positive puncta
(Fig. 3B and Fig. 3C). The buff treatment of trehalose induced autophagy
in multiple or all neurites rather than a single neurite (Fig. 3D).

The morphology of the neurons was assessed by calculating the ratio
of the length of the longest neurite to that of the second longest neurite.
As shown in Fig. 4A, trehalose significantly enhanced the elongation of

Fig. 3. Trehalose induced autophagy in
neurons.

A. Trehalose (25 mM final concentration)
was added to the medium of stage 2 hippo-
campal neurons. The arrows indicate GFP-
LC3-positive puncta. Scale bar, 10 pm. B.
The relative intensity for GFP-LC3 in minor
processes before and after trehalose supple-
mentation. The relative intensity was calcu-
lated based on the average value of the
intensities of all minor processes (n = 163
neurites, unpaired t-test). C. The number of
GFP-LC3-positive puncta (autophagosomes)
before and after trehalose supplementation
(n = 163 neurites, unpaired t-test). D. The
ratio of neurons classified by the number of
neurites with accumulation of LC3 puncta
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the longest neurite. Consistent with this finding, the treatment of neu-
rons with bafilomycin Al (Baf), a vacuolar HT-ATPase inhibitor, which
disrupts autophagy flux by inhibiting lysosomal fusion to autophago-
somes, in turn suppressed the outgrowth of the longest neurite (Fig. 4A
and Fig. 4B). Bafilomycin Al also canceled trehalose-induced elongation
of the neurite (Fig. 4A to Fig. 4C).

To further assess the biological properties of the neurites, we
calculated the polarity index (PI) (Kapitein and Hoogenraad, 2015) of
Tau. PI was calculated as PI = (Id - Ia) / (Id + Ia), where Id is the average
intensity of Tau in dendrites and Ia is the intensity of Tau of the axon.
PI>0 or PI<O is a value indicating polarization toward dendrites or
axons, respectively. As shown in Fig. 4D, trehalose significantly
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Fig. 4. Trehalose accelerated axon specifi-
cation in hippocampal neurons.

A. Immunocytochemistry for Tau (magenta)
and Tujl (green) for hippocampal neurons.
Neurons were treated the indicated drugs
(25 mM trehalose or 10 pM bafilomycin A1)
six hours later after seeding for 2 days. Scale
bar, 10 pm. B. The ratio of neurons after the
treatment of indicated drugs for 2 days (n =
4 dishes each, one-way ANOVA with post-
hoc Tukey HSD). C. The ratio of the length
of an axon to a dendrite (n = 308 for “Ctrl”,
311 for “Trhl”, 265 for “Baf”, and 269 neu-
rons for “Trhl+Baf”, one-way ANOVA with
post-hoc Tukey test). D. The polarity index
(PI) was calculated based on Tau signals.
PI>0 or PI<0 indicates polarization toward
dendrites or axons, respectively. (n = 308
for “Ctrl”, 311 for “Trhl”, 265 for “Baf”, 269
for “Trhl4+Baf” and n = 111 for “stage 2
neurons, one-way ANOVA with post-hoc
Tukey test). (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the web version of this
article.)

decreased PI, while bafilomycin A1 significantly increased PI. Again, the
effect of trehalose was counteracted by bafilomycin Al.

4. Discussion

In our past study, we demonstrated the role of autophagy after
axonal injury. Chondroitin sulfate, one of the major inhibitory cues for
axonal regeneration after injury in the CNS (Bradbury et al., 2002; Silver
and Miller, 2004; Kadomatsu and Sakamoto, 2014; Sakamoto and
Kadomatsu, 2017), activates neuronal receptor PTPc (Shen et al., 2009;
Coles et al., 2011), which induces the tyrosine dephosphorylation of
cortactin, resulting in an attenuation of the fusion between
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autophagosomes and lysosomes (Sakamoto et al., 2019; Sakamoto et al.,
2021Db). That leads to abnormal accumulation of autophagosomes at the
distal tip of the severed axons, transforming them into so-called endballs
with poor regenerative activity. These findings prompted us to investi-
gate the putative roles of autophagy in more immature neurons, espe-
cially during axonal polarization.

We utilized the well-established model of primary cultured hippo-
campal neurons to investigate this issue (Dotti et al., 1988). As expected,
but intriguingly nonetheless, only a subpopulation of neurons showed
the polarized distribution of autophagosomes among minor processes at
stage 2 (Fig. 1A to Fig. 1D). Because stage 2 lasts approximately one day
(Dotti et al., 1988), it might be considered that not all neurons exhibited
the polarity. Based on live imaging of stage 2 neurons from GFP-LC3
transgenic mice, we found a sudden activation of autophagy in only
one neurite that lasted several hours (Fig. 2). Subsequently, the neurite
suddenly began to elongate into an axon (Fig. 2). These results suggested
that asymmetric activation of autophagy in minor processes is involved
in axon determination.

To activate autophagy in the minor processes of hippocampal neu-
rons at stage 2, we used trehalose, which can induce autophagy by un-
known mechanisms. We expected that trehalose would induce
multipolar neurons with multiple axons, as reported with other positive
cues (Da Silva et al., 2005; Kishi et al., 2005; Yoshimura et al., 2005;
Barnes et al., 2007) because it induced LC3 accumulation in all minor
processes (Fig. 3D). Unexpectedly, however, trehalose simply acceler-
ated the axon specifications of one neurite (Fig. 4A to Fig. 4C). Although
we cannot provide any reasonable explanation for this finding, it is
intriguing if we consider that the depletion of Atg5 delayed the matu-
ration of adult newborn neurons (Xi et al., 2016).

How autophagy specified one neurite into an axon was not clarified
in the current study. One possible explanation is that autophagy regu-
lates local positive signals for axon specification. For example, Trk
family proteins are localized at the tip of a minor process, and their
activation by neurotrophins such as NT-3 and brain-derived neuro-
trophic factor (BDNF) promotes axon determination through the Ras and
PI3K-AKT pathways (Segal, 2003; Yoshimura et al., 2005; Kim et al.,
2006; Arimura and Kaibuchi, 2007). The endocytosed Trk is retro-
gradely transported toward the soma on microtubes. This retrograde
transport of Trk has been shown to be important for its full activity
(Segal, 2003; Glebova and Ginty, 2005). It was also revealed that BDNF-
activated TrkB was endocytosed and translocated to the autophagosome
in AP-2-dependent manner in neurons, and that this translocation was
important for neurons to acquire their complexity in vivo (Kononenko
et al., 2017). Therefore, it is possible that the local autophagy and its
retrograde transport are involved in the regulation of Trk signaling at
the time of the axon-dendrite fate decision.

The role of autophagy in the central nervous systems (CNS) has
attracted much attention. In particular, much effort has been paid to the
significance of autophagy in terminally differentiated mature neurons.
Indeed, its impairment has been shown to be closely associated with
neurodegenerative disease. For example, the insertion or deletion of
WDR45, which encodes WIPI14, an essential protein for biogenesis of
the isolation membrane, causes SENDA (static encephalopathy of
childhood with neurodegeneration in adulthood) (Saitsu et al., 2013).
Accumulating evidence indicates that disruption of mitophagy leads to
Parkinson's disease (PD), in which reactive oxygen species (ROS) from
damaged mitochondria damage neurons (Kitada et al., 1998; Valente
et al., 2004; Okatsu et al., 2015; Wauer et al., 2015; Akabane et al.,
2016). The impairment of trafficking of autophagosomes also causes
neurodegeneration. For example, a dysfunction of dynactin, an activator
for dynein which is essential for the retrograde transport of autopha-
gosomes on microtubules, is associated with two different types of
neurodegenerative diseases, Perry syndrome and lower motor neuron
disease (Puls et al., 2003; Farrer et al., 2009). Spinal-bulbar muscular
atrophy (SBMA) is an X-linked recessive inheritance disease with a
progressive loss of neurons in the brainstem and spinal cord. It is caused
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by the insertion and elongation of the CAG repeat in the first exon of
androgen receptor (AR) genes, which produces poly-glutamine AR
(polyQ-AR) (La Spada et al., 1991). The wild-type AR can interact with
and activate transcription factor EB (TFEB), which both participates in
and serves as a master regulator for the CLEAR (coordinated lysosomal
enhancement and regulation) network (Settembre et al., 2013), and
maintain the homeostasis of the autophagosome-lysosome pathway. In
contrast, polyQ-AR, which can still interact with TFEB, inhibits the ac-
tivity of TFEB.

Collectively, our results demonstrated the close association of auto-
phagic marker LC3 and axonal determination. Further analysis is war-
ranted, particularly in regard to the in vivo significance of autophagy and
its disruption in neurodevelopmental disorders such as autism.

5. Conclusions

Autophagy has attracted much attention for its relevance to neuro-
degenerative diseases. However, the biological significance of auto-
phagy in the acquisition of morphological polarity by neurons has not
been elucidated. Here, based on live-imaging of primary cultured hip-
pocampal neurons from GFP-LC3 transgenic mice, we observed a
polarized activation of autophagy that lasted for several hours in a single
minor process at stage 2. This LC3 surge led to the rapid elongation of
the minor process, which finally resulted in its differentiation into the
axon. Consistent with these findings the pharmacological activation of
autophagy by trehalose accelerated axon specification. Taken together,
our results demonstrate the close association between autophagic
marker LC3 and axon specification in neurons.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.expneurol.2022.114112.
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