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Highlights
e Synaptic protein turnover is regulated by neuronal activity and other factors

e Multiple systems cooperate to control synaptic proteostasis

¢ Neuronal autophagy impacts on synaptic function

e Lysosomes may degrade synaptic proteins locally or in somata

e Ubiquitin serves as a common degradation signal for UPS and lysosomes
Abstract

Neurons are long-lived cells with a complex architecture, in which synapses may
be located far away from the cell body and are subject to plastic changes, thereby posing
special challenges to the systems that maintain and dynamically regulate the synaptic
proteome. These mechanisms include neuronal autophagy and the endolysosome
pathway as well as the ubiquitin/ proteasome system, which cooperate in the constitutive
and regulated turnover of pre- and postsynaptic proteins. Here we summarize the
pathways involved in synaptic protein degradation and the mechanisms underlying their
regulation, for example by neuronal activity, with an emphasis on the presynaptic
compartment and outline perspectives for future research.

Introduction

Protein components (i.e. amino acids) need to be recycled to produce new
materials. In addition, proteins can be misfolded, damaged as a consequence of oxidative
stress, disease or aging, or be dispensable for function at a given time or place. Protein
turnover is therefore essential for maintaining healthy and functional cells. This is of
particular importance for neurons, e.g. long-lived cells with a highly polarized architecture
and complex morphology that present special challenges with respect to the machineries
that spatiotemporally regulate protein turnover, as synapses can be located far away from
the cell body where the maijority of degradative processes take place [1-3]. To maintain
and plastically regulate neurotransmission, a process that involves presynaptic
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neurotransmitter release by synaptic vesicle (SV) fusion and recognition of
neurotransmitter molecules by postsynaptic receptors and their associated factors,
synaptic proteins have to be turned over [4].

Actively releasing SVs have a finite lifetime, and aging vesicles get inactivated and
eventually degraded [5]. As protein degradation is essential for the remodeling of
synapses and for synaptic plasticity [6], synaptic protein turnover is expected to be
regulated by synaptic activity. Indeed, experiments in neuronal cultures show that the
turnover of presynaptic vesicle proteins is facilitated by increased neuronal activity.
Conversely, synaptic protein synthesis and degradation decrease in response to
suppression of activity [5-7]. Moreover, experience-dependent synaptic plasticity in mice
accelerates the turnover of the majority of synaptic proteins [7].

In this review, we will summarize three pathways involved in synaptic protein
degradation, i.e. autophagy, the endolysosomal pathway and the proteasome system.
We discuss the mechanisms underlying their regulation, e.g. by neuronal activity and
mTOR with emphasis on the presynaptic and axonal compartments.

Neuronal protein turnover in vitro and in vivo

Recent methodological advances, for example combining stable isotope labeling
of proteins with mass spectrometry, have enabled high-throughput analysis of protein
lifetimes. Such studies show that the rate of protein turnover depends on protein function,
protein complex architecture, and subcellular localization, as well as on the neuronal cell
type and environment [7-9]. As protein turnover appears to be essential for the regulation
of neuronal activity and for synapse remodeling [10], neuronal protein half-lives have
been intensively investigated in the past years. High-throughput in vitro studies in cortical
or hippocampal rat cultures have shown that the half-lives of most proteins, including
synaptic proteins range from 2 to 5 days [11]. Similar studies in the mouse brain using
metabolic labeling in vivo have revealed much longer (on average 9 days) half-lives of
neuronal proteins [12], i.e. far longer than those observed in other organs such as liver or
blood. These studies show that neuronal proteins are longer-lived in vivo (2-4 times) than
in cultured neurons in vitro, but overall the measured half-lives correlate well with each
other [4,6]. Recent developments have also enabled the direct visualization of the
degradation of specific synaptic proteins. Fluorescent reporters such as fluorescent
timers (FTs) or the drug-controllable TimeSTAMPs [13,14] allow tracking of newly
synthesized copies of tagged proteins or, by removing an inhibitor, the visualization of
their degradative turnover. Another approach uses amino acid labeling/ puromycylation
via proximity ligation to visualize degradation of endogenous neuronal proteins [15],
revealing degradation rates that overall appear to be comparable to the rates found by
metabolic labeling strategies. Collectively, these approaches have yielded important
insights into the dynamics and time course of synaptic protein turnover. However, we still
lack a clear understanding how neurons determine which of the individual synaptic
proteins are targeted for degradation via a specific route and how these routes cooperate
to ensure long-term maintenance of the synaptic proteome.

Neuronal autophagy
Recent work in many systems including neurons have established crucial roles for
autophagy in the regulation of protein turnover and for the maintenance of neuronal health

2



[16,17]. Although often used synonymously, there are at least three distinct types of
autophagy, i.e., microautophagy, chaperone-mediated autophagy and macroautophagy.
While morphologically and mechanistically distinct, all three culminate in the delivery of
cargo to the lysosome. Microautophagy is defined by the uptake of material into the
lysosomal lumen via membrane invaginations. A variation of this process termed
endosomal microautophagy has been shown to operate in in D. melanogaster. This
process, which appears to be repressed by mechanistic target of rapamycin (mTOR)
signaling [18], mediates the turnover of soluble synaptic proteins that harbor a recognition
motif for the membrane-deforming chaperone Hsc70-4 by engulfment into intralumenal
vesicles of late endosomes (also termed multivesicular bodies, MVBs). Endosomal
microautophagy thereby regulates the efficiency of neurotransmission via rejuvenation of
parts of the synaptic protein pool [19]. Endosomal microautophagy is distinct from
chaperone-mediated autophagy, which involves the direct translocation of substrate
proteins across the lysosomal membrane. Finally, macroautophagy (hereafter simply
referred to as autophagy), the best studied form of autophagy, involves the formation of
cytoplasmic double-membrane organelles termed autophagosomes that sequester
defective, superfluous proteins and organelles [16,17]. The evolutionarily conserved
autophagy-related (ATG) genes tightly regulate this process. Once formed,
autophagosomes undergo further maturation steps (i.e. by fusion with late endosomes)
before delivering their content to lysosomes for degradation [1].

Lysosomes are the degradative endpoint shared by both autophagy and the
endosomal pathway. Akin to other neuronal features, the degradative system in neurons
displays a high level of spatial compartmentalization (Figure 1). While degradative
compartments have been observed at synaptic terminals [20], degradative lysosomes are
enriched in neuronal somata [21,22] and receive cargo from both dendrites and axons
[22]. Although autophagosome biogenesis can occur in the soma and in dendrites, under
basal conditions most autophagosomes form in distal axons, near or within presynaptic
compartments, and then traffic retrogradely to fuse with mature lysosomes in the soma
[22]. Recent data show that neuronal autophagy contributes to a variety of pre- and
postsynaptic functions, such as the induction of postsynaptic long-term depression (LTD)
[23], dendritic spine pruning [24], synapse development [25], and the control of
neurotransmitter release at excitatory glutamatergic and dopaminergic synapses [26,27].
Combined electrophysiological, quantitative proteomic, and cell biological analysis in
conditional ATG5 knockout mice showed that loss of neuronal autophagy causes the
selective accumulation of tubular endoplasmic reticulum (ER) in axons, resulting in
increased excitatory neurotransmission as a consequence of elevated calcium release
from ER stores via ryanodine receptors [27] (Figure 2A). Surprisingly, the half-lives of key
synaptic proteins were unaltered in these ATG5-deficient neurons. Elevated
neurotransmitter release was also observed in dopaminergic neurons from a-synuclein-
expressing conditional ATG7 knockout mice resulting in improved movement in spite of
the observed profound Parkinson disease pathology [26]. These data argue that neuronal
autophagy may play important roles in regulated synaptic protein and organelle turnover
with important physiological and pathophysiological consequences.

Despite the progress in understanding the mechanisms of autophagy, we still have
limited knowledge on the external cues that control the initiation and maintenance of
neuronal autophagy. Unlike in other cell-types, starvation has little effect in inducing
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autophagy in the brain and in neurons, suggesting alternative external signals [22]. The
autophagy pathway shares some key components with the machineries for
neurotransmission and SV recycling, thereby linking synaptic activity to autophagic
degradation. These include functions of the membrane remodelling protein endophilin
and its effector synaptojanin in autophagosome formation [3,28] and of the scaffolding
protein Bassoon in limiting presynaptic autophagy by interacting with the autophagy-
associated E3-like ligase ATG5 and crosstalk with parkin [29]. Interestingly, recent
studies have also implicated Bassoon in the regulation of proteasomal degradation
[30,31], a pathway further discussed below (Figure 2B). A further autoregulatory circuit
between autophagy and ubiquitination has recently been identified in the C. elegans
nervous system [32].

While these studies do not directly link neuronal activity and general autophagy,
other studies indicate that autophagy can be regulated by neuronal activity, possibly in a
compartment-specific fashion. While some studies show that autophagy is inhibited
during NMDA receptor-mediated LTD to prevent the endocytic recycling of AMPA-type
glutamate receptors [23], other data suggest that LTD stimuli trigger local autophagosome
biogenesis in post-synaptic dendrites to mediate degradation of synaptic cargo (i.e.
AMPA receptors and/ or associated cytoskeletal proteins) [33,34]. On a global scale
NMDA application has been reported to increase the number of autophagosomes [34],
e.g. via Pl 3-kinase-mTOR pathway inhibition. Consistently, neuronal stimulation has
been shown to induce autophagy in a variety of models including D. melanogaster and
C. elegans [1,3]. Conversely, postsynaptic G protein-coupled metabotropic glutamate
receptor 1 (mGIuR1) may serve a “moonlighting” function in repressing constitutive
neuronal autophagy by interacting with FEZ1, an adaptor protein implicated in neuronal
autophagy [35]. Clearly, more work is needed to fully explore the relationship between
local or global regulation of autophagy, the turnover of specific autophagic substrates,
and neuronal activity.

Endolysosomal turnover of presynaptic proteins

In addition to autophagy, the turnover of synaptic proteins and maintenance of
synaptic transmission depend on the endolysosomal pathway. While little is known about
the role of the endolysosomal system in the turnover of postsynaptic proteins, previous
data in cultured neurons suggest that presynaptic vesicle (SV) proteins are subject to
quality-control [31,36] via mechanisms involving ubiquitination and sorting into late
endosomes via the ESCRT machinery. The ESCRT system comprises a series of protein
complexes that catalyze the inward budding and fission of vesicles from the limiting
membrane of endosomes. These intralumenal vesicles contain the cargo for lysosomal
degradation [37].

How presynaptic protein turnover via endolysosomal sorting is linked to neuronal
activity remains poorly understood. ESCRT-mediated turnover of SV proteins has been
suggested to be controlled in part by endosomal Rab35 [38] and the Rab GTPase
activating protein Skywalker/TBC1D24 [36,38], i.e. proteins whose function maybe
regulated by neuronal activity. Growing evidence suggests that the components of the
ESCRT machinery, such as Hrs and STAM1, are recruited to synaptic terminals via the
anterograde kinesin motor protein KIF13A in an activity-dependent manner [39], providing



a possible explanation for the observation that neuronal activity facilitates the turnover of
select SV proteins [38].

Another unsolved question regarding the mechanism of presynaptic protein turnover via
the endolysosomal system pertains to the site(s) of synaptic protein degradation.
Conceivably, this could either occur by local degradation in synaptically localized
degradative organelles, e.g. mature degradative lysosomes, or via retrograde transport
of synaptic cargos contained in retrogradely trafficked endosomes that fuse with
lysosomes in neuronal somata. In this context it is important to bear in mind that the
frequently used lysosome marker LAMP1 is not only found in mature lysosomes, but also
in a variety of different organelles including autolysosomes and late endosomes that lack
degradative enzymes and often are non- or only mildly acidic. Live imaging studies paired
with luminal pH measurements have shown that LAMP1-labelled axonal endocytic
organelles become more acidic as they approach the soma. Once axonal endosomes
reach neuronal somata, they fuse with active hydrolase-containing organelles (i.e. bona
fide lysosomes) to degrade axonal and synaptic cargos [21]. Although a recent study
indicates that LAMP1-positive, active cathepsin containing organelles can traffic
anterogradely into axons [40], it thus appears that the majority of axonal and presynaptic
proteins are degraded in neuronal somata following delivery via retrogradely targeted
endosomes (Figure 1). Similar mechanisms may apply to the turnover of postsynaptic
proteins such as AMPA receptors that undergo endosomal sorting (but also autophagy,
see above) and lysosomal turnover during LTD [41] and the cell adhesion receptor
neuroligin 2, which uses a retromer-based sorting mechanism to control its levels and,
thereby inhibitory synapse number [42].

Control of synaptic proteostasis by the ubiquitin-proteasome system and mTOR

In addition to autophagy and the endolysosomal system, which are mostly
responsible for the turnover of membrane proteins and large protein assemblies including
entire organelles, most cytoplasmic proteins including axoplasmic and dendritic proteins
are degraded by the Ubiquitin-Proteasome System (UPS) [43]. Although protein
breakdown via these two pathways takes place in distinct subcellular locations and
utilizes different degradative enzymes, the UPS and lysosomal degradation systems
share some similarities and functionally cooperate to maintain synaptic protein
homeostasis [43]. A central feature of both pathways is the ability to selectivity target
substrates by site-specific mono-, multi, or poly-ubiquitination.

Proteins labeled with ubiquitin chains of four or more molecules are targeted to the
26S proteasome, a cytoplasmic barrel shaped protein machine that recognizes, unfolds
and degrades polyubiquitinated proteins. Pharmacological inhibition of proteasome-
dependent degradation causes defects in long-term potentiation (LTP) and LTP-related
behaviors [10]. Multiple lines of evidence link the activity of the UPS pathway to synaptic
activity and function. For example, neuronal activity can cause UPS-dependent
alterations in the composition and turnover of postsynaptic scaffold proteins and
receptors, such as AMPA-type glutamate receptors and PSD-95 [44,45]. A recent study
also showed that molecular motor KIF17 is degraded locally in dendrites by the UPS in
an activity-dependent manner [46], Using an in vivo proteasome-activity reporter, Bingol
and Schuman revealed that neuronal activation reduces the exit rate of proteasomes in
spines of rat hippocampal neurons, resulting in increased proteasomal degradation [47].
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Among the many synaptic clients for UPS-mediated degradation are the presynaptic
active zone scaffold proteins Liprin-o [48] and Bassoon [49], which in turn represses
proteasome activity [30], and the postsynaptic plasticity regulator Arc [50] among others.
That said, a proteomic study based on prolonged pharmacological inhibition of the
proteasome in mouse hippocampal cultures did not report significant differences in the
half-lives of most neuronal and synaptic proteins [11], suggesting that the UPS,
autophagy, and the endolysosomal system may partially compensate for each other with
respect to the regulation of neuronal and synaptic protein turnover, consistent with recent
studies in non-neuronal cells [51].

In addition to proteasomal activity, protein ubiquitination, which can target
substrate proteins for degradation via either the proteasome or the autophagy/
endolysosomal pathway [43], is critical for synaptic function and has been shown to be
regulated, at least in part, by neuronal activity and/ or synaptic function. For example,
depolarization-dependent Ca?* influx into synaptosomes produces a global and rapid
decrease in presynaptic protein ubiquitination [52]. The ubiquitin E3-ligases SIAH1 and
Parkin, which ubiquitinate synaptic vesicle proteins, are repressed by the presynaptic
scaffold protein Bassoon [29,31], thereby providing a possible mechanism for the activity-
dependent control of ubiquitination and SV protein turnover at the presynapse (Figure
2B). The Angelman syndrome-linked ubiquitin ligase E3A (Ube3a) plays a crucial role in
synaptic plasticity and its expression is dynamically regulated by neuronal activity [53].
The epilepsy-associated Nedd4 familiy of E3 ligases have been implicated in the
ubiquitination and subsequent proteasomal and/ or lysosomal degradation of a wide
variety of neuronal membrane proteins such as voltage-gated sodium channels, calcium
channels, and ionotropic as well as metabotropic glutamate receptors [45,54]. Finally,
transgenic mice that chronically overexpress ubiquitin display reduced AMPA receptor
(i.e. GluA1) expression and reduced synaptic plasticity [55], which may conceivably be
explained by its elevated turnover. In spite of these evidences in favor of a crucial role for
ubiquitin-triggered protein turnover at synapses, one has to bear in mind that
ubiquitination can also alter protein function and dynamics independent of degradation.

Another mechanism that can link neuronal activity to degradation via the UPS and/
or the autophagy/ endolysosomal pathway is mechanistic target of rapamycin (mTOR)
signaling. mTOR is a serine/threonine kinase that regulates cell metabolism in response
to extracellular stimuli, such as nutrients and growth factors. mTOR repression during
nutrient-deficient conditions suppresses protein synthesis and induces autophagy. In
neurons, mTOR is present at lysosomes and at synaptic regions, where it regulates
synaptic strength and modulates both pre-and postsynaptic neurotransmission [56].
While neuronal autophagy does not appear to be triggered by nutrient starvation, mTOR
can be engaged by other stimuli, including growth factors such as brain-derived
neurotrophic factor (BDNF) [57], ischemia [58] and neuronal activity [34]. In addition,
mTOR has been implicated in controlling UPS-mediated degradation [59], although the
specific consequences of mMTOR inhibition/ activation on UPS activity are still under
debate.

In conclusion, how neuronal activity, or other extracellular cues, regulate
ubiquitination and degradation at synapses, and how this is linked to either UPS or
lysosomal degradation remains poorly understood and represents an important field for
further study.



Conclusion and perspectives

While we have gained substantial new insights in recent years into the
mechanisms and machineries involved in synaptic protein turnover, many fundamental
questions remain unsolved. For example, we still do not understand how pre- and
postsynaptic proteins are tagged for degradation and how an aged defective synaptic
protein is distinguished molecularly from its young functional counterpart. We also do not
know whether the components of synaptic organelles such as SVs are degraded in toto
or whether individual constituent proteins are turned over and replaced by newly
synthesized ones as vesicles undergo exo-/ endocytic cycling. Moreover, the relative
contributions and modes of regulation of the various pathways involved in synaptic protein
turnover remain incompletely understood, both with respect to physiology but also in
pathophysiological conditions and during aging. Recent evidence suggests that renewal
and/ or readjustment of the synaptic proteome is crucial for the maintenance of synaptic
function and for learning. For example, studies in D. melanogaster suggest that
accumulation of key factors for neurotransmitter release, e.g. active zone proteins such
as Brp, during the wake phase must be counteracted by their partial removal during sleep,
possibly via sleep-induced degradation, to reset information processing and storage and
to support learning [60]. Similar mechanisms may operate in the mammalian brain [61,62]
and likely are of relevance for ageing and the prevention of aging-induced memory
decline, for example by boosting autophagy [63,64]. The development of novel imaging
and proteomic techniques paired with genetic and acute manipulations of the machineries
involved in synaptic protein turnover will help to shed light on some of these exciting
questions and their implications for the healthy and the diseased brain.
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Legends to figures

Figure 1: Degradative pathways for synaptic proteins. The synaptic proteome can be
recycled via three alternative routes: (I) Neuronal autophagy: Synaptic proteins or
organelles destined for degradation by the autophagic route are sequestered by the
phagophore, which then closes to form an autophagosome. Autophagosomes travel
retrogradely along the axon either as a separate entity, or after fusing with late
endosomes to form amphisomes, gradually lower their intralumenal pH, and eventually
fuse with somatic lysosomes to undergo lysosomal degradation. (II) The endolysosomal
pathway: Individual SV proteins or entire SVs are targeted to early endosomes where a
quality-control mechanism operates to sort aged or damaged proteins marked by protein
ubiquitination for delivery to multivesicular bodies (MVBs)/ late endosomes. These are
then retrogradely transported along the axon to eventually fuse with somatic degradative
lysosomes for bulk degradation of their contents. (Ill) The Ubiquitin- Proteasome system
(UPS): Some synaptic proteins, e.g. active zone components (e.g. Liprin-o,, Bassoon) are
poly-ubiquitinated and degraded locally by synaptic proteasomes.

Figure 2: Roles and regulation of autophagy at the synaptic terminal. Two key
mouse models have highlighted important functions and modes of regulation for protein
turnover at presynaptic nerve terminals. (A) The axonal endoplasmic reticulum (ER)
membrane and associated proteins are a major substrate of steady-state neuronal
autophagy. Autophagy-deficient Atgd KO neurons accumulate tubular ER in axons and
synaptic terminals. This causes elevated calcium release from ryanodine receptors (RyR)
in the ER, eventually causing enhanced presynaptic neurotransmitter release, implying
an important role for autophagy in regulating presynaptic neurotransmission. (B) A core
component of the presynaptic active zone, Bassoon, maintains synaptic integrity by
locally repressing proteasomal degradation and autophagic degradation. Bassoon limits
proteasome assembly by binding to the PSMB4 subunit of the 26S proteasome.
Furthermore, Bassoon represses autophagy by sequestering Atg5 to restrict phagophore
formation. By binding and inhibiting the E3 ubiquitin ligase SIAH1, Bassoon also
downregulates Parkin-mediated protein ubiquitination, thereby negatively regulating
autophagy-mediated clearance of SV proteins. In Bassoon KO neurons, UPS and
autophagy are hyperactive, resulting in the downregulation of synaptic activity due to
increased synaptic protein degradation and a reduced SV pool size.
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