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SUMMARY

Neurons are long-lived postmitotic cells that capitalize on autophagy to remove toxic or defective proteins
and organelles to maintain neurotransmission and the integrity of their functional proteome. Mutations in
autophagy genes cause congenital diseases, sharing prominent brain dysfunctions including epilepsy, intel-
lectual disability, and neurodegeneration. Ablation of core autophagy genes in neurons or glia disrupts
normal behavior, leading to motor deficits, memory impairment, altered sociability, and epilepsy, which
are associated with defects in synapse maturation, plasticity, and neurotransmitter release. In spite of the
importance of autophagy for brain physiology, the substrates of neuronal autophagy and the mechanisms
by which defects in autophagy affect synaptic function in health and disease remain controversial. Here,
we summarize the current state of knowledge on neuronal autophagy, address the existing controversies
and inconsistencies in the field, and provide a roadmap for future research on the role of autophagy in the
control of synaptic function.
INTRODUCTION terminals, and accordingly, the presynapse represents a region
of high energy demand’ and active membrane dynamics. How
protein turnover is controlled in axons and axon terminals and
whether this occurs locally (i.e., at the synapse) or in the soma
are questions of key importance in molecular neuroscience.’
One major degradation route, tailored to the degradation of
large protein complexes, toxic aggregates, and entire organ-
elles, is autophagy.®® Landmark studies have shown that
neuronal integrity particularly depends on basal autophagy,

Neurons are highly polarized cells, with often long axonal and
dendritic arborizations. The number of synapses a neuron forms
can be huge; the molecular makeup of synapses can be extraor-
dinarily complex; and the distance of synapses from the cell
body, where most protein synthesis occurs, can be very large,
up to about a meter in humans. Because neurons are postmitotic
long-lived cells, maintaining the integrity of their proteome is of

particular importance. Mammalian forebrain synapses comprise
more than a 1,000 different proteins, and this complex proteome
creates a unique situation with respect to the molecular dy-
namics of protein exchange and turnover,'- in particular within
the presynaptic compartment. As presynaptic neurotransmis-
sion involves the fusion and endocytic recycling of synaptic ves-
icles (SVs),* local membrane flux is exceptionally high at axonal
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likely because misfolded proteins and damaged organelles
cannot be diluted through cell division and will thus accumulate
in neurites and within soma.'®™"®

Here, we review the current state of knowledge regarding the
mechanisms and mysteries of neuronal autophagy and how
context-specific autophagic flux and cargo selection are regu-
lated. We further discuss how basal synaptic function, plasticity,
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Figure 1. Mechanisms of neuronal autophagy and endolysosomal membrane dynamics

Autophagy is initiated by the assembly of a pre-autophagosomal structure referred to as the phagophore initiation site, primarily near the endoplasmic reticulum
(ER). This process depends on the Unc51-like kinase complex and the PI3KC3 complex |, which synthesize the signaling lipid phosphatidylinositol 3-phosphate
(PI()P). A further critical player in the initial stages of phagophore nucleation and expansion is the lipid scramblase ATG9, which is delivered via ATG9 containing
vesicles. Endophilin A (EndoA) and synaptojanin-1 (Synj1) are involved in the recycling of ATG9 vesicles. A complex consisting of ATG5, ATG12, and ATG16L1
contributes to autophagosome formation by conjugating ATG8 family members (i.e., LC3 and GABARAP proteins) to phosphatidylethanolamine in the phag-
ophore membrane. Sealed autophagosomes can form autolysosomes upon fusion with lysosomes or signaling organelles (amphisomes) upon fusion with Rab7-
positive late endosomal/multivesicular bodies organelles (LE/MVBs). Autophagosome formation intersects with endocytosis and the sorting of proteins and lipids
from early endosomes (EEs) to recycling endosomes (REs) or late endosomes (LEs) for degradation guided by small Rab GTPases. In neurons, LE/MVBs are
transported retrogradely to the soma via dynein, where they fuse with degradative lysosomes to form endolysosomes. Amphisomes are formed through the
fusion of LE/MVBs with autophagosomes, a crucial step that enables autophagosomes to acquire motors for retrograde transport. Upon reaching the soma,
these organelles ultimately fuse with acidic lysosomes to form autolysosomes, facilitating cargo degradation.

and network function or dysfunction are affected by perturba-
tions or enhancement of autophagy and how neuronal auto-
phagy crosstalks with other pathways of regulated protein turn-
over to safeguard synaptic function. In the final section, we
summarize recent work on non-canonical functions of auto-
phagy in neurons and provide an outline for future studies. The
relevance of neuronal autophagy for human brain diseases is
only covered in specific cases, as excellent reviews have
recently been published on this subject (e.g., Balusu et al.’
and Nixon and Rubinsztein'®).

MECHANISMS AND MYSTERIES OF NEURONAL
AUTOPHAGY

Autophagy is a broad term that refers to evolutionary conserved
degradation and recycling processes, which diverse cells,
including neurons and glial cells, use to deliver cytoplasmic
contents such as toxic or defective proteins and organelles to
lysosomes for degradation.'®?? Microautophagy is a form of
autophagy during which cytoplasmic entities destined for
degradation are directly taken up by the vacuole (in yeast and
plants) via direct membrane invagination.”® In cells from
D. melanogaster and mammals, a similar mechanism referred
to as endosomal microautophagy involves late endosomes and
targets proteins (e.g., synaptic proteins) containing a KFERQ

motif for late endosomal/lysosomal degradation.”” It is related
to chaperone-mediated autophagy (CMA), which involves the
direct delivery of cytosolic proteins targeted for degradation to
the lysosome.?® In this review, we focus on macroautophagy
(hereafter referred to simply as autophagy), a process that is initi-
ated by the formation of a cup-shaped, double-membraned
phagophore, whose edges extend and fuse to become an auto-
phagosome (Figure 1). Cargos destined to be degraded by auto-
phagy are captured by the forming autophagosome either
through bulk engulfment of proteins or organelles or more selec-
tively via adaptors (also referred to as receptors). Autophago-
somes eventually fuse with lysosomes to enable cargo degrada-
tion by acid hydrolases contained in the lysosomal lumen to
recycle amino acids and lipids such as cholesterol, which are
important to sustain neuronal health (Figure 1). Strong evidence
indicates that the endoplasmic reticulum (ER) serves as a pri-
mary source for phagophore formation, but various other mem-
brane sources have also been suggested to contribute to auto-
phagosome formation; these include endosomes, the ER/Golgi
intermediate compartment, and the plasma membrane.?*2% A
key event in the early steps of autophagosome formation is the
conjugation of members of the ubiquitin-like ATG8 family, which
includes in vertebrates the LC3 and gamma-aminobutyric-acid-
receptor-associated protein (GABARAP) subfamilies, to phos-
phatidylethanolamine in precursor membranes (Figure 1). In
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Figure 2. Biogenesis of autophagosomes in axons

(A) The lipid scramblase ATG9 is transported along axonal microtubules to presynaptic sites by the kinesin motor protein KIF1A/Unc104. ATG9-containing
vesicles undergo activity-dependent cycling near the active zone (AZ) of transmitter release, mirroring the exocytosis and endocytosis steps of synaptic vesicles
(SVs). Endocytosed ATGS vesicles can acquire membranes from the ER/Golgi intermediate compartment (ERGIC) and possibly the trans-Golgi network (TGN) as
well as the plasma membrane. Consequently, the membranes that seed the phagophore, initially formed at the phagophore initiation site at the ER, are derived
from these diverse sources (indicated by different colors in magnified insert). Phagophore membrane expansion depends on a lipid transport conduit from the ER
to autophagosomes formed by the rod-shaped bridge-like lipid transport protein ATG2 and the lipid scramblase ATG9 (magnified inset on the right). As the
phagophore elongates, the opposing membranes fuse, forming a mature autophagosome.

(B) The giant AZ scaffolding protein Bassoon (BSN) regulates presynaptic proteostasis via its association with ATG5 and the proteasome subunit Psmb4. BSN
also interacts with the ubiquitin (Ub) E3 ligase Siah1 and functionally interacts with Parkin-mediated degradation pathways. Entire organelles, such as SVs, may
also be recruited to the phagophore via the small GTPase Rab26 and its guanine exchange factor PLEKHG5. SVs and ATG9 vesicles share similar appearances
and exo-endocytosis pathways, yet they are distinct organelles. They may be separated at the perisynaptic endocytic zone by liquid phase separation, as the SV
protein synaptophysin and ATG9 can form separate condensates with synapsin.32

(C) At the AZ of the C. elegans AlY neuron, the long isoform of the AZ protein clarinet (CLA-1L) acts as a positive regulator of presynaptic autophagy. CLA-1L links
the AZ and the neighboring endocytic zone to promote the AP2- and AP180-mediated endocytosis of ATG9. Ablation of CLA-1L causes the accumulation of
ATG9 at the periactive zone membrane.*

addition, evidence suggests that autophagosomal membrane
growth involves lipid shuttling from the ER, which is mediated
by a complex between the bridge-like lipid transfer protein
ATG2 and the lipid scramblase ATG9,?° the only transmembrane
protein in the autophagy pathway (Figure 2A). While pathway
conservation across species suggests that the core biology
(i.e., about 40 so-called ATG proteins found in yeast) is similar
in all cells,"”*" it is likely that neuron-specific and possibly syn-
apse-specific adaptations exist.®?"'

Imaging studies in cultured hippocampal neurons and in
D. melanogaster motoneurons have revealed that autophago-
some biogenesis primarily occurs in the distal part of the
axon®%3*% (as further discussed below) in a process that de-

976 Neuron 113, April 2, 2025

pends on the Unc51-like kinase complex (comprising ULK1,
FIP200, ATG13, and ATG101) and on the synthesis of the
signaling lipid phosphatidylinositol 3-phosphate (PI(3)P) by
vacuolar sorting protein 34 (VPS34) complex | (composed of
VPS34 kinase, VPS15, ATG14L, and Beclin-1; Figure 1).%° Retro-
grade transport of distally formed autophagosomes via dynein-
dynactin motors is accompanied by progressive acidification
and maturation via fusion with Rab7-positive endosomes to
form amphisomes. These eventually fuse with acidic lysosomes
in the soma.?® Whether degradative lysosomes containing active
proteases travel into axons remains debated.*” Axonal autopha-
gosome formation appears to be a constitutive process,*®
although some studies®*°~*? indicate that neuronal or synaptic
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activity can alter autophagosome formation, suggesting that
distinct types of autophagosomes may travel along axons. This
pathway of axonal autophagosome biogenesis is consistent
with the hypothesis that similar to other cell types, the ER, which
is highly abundant in axons, also in neurons serves as a major
membrane donor for autophagosome formation.”®*® Consis-
tently, neuron-specific loss of ATG5, a key factor for LC3/
GABARAP lipidation, causes the accumulation of axonal ER in
murine neurons.*®

Our current knowledge of the physiological and pathophysio-
logical roles of autophagy in neuronal and synaptic function de-
rives from four major approaches: (1) genetic loss-of-function or,
more rarely, gain-of-function studies in animal models and
cultured neurons, (2) live imaging of autophagosome dynamics
in neurons in vivo, (3) proteomic analyses of autophagic vesicles
isolated from brain tissue or cultured neurons, and (4) of neuronal
protein content following genetic perturbation of autophagy.

Genetic studies in mice have revealed that brain-specific con-
ditional knockout (KO) of core autophagy genes, such as ATG5
and ATG7, using the neural progenitor cell-specific nestin-Cre
driver, results in massive neurodegeneration and premature
death of mice.’®"" Similar neurodegenerative phenotypes were
observed upon neural-specific deletion of the ULK1 complex
subunit FIP200.** Virus-induced conditional deletion of ATG5
in neural progenitor cells in adult mice impaired survival of
adult-generated neurons and delayed neuronal maturation.*®
Depletion of ATG5 in embryonic mouse brain compromised neu-
ral progenitor cell differentiation and neuromorphogenesis,*® a
phenotype recapitulated in hippocampal neurons from condi-
tional ATG5 KO mice”” and in one subtype of striatal spiny pro-
jection neurons.*® In contrast, conditional loss of ATG5 in excit-
atory neurons in mice did not result in overt changes in neuronal
morphology and only mildly impacted on neuronal viability,*®
while cell-type-selective ablation of ATG7 in Purkinje cells
leads to axonal dystrophy and degeneration in adult mice.'?
Recent studies have uncovered cases of human patients with
complex neurodevelopmental disorders linked to congenital
reduction or complete absence of the ATG7 protein. These pa-
tients display cerebellar and corpus callosum abnormalities,
varying facial dysmorphisms, and impaired autophagic activ-
ity.*® Indeed, emerging evidence suggests genetic links between
autophagy and neurodevelopmental disorders in humans.*°
Consistently, 4D imaging and genetic studies in the developing
D. melanogaster brain have revealed that different neuron types
activate or suppress synaptic autophagy to regulate synapse
formation and brain connectivity.”'*® Collectively, these find-
ings suggest that the requirement for neuronal autophagy may
be developmental stage specific and neuronal cell-type specific.
Moreover, it appears that some forms of neuronal autophagy
may proceed in the absence of core autophagy proteins such
as ATGb, e.g., via alternative ATG5-independent mechanisms
of autophagy”* that may involve PI@3)P binding proteins such
as WIPI3.>®

While autophagosome formation has been shown to predom-
inantly occur in distal axons in vertebrate and invertebrate neu-
rons,>**>°¢57 avidence exists for similar processes in other
cellular compartments, although their regulation may be
different. For example, p62/SQSTM1, a widely used marker for
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autophagy that acts as a receptor for aggregated proteins (i.e.,
aggrephagy), accumulates in neuronal somata but not in axons
when autophagy is compromised.*>** Conversely, impairment
of autophagy caused by a loss of neuronal ATG5 results in the
massive accumulation of tubular ER in axons but does not
impact ER in somata and dendrites.*® Why somatic and dendritic
ER appear to be unaffected by the neuron-wide blockade of
ATG5-dependent autophagosome formation, although the ER
is thought to be a continuous single-copy organelle, remains
enigmatic. Lastly, accumulating evidence indicates that auto-
phagy can also be initiated in the somatodendritic compartment
where it functions in the turnover of postsynaptic proteins to
regulate long-term depression (LTD)**°° and excitatory neuro-
transmission®’ (see below). Notably, the movement of autopha-
gic organelles within dendrites can also be influenced by synap-
tic activity.®?

Beyond the question of where autophagosomes are formed,
further riddles arise from the proteomic analyses of the putative
substrates for neuronal and synaptic autophagy. One approach
is based on the rationale that genetic perturbation of neuronal
autophagy should cause the accumulation of its major sub-
strate proteins. Quantitative proteomic analysis of cultured
neurons engineered to enable the acute conditional loss of
ATG5 revealed the accumulation of tubular sheet ER proteins,
including reticulons, REEPs, and the ryanodine receptor, in
addition to well-known substrates such as p62/SQSTM1.%®
Surprisingly, this analysis failed to detect alterations in the
levels or localization of presynaptic and postsynaptic proteins
or in SV numbers. In contrast, studies in hippocampal neurons
depleted of the giant active zone (AZ) scaffold proteins Bassoon
and Piccolo displayed signs of severe neurodegeneration
caused by the presynaptic turnover of SVs via pathways poten-
tially involving ATG5-dependent autophagy.®”°® These studies
are consistent with the hypothesis that the presynaptic function
and SV cycling are linked to the induction of the autophagy
pathway via poorly understood mechanisms that may involve
ubiquitination,”’>"%* the endocytic proteins endophilin A%
and AP2,%” and the activity-dependent and endocytosis of the
lipid scramblase ATG9° (further discussed below). Recent pro-
teomic analyses of autophagosomes isolated from brain or
cultured human and mouse neurons have confirmed the pres-
ence of ER membrane proteins in neuronal autophagosomes.
In addition, these studies have identified many other potential
cargos for neuronal autophagy, such as mitochondria and
mitochondrial nucleoids and SV proteins as well as aggrega-
tion-prone proteins with roles in age-related neurodegenera-
tion.®®7°® The relative enrichment of these various cargos differs
between studies and appears to further depend on develop-
mental status and age of the mice used as donors.®’ It is likely
that autophagic cargo further varies in a neuron subtype-spe-
cific manner. In agreement, it has been shown that autophagy
differentially controls neuronal excitability by regulating axonal
ER turnover in cortical and hippocampal glutamatergic neu-
rons,*® while in distinct GABAergic striatal spiny projection neu-
rons, excitability depends on the autophagic regulation of the
inwardly rectifying potassium channel Kir2.*®

These examples illustrate that in spite of our detailed knowl-
edge about the molecular machinery for neuronal autophagy,
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major riddles regarding the physiological substrates and mech-
anisms that control autophagy at synapses remain.

MECHANISMS AND REGULATION OF
AUTOPHAGOSOME FORMATION AT SYNAPSES

Constitutive formation of autophagosomes has been observed
in developing axons of mammalian neurons in primary cul-
ture®"®® and in C. elegans in vivo®® and has been proposed to
be important for the maintenance of neuronal and synaptic ho-
meostasis. In contrast, the question whether autophagy in the
presynaptic compartment can be induced by starvation, the ma-
jor inducer of autophagy in non-neuronal cells, has been dis-
cussed controversially.?°-*%:5%70 Evidently, in addition to consti-
tutive processes, multiple autophagy-inducing pathways can
affect synaptic structure and function. Treatment with rapamy-
cin, an inhibitor of the protein kinase complex mechanistic target
of rapamycin complex 1 (mMTORC1), induces formation of auto-
phagic vacuoles in dopaminergic axons and impairs neurotrans-
mitter release.’”’ In hippocampal primary neurons, nutrient limita-
tion, which activates mTOR-dependent autophagy, induces
structural and functional presynaptic alterations.”” Locally,
autophagy can also be induced in presynaptic boutons by the
production of reactive oxygen species (ROS).”® Moreover, KCl-
mediated depolarization has been suggested to increase the
number of LC3-positive structures in axon terminals and in other
neuronal compartments of cultured rodent hippocampal neu-
rons.*® Activity-induced increase of autophagosome formation
has further been observed at presynapses of AlY neurons in
C. elegans in vivo.”* Somewhat discrepant with these studies
is the finding that chemical induction of LTD (chem-LTD) by
low-dose application of NMDA’® or chronic silencing via TTX"®
can also globally induce autophagy in primary rodent neurons,
presumably via mTORC1 inhibition.

Work on the neuromuscular junction (NMJ) of D. melanogaster
larvae shows that amino acid starvation and neuronal activity
can both stimulate autophagosome biogenesis within the presy-
napse®®’7"® and that activity-induced calcium influx and pre-
synaptic autophagy are coupled.*” According to a recent pre-
print, neuronal activity-dependent and starvation-induced
synaptic autophagy appears to be regulated via distinct molec-
ular mechanisms.”® At the D. melanogaster larval NMJ, the SV
protein synaptogyrin is essential for activity-driven autophagy
without affecting starvation-induced autophagy. In contrast,
the membrane-deforming protein endophilin B participates in
autophagy induced by starvation while being dispensable for ac-
tivity-induced autophagosome formation.”®:°

An interesting yet poorly understood feature of presynaptic
autophagosome formation is its apparent link with the SV cycle.
At fly NMJs, the induction of presynaptic autophagy depends on
the membrane-deforming protein endophilin A (i.e., a close rela-
tive of endophilin B mentioned above) and the endophilin-asso-
ciated signaling lipid phosphatase synaptojanin-1 (Synj1), pro-
teins demonstrated to be of key importance for the endocytic
recycling of SV membranes.*>*""881 A physical and functional
link between neuronal autophagy and the SV cycle is under-
scored by the fact that numerous components of the autophagic
machinery are present in the presynaptic compartment and
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associated with SVs®® (Figure 2; for review, see Gundelfinger
et al.?"). These include, for example, subunits of the PI3KC1
complex (e.g., Beclin-1 and Vps34), ATG5, ATG16L1, the cargo
adaptor p62/SQSTM1,°” and the lipid transfer protein ATG2.%°
ATG2 transfers lipids from donor membranes (e.g., ER) to
ATGO vesicles to enable autophagosome membrane growth®*
(Figure 2A). The lipid scramblase ATG9, isoform ATG9A in verte-
brates, is contained in small vesicles in axons and at synapses
that undergo exo-endocytic cycling in parallel to the exocytosis
and endocytosis of SVs (Figure 2; for review, see Choi et al.* and
Holzer et al.?%). Studies in C. elegans and in rat brain have
demonstrated that ATG9-containing vesicles are distinct from
SVs, in spite of their similar appearance in electron microscopy
and the partial co-purification of ATG9 with SVs.?%%5788 |nterest-
ingly, the presynaptic abundance and sorting of ATG9 vesicles
may vary with synaptic activity.?” After AP3 adaptor complex-
mediated formation at the trans-Golgi network, a major secretory
station of neurons, ATG9 vesicles are transported in axons along
microtubules via the kinesin KIF1A/Unc104 to presynapses®®®°
(Figure 2A). This pathway seems closely related to the transport
of SV precursors.*”

At synapses, ATG9 vesicles undergo activity-dependent cy-
cles of exocytosis and endocytosis.®° Presynaptic accumulation
of ATG9 near clathrin-rich sites is observed in C. elegans mu-
tants for dynein 1 or endophilin A and in mutant nematodes either
lacking Synj1 or expressing a missense mutant that corresponds
to a human early-onset Parkinson mutation in Synj1.°® When SV
exocytosis is blocked, e.g., in mutants for the key exocytic pro-
teins UNC13/Munc13, UNC10/RIM, or UNC18/Munc18,%” ATG9
vesicles fail to accumulate at the periactive zone. As ATG9
vesicle-mediated membrane delivery is crucial for autophago-
some formation and growth®"°" (see Choi et al.*® for a detailed
review), these data suggest that presynaptic autophagosome
formation via ATG9 may be triggered by the activity-dependent
exo-endocytic cycling of SV membranes. Consistently, it has
been shown that disruption of ATG9 trafficking results in impair-
ment of activity-dependent but not basal autophagosome
biogenesis at synapses.®*®>#” Upon ectopic expression in
non-neuronal cells, ATG9A vesicles can form condensates with
the SV-associated protein synapsin, which are distinct from con-
densates formed by synapsin with the SV integral membrane
protein synaptophysin.®>®® This mechanism may contribute to
the segregation of SVs from ATGO9A vesicles at synapses.
Whether and how a similar mechanism acts at endocytic sites
of the periactive zone to separate material destined for autopha-
gic degradation from recycling material needs to be examined.
Moreover, how and where synaptic activity-regulated and
constitutive pathways of ATG9 cycling are separated remains
an important question for future studies.

A further link between presynaptic autophagy and activity-
dependent SV cycling is related to the integrity of the AZ, e.g.,
the nanoscale sites where SV fusion occurs. Large scaffolding
proteins at the AZ for neurotransmitter release, such as
C. elegans clarinet-1 (CLA-1L), a member of the RIM superfam-
ily,®” or the giant protein Bassoon in vertebrates, have major
functions in coordinating SV recycling and presynaptic auto-
phagy (Figures 2B and 2C). The long isoform of CLA-1L is essen-
tial for activity-induced autophagy in C. elegans nerve terminals
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by controlling the sorting of ATG9 vesicles.®” Disruption of CLA-
1L function causes ATG9 accumulation at endocytic sites and
impairs activity-induced autophagosome formation, akin to a
loss of Synj1 or endophilin A. In contrast, presynaptic autophagy
is repressed in rodent brain synapses by the giant AZ protein
Bassoon.””®* Bassoon-deficiency leads to the accumulation of
LC3/ATG8 at presynaptic sites and in axons, concomitant with
impaired neurotransmitter release and increased ubiquitination
of presynaptic proteins (Figure 2B). How exactly Bassoon inter-
acts with the autophagic machinery is not well understood.
Bassoon was shown to bind ATG5 and overexpression of the
ATG5 binding region of Bassoon suppresses autophagy over-
shoot in primary hippocampal neurons depleted of both
Bassoon and the closely related Piccolo protein (Figure 2B). In
these neurons, ATG5 is recruited to the presynapse only after in-
duction of autophagy.®’ It is currently unknown whether and, if
so, how Bassoon affects trafficking of ATG9 vesicles. Assess-
ment of the function of Bassoon in presynaptic autophagy is
complicated by the fact that Bassoon and its paralog Piccolo
are involved in multiple pathways of presynaptic proteostasis
by interacting with the ubiquitin-proteasome system (UPS) and
the endolysosomal system®®°>=°* (Figure 2B). A reflection of
the interplay between presynaptic autophagy and the UPS
may be the fact that depletion of the Parkinson’s disease-related
protein Parkin, an E3 ubiquitin ligase implicated in mitoph-
agy,”>°® can ameliorate excessive presynaptic autophagy in
neurons depleted of Bassoon.®

Another pathway of autophagy-mediated removal of aban-
doned presynaptic material involves the inclusion of entire or-
ganelles, such as SVs, into autophagosomes. Mechanistically,
this can be mediated by the small GTPase Rab26 and
PLEKHGS5, a guanine exchange factor (GEF). PLEKHG5 can
directly bind PI(3)P, induce GTP binding to Rab26, and in turn
trigger the formation of the ATG5-ATG12-ATG16L complex®”~°
(Figure 2B). Surprisingly, a null mutant for Rab26 showed no
phenotype in D. melanogaster and has normal neurotrans-
mission.'°

Collectively, distinct modes of autophagy operate in axons
and within the presynaptic and postsynaptic compartments.
Apart from a constitutive pathway that may support the
steady-state turnover of neuronal proteins (e.g., the axonal
ER), stress- or starvation-related pathways may also operate
at certain types of synapses to help keep them functional and
resilient to insults and metabolic challenges. In addition, activ-
ity-induced pathways of presynaptic and postsynaptic auto-
phagy exist, which can be triggered by SV cycling and/or mech-
anisms of synaptic plasticity, and are crucial for higher brain
functions.

CONTEXTUAL SPECIFICITY OF AUTOPHAGIC CARGO
SELECTION IN NEURONS

The characterization of neuronal autophagy at steady-state con-
ditions or its induction upon alteration of synaptic activity raises
the question of how cargo specificity is achieved. One can as-
sume that least three distinct factors may contribute to cargo
availability for engulfment independent of the mechanisms of
autophagy induction: first, the relative abundance of cargo,
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which is closely related to protein half-life; second, the time
and location of autophagosome biogenesis relative to the local-
ization of the cargo; and third, the direct or indirect molecular
interaction of cargo with early-acting components of the auto-
phagic machinery (e.g., autophagy adaptors or receptors) during
phagophore formation (Figure 3A).

A recent proteomic study identified nearly 3,000 proteins
significantly enriched in mouse brain-derived LC3-positive auto-
phagosomal vesicles (AVs).?” This large number gives some indi-
cation of the breadth of material that can be engulfed and raises
questions about how many of these proteins are individually
selected for degradation. As shown in that study, >60% of the
brain AV content was shared with the content of non-neuronal
celllines, whereas 38% could be considered as “brain-specific.”
Where does this specificity for hundreds of brain-specific pro-
teins come from? The relative abundance of proteins in neurons,
compared with other cell types, may be part of the answer. A
quantitative proteome map of the human body disclosed that
the brain has the largest number of enriched and specific pro-
teins, compared with that of other organs.'®" All other factors be-
ing equal, autophagosomes are more likely to engulf proteins
and subcellular structures that are more abundant. The many
proteins that are specific or enriched in neurons thus likely
skew the specificity profile. However, relative abundance most
likely does not account for the 38% of brain-specific proteins
in the neuronal degradome and particularly for the surprisingly
high number of synaptic proteins of which many display a
comparably long half-life."%?

As neurons exhibit anatomically, functionally, and molecu-
larly highly divergent sub-compartments, the proteome of
the presynaptic nerve terminal differs substantially from that
of the cell body or dendrites. Growing phagophores likely
engulf proteins and subcellular structures in the vicinity of
their origin of biogenesis. However, the origin of biogenesis
does not need to be related to the cargo that will be degraded.
For instance, in the case of bulk autophagy (such as
mTORC1-dependent autophagy), the trigger of autophago-
some formation and local engulfment is not the cargo. In
developing fly photoreceptor axon terminals, autophago-
somes are selectively generated at the tips of synaptogenic fi-
lopodia, suggesting that the place and time of autophago-
some formation are highly regulated® (Figure 3B). The tip of
a filopodium is arguably a small space that provides consider-
able specificity to what a developing phagophore may engulf.
Not surprisingly, autophagosome formation in these filopodia
typically leads to filopodial collapse, providing a regulatory
mechanism for synapse formation.°> Similarly, autophagy
has been linked to synapse formation in mice'®® and nema-
todes.”® Different developing neuron types may employ local
autophagy at different times and places, leading to distinct
cargo selectivity.®' Hence, the timing of when and where au-
tophagosomes form greatly restricts what cargo proteins are
available to be engulfed. Consequently, one can assume
that the subcompartment-specific proteome quantitatively af-
fects cargo composition, particularly when paired with
spatially and temporally controlled autophagosome induction
(Figure 3C). For example, the activity-dependent induction
of autophagosome formation in the vicinity of presynaptic
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Figure 3. Contextual specificity of phagophore formation and cargo engulfment

(A) Factors that might contribute concurrently to the selection of engulfed cargo are the following: (1) the relative abundance of cargo proteins influences the
availability of cargo for engulfment by the expanding phagophore. (2) The timing and localization of phagophore biogenesis significantly restrict the available
cargo for engulfment. (3) Direct or indirect binding of cargo to early autophagy machinery during phagophore formation can enhance cargo accessibility and in
turn promote phagophore formation in proximity to cargo. The decoration of cargo with an "eat me" signal, recognized by an autophagy receptor, can facilitate
phagophore recruitment to cargo proteins, aggregates, and/or organelles. Receptors, such as p62/SQSTM1, direct phagophore recruitment and can directly or

indirectly promote autophagosome formation.

(B) Autophagosome formation in the small area of the filopodial tips of developing axonal terminals in photoreceptors typically leads to filopodia collapse,

suggesting a process of bulk engulfment of available cargo.

(C) Phagophore formation triggered near synaptic release sites is more likely to engulf SV-related cargo, compared with phagophores formed at more distal
locations. This observation can serve as a counterexample to the notion that the cargo itself initiates the process.

release sites will increase the likelihood of SV-related proteins
in the autophagosomal degradome (Figure 3C).

Individual proteins and whole organelles can increase the
likelihood of being engulfed with dedicated “eat me” signals.
The best known “eat me” signal is ubiquitination, which can
also mark proteins for proteasomal degradation. Autophago-
somes are recruited to ubiquitinated proteins, aggregates, or
organelles through the autophagy receptor p62/SQSTM1.
Since the initial characterization of p62, dozens of selective
autophagy receptors have been described,'®* some of which
are soluble, like p62, and others permanently bound to putative
cargo. “Unifying criteria” for all autophagy receptors have been
named as follows: (1) binding to cargo and (2) binding to ATG8
family members (LC3/GABARAPS) on the inner surface of the
maturing phagophore membrane with an LC3-interacting re-
gion (LIR) domain.'® Many LIR-LC3/GABARAP interactions
facilitate the engulfment of large cargo by the phagophore.
This is best characterized for aggrephagy, where large p62-
positive cargo aggregates are selectively engulfed and
degraded. However, this mechanism does not explain the in-
duction of autophagy, as LC3/GABARAPs mark elongating
phagophore membranes downstream of phagophore biogen-
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esis. LIR domains and selective autophagy based on LC3/
GABARAP interactions may therefore increase the probability
of a cargo to be recognized by an existing phagophore that
formed independent of cargo. Indeed, many proteins contain
LIR domains but are not enriched in the autophagosomal de-
gradome, and overexpression of LIR-domain proteins and their
expression or interaction with ATG8 proteins do not necessarily
increase autophagosome formation.®” In the mechanistically
distinct process of endosomal microautophagy, proteins con-
taining KFERQ motifs, including synaptic proteins, are targeted
for degradation via late endosomes in an activity-dependent
manner.?*

A core idea of selective autophagy posits that autophagy recep-
tors do not only increase the likelihood of being engulfed by an au-
tophagosome that formed elsewhere, but they can directly or indi-
rectly promote autophagosome formation. Phagophore assembly
sites most typically require a phosphatidylinositol synthase-rich
ER domain, ATG9-positive vesicles, and two kinase complexes
(the ULK1/2 and PI3KC3-C1 complexes; Figure 1).'° Both
ULK1/2 and the PISKC3-C1 complex components ATG14,
Beclin-1, and Vps34 contain LIR domains that bind LC3/GABAR-
APs."%” Since LIR-dependent binding to LC3/GABARAPS occurs
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downstream of phagophore biogenesis, a feedback loop has
been proposed whereby autophagy receptors exert the additional
function of recruiting core autophagy machinery to the site of ac-
tion. In the best-studied example, p62 forms aggregates together
with cargo proteins, and these co-assemblies recruit the ULK1
complex and ATG9 vesicles to induce a phagophore that can
readily engulf the aggregate itself. LIR-LC3/GABARAP binding is
required for this mechanism and may operate post-induction to
promote engulfment. Yet, a reversal of the order of these interac-
tions is also conceivable and would ultimately place the cargo-
autophagy receptor complex at the initiation steps of phagophore
formation. In this scenario, cargo-autophagy receptor complexes
first recruit the core autophagy machinery and subsequently uti-
lize the LIR-LC3/GABARAP interaction to push phagophore-
mediated engulfment around the aggregate itself.'®® Overexpres-
sion of autophagy receptors typically is not sufficient to induce
autophagy, although examples where p62 induces autophagy
exist in nematodes'®® and flies."'®

To what extent selective autophagy marks the induction of au-
tophagosome formation, as opposed to increasing the probabil-
ity of a given cargo to be engulfed based on autophagosomes
that were induced by a different mechanism, remains unclear.
In either case, the observation that the neuronal autophagoso-
mal degradome contains thousands of proteins, including hun-
dreds of brain-specific proteins, highlights that autophagy re-
ceptors can only be part of a composite of factors that lead to
cargo specificity. There are dozens of autophagy receptors but
not hundreds or thousands. Consistently, no brain-specific auto-
phagy receptor has been found to date. Rather, autophagy re-
ceptors that function in selective autophagy throughout the or-
ganism are more likely to execute brain-specific roles due to
context, e.g., the specific environment of the presynaptic axon
terminal. That said, some level of cargo specificity may arise
from differential localization, abundance, and autophagy recep-
tor specificity of the distinct members of the LC3/GABARAP
family of ATG8-related proteins.

In conclusion, cargo availability may determine cargo speci-
ficity, a concept we refer to as contextual specificity. Availability
can be increased by (1) overall abundance in neurons and their
subcompartments; (2) the precise location and timing of phago-
phore biogenesis relative to the cargo; (3) the decoration of the
cargo with an “eat me” signal to be recognized by an autophagy
receptor; and (4) finally, the specific isotype of autophagosome
formed, e.g., LC3b-coated autophagosomes may differ from
those coated by GABARAP proteins (Figures 3A-3C). Induction
may be linked to autophagy receptors but may also be mecha-
nistically separate. Experimentally controlled induction, e.g.,
through increased neuronal activity, could differentially affect
any of these four factors and thereby alter cargo specificity of
neuronal autophagy.

Thus, we propose that so-called “bulk” autophagy as well as
autophagy induction in the specific contexts of normal devel-
opment and function may not be unspecific after all. Based
on these considerations, bulk autophagy and selective
autophagy may not be mutually exclusive but rather form a
mechanistically overlapping continuum based on contextual
specificity. Future studies are needed to rigorously test this
hypothesis.
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PROTEOLYTIC CROSSTALK AT THE SYNAPSE

The investigation and interpretation of contextual specificity is
further complicated by proteolytic crosstalk at the synapse.
The synaptic proteome is regulated by both protein synthesis
and proteolytic clearance. As outlined above, the main proteo-
lytic pathways involved in this process include autophagy and
the endolysosomal pathway as well as the UPS. Proteomic an-
alyses have revealed that all of these proteolytic systems
are present at the synapse.'"""'? The half-lives of synaptic pro-
teins vary significantly, ranging from hours to more than
20 days.'%>""® As aging progresses, the half-lives of proteins
increase by approximately 20%.° Notably, this increase in
half-life affects selected proteins (1) that are neuroprotective
and play a role in maintaining proteostasis with age and whose
absence or reduced activity is linked to neurodegenerative dis-
eases; (2) that are rich in basic amino acids and unstructured
regions (these proteins are often degraded by the autophagy-
lysosome pathway, which declines in capacity with aging);
and (3) that require more energy for synthesis, such as larger
proteins or those enriched in amino acids with complex biosyn-
thesis pathways (e.g., Cys, Asp, or Arg).” Neuronal activity
promotes the recruitment and activation of proteasomes at
synapses through calcium-calmodulin-dependent kinase lla
(CaMKIlaz), which then regulates synaptic strength and plas-
ticity."'* An increasing number of studies provide evidence
for crosstalk between proteolytic pathways.''® A player in the
interplay of degradative pathways in the synapse seems to
be the presynaptic scaffolding protein Bassoon, which interacts
with both, components of the proteasomal and the autophago-
somal systems (see above; Figure 2B). Regulatory nodes
include molecular chaperones, the ubiquitin code involving
ubiquitin linkage and branching, and signaling cascades.''®'"®
A recent study demonstrated that the regulatory 19S and the
catalytic 20S particles of the proteasome are differentially
distributed in rat cortical neurons."'® The 19S particle is highly
abundant in dendrites and axons, whereas the 20S particle is
more abundant in the soma. Notably, the 19S particles near
synapses did not associate with 20S particles. The regulatory
19S particle possesses deubiquitination activity.'?® Surpris-
ingly, free 19S can bind to and deubiquitinate Lys63-ubiquiti-
nated protein substrates. This deubiquitinating activity can be
attributed to the Uch37/Uchl5 deubiquitinating enzymes, which
are associated with the 19S particle and much less with the
complete 26S proteasome. Lys63-ubiquitination is linked
to autophagy, trafficking, and nuclear factor kB (NF-«kB)
signaling.”?" Analysis of these Lys63-ubiquitinated proteins re-
vealed an enrichment of synaptic proteins, such as synapto-
gyrin, syntaxin, and synaptotagmin, as well as neurotransmitter
receptors and ion channels including AMPA receptors
(AMPARs). Inhibition of the deubiquitinase activity of the 19S
particle led to changes in excitatory synaptic transmission.
The 19S deubiquitinating activity regulates the AMPAR life cy-
cle at multiple levels: it stabilizes AMPAR at the synapse by
suppressing its degradation and promotes both its internaliza-
tion and exocytosis."'® These findings suggest that an excess
of 19S proteasome subunits could function as a deubiquiti-
nase, removing ubiquitin from protein substrates destined for
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autophagosomal degradation, thereby stabilizing substrates
involved in protein trafficking and signaling events.

AUTOPHAGY CONTROLS SYNAPTIC PLASTICITY AND
COGNITIVE FUNCTION

Genetic reduction of key autophagy factors leads to severe neu-
rodevelopmental and cognitive deficits and can lead to mild or
severe forms of neurodegeneration and to epileptiform activ-
ity."?>123 Conversely, overexpression of essential autophagy
genes has been shown to protect from age-dependent memory
impairment.'?* It is unlikely that the exclusive failure of presynap-
tic mechanisms is causally linked to these interventions. In a se-
ries of studies, a central contribution of autophagy to specific
forms of synaptic plasticity, in particular to LTD, has been estab-
lished (Figure 4A). During LTD, the efficacy of signal transmission
at synapses is reduced following low-frequency stimulation.
Synaptic efficacy is tightly regulated by presynaptic and post-
synaptic modification of glutamatergic signaling involving
NMDA, AMPA, and metabotropic glutamate receptor subtypes.
Reducing AMPAR numbers at the postsynaptic site by endocy-
tosis is a central LTD mechanism that leads to reduced excit-
atory synaptic transmission. Factors that induce autophagy
such as the ULK1 complex or ATG5 appear to facilitate LTD
by enabling the degradation of AMPARs and PSD-95 and by
preventing their re-mobilization to the cell surface®®°%'2°
(Figure 4A). However, conflicting evidence has been reported
suggesting that LTD might inhibit autophagy,”® and it is at pre-
sent unclear whether and how different experimental conditions
might contribute to these discrepant results. In addition, auto-
phagy may dampen AMPAR-dependent excitatory transmission
via regulation of protein kinase A signaling®’ (Figure 4A).

On the other hand, it has also been shown that gross elevation
of neuronal autophagy induced by brain-derived neurotrophic
factor (BDNF) genetic targeting leads to defective CA3-CA1
postsynaptic long-term potentiation (LTP) in adult mice, a form
of plasticity where synaptic efficacy is lastingly enhanced upon
high-frequency stimulation. In BDNF-mediated synaptic plas-
ticity, postsynaptic scaffolding proteins, such as SHANKS,
PSD-95, and PICK1, have been identified as cargos for autopha-
gic degradation, suggesting that neuronal autophagy might play
a role in (post)synaptic plasticity by targeting postsynaptic pro-
teins for lysosomal turnover.'?® Interestingly, loss of neuronal
autophagy in the absence of ATG5 has been demonstrated to
completely block presynaptic LTP at mossy fiber synapses
(mf-LTP) in the hippocampal CAS3 area via a presynaptic mecha-
nism involving ryanodine receptor-mediated calcium release
from axonal ER stores™® (Figure 4B). In vivo, a gradient of auto-
phagic vesicles in the hippocampal CA1 region, a prime location
for the formation of long-term memory, may determine the
susceptibility of proximal vs. distal dendritic synapses to induce
LTD.%?

In general, disturbing the cellular machinery for inducing LTD
or LTP impairs the formation of memory. The exact contribution
of adapting synaptic strength by LTD- and LTP-like processes in
relevant circuits for learning and memory in vivo remains a target
of intensive investigations.'?’~'?° Genetic and local pharmaco-
logical interventions within the hippocampus —a key brain struc-
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ture for the formation of long-term memories—demonstrate a
significant role for autophagy in hippocampus-dependent long-
term memory formation. Hippocampal CA1-specific ATG5 KO
mice show a deficit for long-term contextual fear memory,
although their cognitive flexibility improved in a non-aversive
learning task through an LTD-independent mechanism.>®
Knockdown of either Beclin-1 or ATG12 impaired not only
contextual fear memory but also spatial object recognition as a
non-aversive hippocampus-dependent task.'?* Conversely, in-
duction of autophagy by administration of Beclin-1 peptides to
the hippocampus of mice increased memory strength in both
tasks—importantly only during training, but not retrieval—sug-
gesting a contribution of autophagy to memory consolidation
processes.'%*

The precise molecular mechanisms within local circuits that
are essential for memory formation remain unclear. Future
studies will need to investigate these mechanisms once cell-
specific readouts and suitable interventional tools for autophagy
become available.

NEURONAL AUTOPHAGY IN BRAIN AGING

With the course of neuronal and brain aging, a dwindling capac-
ity of neuronal autophagy was detected in various model
organisms (C. elegans, D. melanogaster, and rodents) and culti-
vated human neurons (for reviews, see Aman et al.,'® Rubinsz-
tein et al.,"® Cuervo and Dice,'®' Chang et al.,'** and Leidal
et al."®%). Moreover, it was demonstrated that the rate of auto-
phagosome biogenesis significantly decreases in aged cultured
neurons, along with notable morphological defects in autopha-
gosomes.'** These defects include stalled isolation membranes
that fail to mature into functional autophagosomes. Notably, the
same study showed that expressing WIPI2B in aged neurons
effectively restored autophagosome biogenesis. These data
are consistent with the observation that the levels of key
autophagy proteins such as Beclin-1 decrease with age.'®®
Mechanistically, decreasing the levels of autophagic proteins
might ultimately cause inefficient autophagosome formation
and maturation and/or lead to defective autophagosome-lyso-
some fusion in aged neurons.®”+136-140

In addition to the progressive loss of the ability of the aging
brain to induce autophagy and/or to age-related defects in auto-
phagic flux, for instance, due to impaired axonal transport (e.g.,
as demonstrated for murine dorsal root ganglia [DRG] neu-
rons'“%), old neurons may alter the repertoire of cargos targeted
for autophagy-mediated turnover. Consistent with this idea, a
recent proteomics study has provided compelling evidence for
the increased sequestration of (pre)synaptic proteins into auto-
phagosomes in adult and aged mice, compared with adoles-
cents, suggesting changes of autophagic cargo selectivity in ag-
ing brains.®’

An important question is whether and to which degree restoring
autophagy may counteract age-related memory decline. Although
the answer to this question cannot be given at present, recent ob-
servations suggest that restoring neuronal autophagy may be
beneficial in old age. Rodent studies administering autophago-
some-inducing membrane-permeant Beclin-1 peptides into the
hippocampus demonstrates a rescue of cognitive function in
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Figure 4. Regulation of autophagy in the context of synaptic plasticity

(A) At the postsynapse, autophagic vesicles can be generated following the induction of long-term depression (LTD). Factors that promote autophagy, such as the
ULK1 complex or ATG5, facilitate LTD. This mechanism contributes to the removal of PSD-95 from synapses, subsequently increasing the surface mobility of
AMPA receptors (AMPARs) and facilitating their removal and degradation. Elevation of neuronal autophagy induced by BDNF genetic targeting results in
defective CA3-CA1 postsynaptic long-term potentiation (LTP). In the context of BDNF-mediated synaptic plasticity, postsynaptic scaffolding proteins such as
SHANKS, PSD-95, and PICK1 have been identified as cargo for autophagic degradation. This suggests that neuronal autophagy may play a role in (post)synaptic
plasticity by targeting postsynaptic proteins for lysosomal turnover.

(B) Neuronal ER-phagy plays a crucial role in regulating presynaptic excitatory neurotransmission by controlling ryanodine receptor (RyR)-mediated calcium
release from axonal ER stores. The loss of autophagy due to the ablation of neuronal ATG5 has been shown to completely block presynaptic long-term
potentiation mossy fiber synapses (mf-LTP) in the hippocampal CA3 region.

(C and D) Non-canonical roles of neuronal autophagy. (C) Amphisomes facilitate local TrkB signaling at synaptic boutons to promote neurotransmission and
activity-dependent synaptic changes via the Rap GTPase-activating protein SIPA1L2. SIPA1L2 binds to LC3/ATG8 and links TrkB amphisomes to dynein motors.
LC3/ATGS regulates the RapGAP activity of SIPA1L2 and control the speed of retrograde trafficking and local TrkB signaling. Following induction of presynaptic
plasticity, amphisomes dissociate from dynein motors at synapses due to PKA-dependent phosphorylation of the dynein adaptor protein snapin. PKA phos-
phorylation of SIPA1L2 reduces its GAP activity and facilitates local signaling at synaptic boutons, which results in enhanced neurotransmitter release. SIPA1L2
knockout mice exhibit impaired BDNF-dependent presynaptic plasticity.

(D) In fly larval neuromuscular junctions (NMJs), activity-induced synapse remodeling relies on a secretory autophagic pathway involving the SNARE proteins
SNAP29 and Sec22, as well as the small GTPase Rab8. In contrast, developmental synaptogenesis depends on protein turnover via a degradative autopha-
gosome-lysosome pathway.

aged (i.e., 16-month-old) mice."?* Moreover, spermidine, a body- tial therapeutic treatment for age-related memory decline.*'~4®

endogenous polyamine that can induce and restore efficient auto-  In aged mice, 6 months of dietary spermidine supplementation
phagy in aging tissues, has been tested in clinical trials as a poten-  partially rescued the age-dependent decrease in presynaptic

Neuron 713, April 2, 2025 983




¢ CellPress

OPEN ACCESS

LTP at mossy fiber-CA3 synapses.'** In a mouse model of mild
cognitive impairment, the treatment with spermidine or applica-
tion of an autophagy enhancing TAT-Beclin-1 peptide restored
memory capacity.'”* TAT-Beclin-1 as well as spermidine also
induce the posttranslational modification of the AMPAR subunit
GluA1 by favoring the autophagy/lysosomal-mediated degrada-
tion of amyloid fibrils.'*® While the detailed mechanisms of sper-
midine action are a subject of investigation, in vivo analysis of ag-
ing D. melanogaster suggests that the age-protective role of
spermidine with respect to cognitive functions is mediated via
boosting autophagy and mitochondrial respiratory function in ag-
ing brains.'*®'“° These protective effects seem to relate to a
brain-wide form of early aging-associated presynaptic AZ plas-
ticity, entailing increases of AZ scaffold proteins and SV release
factors."*” Interestingly, in the D. melanogaster brain, autophagy
defects were found to impair presynaptic plasticity in a non-cell-
autonomous manner via a mechanism involving NPY-type neuro-
peptide signaling,’®' adding a further dimension to the interaction
between autophagy and synaptic plasticity in the aging brain.

NON-CANONICAL ROLES OF NEURONAL AUTOPHAGY

Recent research indicates that neuronal autophagy might serve
cellular functions beyond its role as a degradative clearance
pathway. Amphisomes are organelles of the autophagy
pathway that result from the fusion of autophagosomes with
late endosomes. Evidence provided by two studies suggests
that amphisomes are required for the long-range retrograde
BDNF/TrkB trafficking along axons and subsequent gene
expression®” and enable local BDNF/TrkB signaling at neigh-
boring en passant presynapses to modulate neurotransmis-
sion'®? (Figure 4C). The latter function is orchestrated by the
Rap GTPase-activating protein (RapGAP) SIPA1L2, which con-
nects TrkB amphisomes to dynein motors. The autophagoso-
mal protein LC3 regulates the RapGAP activity of SIPA1L2
and controls retrograde trafficking and local signaling of TrkB.
Following induction of presynaptic plasticity, amphisomes
dissociate from dynein at boutons to enable local signaling
and promote neurotransmitter release (Figure 4C). SIPA1L2
KO mice suffer from impaired BDNF-dependent presynaptic
plasticity.'®® Hence, neuronal autophagy via formation and
long-range retrograde transport of signaling amphisomes
convey BDNF/TrkB signals from distal axons and synapses to
the nucleus to regulate presynaptic plasticity,’®® neuronal
branching, and neuronal survival.*’ Signaling amphisomes
may thus constitute stable entities capable of a dual, degrada-
tive, and signaling function where signaling receptors at the
outer membrane would be physically segregated from degrada-
tive cargo. Future studies should clarify how and whether
biogenesis of amphisomes at boutons is different from LC3-
associated phagocytosis and endocytosis (LANDO).'® The
conjugation of ATG8 with single-membrane phagosomes and
Rab5-positive early endosomes has so far only been described
in glia, although the machinery is present in neurons.

Another emerging non-canonical function of neuronal auto-
phagy is the secretion of specific cargos to the extracellular
space (Figure 4D). For example, a-synuclein, a protein impli-
cated in the pathogenesis of Parkinson’s disease, can be
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released via secretory autophagy to prevent its intracellular
accumulation and toxicity.'®*'® In addition to the release of
toxic proteins, secretory autophagy may also serve as a rapid
response mechanism that facilitates the release of signaling mol-
ecules and extracellular vesicles to mediate synaptic plasticity
and neuronal survival."*® Work in fly larval NMJs using RNAI-
based genetic screening revealed that distinct autophagic
mechanisms contribute to synapse development and to the
modulation of synaptic plasticity.'®” This study showed that ac-
tivity-induced synapse remodeling relies on a secretory auto-
phagic pathway that involves the SNARE proteins SNAP29 and
Sec22 as well as the small GTPase Rab8, while developmental
synaptogenesis depends upon protein turnover via a degrada-
tive autophagosome-lysosome pathway. Interestingly, the latter
is downregulated upon induction of neuronal activity.'>” Further-
more, secretory autophagy has been implicated in the release of
inflammation-related cargo, such as interleukin (IL)-18, HMGB1,
and matrix metalloproteinase 9 (MMP9), and organelles such as
mitochondria, into the extracellular space.'*®'®" The release of
MMP9 might impact neuronal function by enhancing the cleav-
age of pro-BDNF (proBDNF) to its mature form.'®® Moreover,
many of these secreted molecules can influence neuronal plas-
ticity and survival, highlighting a potential link between auto-
phagy, immune response, and neuronal function. Interestingly,
the SKA2-FKBP5 signaling pathway has recently been shown
to play a key role in secretory autophagy in microglia. Knock-
down of SKA2 in hippocampus resulted in increased secretion
of IL-1B, neuroinflammation, and deleterious effects in neurons.
The pathway is not specific to microglia, and it would be very
interesting to investigate the role of this machinery in neurons.'®?
Finally, secretory autophagy also has been linked to mitochon-
drial quality control,'®" and very recent work points to a role of
secretory autophagy in lower motoneuron disease. '

CHALLENGES AND FUTURE DIRECTIONS

Collectively current evidence suggests that neuronal autophagy
has adopted specific functions that serve the needs of a highly
polarized cell with thousands of synaptic contacts. It is, however,
stillunclear how synaptic neurotransmission directly impacts auto-
phagy in mechanistic terms. In this context, we propose that
contextual specificity, i.e., local differences in cargo availability
relative to when and where autophagosome formation is triggered,
significantly contributes to cargo selection. Contextual specificity
might also explain at least in part the apparent discrepancies in
content profiling of autophagosomes in different proteomic
studies**®®°® and the divergent phenotypes of transgenic KO
mice targeting neuronal autophagy. ' '243-46:48

Moreover, there is still a surprising paucity of data on the po-
tential role of synaptic autophagy for protein replacement in
particular at presynapses. Among the gaps in our knowledge,
which likely will be closed in the future, are the following
questions:

o Which degradative pathways are involved in turnover of
certain synaptic proteins?

® How are synaptic proteins sorted for specific degradative
pathways, and how is sorting itself accomplished?
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e How do different pathways for synaptic protein turnover
contribute to shaping and adapting the presynaptic prote-
ome, and how are these pathways controlled?

e How does synaptic activity affect client protein degra-
dation?

® Which presynaptic sensing mechanisms identify protein
“damage”?

® And, finally, is degradation of local organelles at boutons,
like mitochondria by mitophagy, governed by similar prin-
ciples?

A central question is also whether autophagosomes can form
in all parts of a neuron, e.g., in dendritic spines and within pre-
synaptic boutons. Under resting steady-state conditions, auto-
phagic structures are rarely found at presynapses in the
mammalian brain. In contrast, closed autophagosomes have
been observed in large boutons with multiple synaptic contact
sites under conditions of starvation, upon induction of neuronal
activity,®>*? or when autophagy is unphysiologically enhanced,
e.g., upon depletion of Bassoon and Piccolo.””*5* Sonic
hedgehog signaling (via ShhN treatment) has also been shown
to induce the formation of phagophores and autophagic vacu-
oles in presynaptic terminals.'®*

In spite of the promising potential of autophagy enhancement
as a potential therapeutic strategy to counteract aging and
neurodegenerative diseases, several challenges remain. One
challenge is the need for specificity at the levels of both tissue
and cell type: systemic activation of autophagy could have unin-
tended effects on other tissues and organs. Therefore, targeted
delivery of autophagy enhancers to the brain is a critical area of
research. Nanotechnology and advanced drug delivery systems
are being explored to achieve such specificity.'°>'°® Moreover,
while elevated autophagy may be beneficial in one type of
neuron or in microglia, it may turn out to exhibit adverse effects
in some other types of neurons. Clearly, a better understanding
of the cell-type-specific functions of autophagy in the brain is
required to pursue this strategy further. Another challenge is to
dissect which level of autophagy induction may be beneficial
to patients. While insufficient autophagy contributes to neurode-
generation, excessive autophagy can also be detrimental, lead-
ing to cell death.'®” Restoring juvenile but not excessive levels of
brain autophagy appears to be most desirable.

Therefore, therapeutic strategies must aim to restore auto-
phagy to physiological levels, rather than indiscriminately boost-
ing it."®® Finally, in complex neuronal circuits relying on a well-
balanced excitatory/inhibitory interaction of different cell types
and their plastic synaptic interactions, circuit-specific interven-
tional tools may be required to address physiological levels of
autophagy without disturbing circuit interactions.
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