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Abstract: Communication in the central nervous system
is based on the transmission of electrical signals at
specialized junctions between nerve cells termed syn-
apses. During chemical neurotransmission, tiny mem-
brane spheres called synaptic vesicles that are packed
with neurotransmitters elicit a postsynaptic response by
fusing with the presynaptic membrane and releasing
their content into the synaptic cleft. Synaptic vesicle
fusion is followed by the reuptake of the membrane by
endocytosis and the local reformation of functional
synaptic vesicles within the presynaptic compartment to
sustain further rounds of neurotransmitter release. Here,
we provide an overview of the clathrin-associated
endocytic adaptor proteins that help to sort and recycle
synaptic vesicles during presynaptic activity. These
adaptors also serve additional functions in the turnover
of defective or aged synaptic components and in the
retrograde axonal transport of important signaling
molecules by regulating the formation or transport of
autophagosomes. Endocytic adaptors thus play multiple
roles in the maintenance of synaptic function. Defects in
their expression or function can lead to neurodegener-
ative and neurological diseases.
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Zusammenfassung: Kommunikation im Zentralnerven-
system basiert auf der Umwandlung elektrischer in che-
mische Signale an spezialisierten Kontaktstellen zwischen
Nervenzellen, die Synapsen heiflen. Wahrend der che-
mischen Erregungsiibertragung fusionieren winzige
Membranspharen, synaptische Vesikel genannt, welche
mit Neurotransmitter Molekiilen beladen sind, mit der
prasynaptischen Membran, um so ihren Inhalt in den
synaptischen Spalt freizusetzen und eine postsynaptische
Antwort auszul6sen. Der Fusion synaptischer Vesikel
folgt die Wiederaufnahme der Membran und die lokale
Riickbildung funktioneller synaptischer Vesikel im pra-
synaptischen Kompartiment, um weitere Runden der
Neurotransmitterfreisetzung aufrecht zu erhalten. Hier
geben wir einen Uberblick iiber die mit Clathrin asso-
ziierten endozytotischen Adaptoren, welche die Kom-
ponenten synaptischer Vesikel sortieren und recyceln,
um so die korrekte Wiederherstellung funktioneller sy-
naptischer Vesikel sicherzustellen. Diese Adaptoren iiben
ferner zusatzliche Funktionen im regulierten Umsatz
defekter oder alter Komponenten der Synapse und im
retrograden Transport wichtiger Signalmolekiile aus,
indem sie die Bildung oder den Transport von Auto-
phagosomen regulieren. Endozytotische Sortieradaptoren
spielen demzufolge multiple Rollen bei der Aufrecht-
erhaltung der synaptischen Funktion. Defekte in ihrer
Expression oder Funktion kdnnten zu neurodegenerativen
und neurologischen Krankheiten fiihren.

Schliisselwdrter: Clathrin Adaptoren; Endozytose; neuro-
logische und neurodegenerative Erkrankungen; Neuro-
transmission; Synaptische Vesikel.

Introduction and objectives

The chemical way of neuronal communication involves
the exchange of neurotransmitter messengers between
neurons at specialized contact sites called synapses.
Synapses are comprised of a presynaptic compartment
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that contains small synaptic vesicles (SVs), filled with
neurotransmitter molecules such as glutamate or y-ami-
nobutyric acid (GABA), and an opposing postsynaptic
compartment that harbors neurotransmitter receptors
that control the activity of the postsynaptic cell. Neuro-
transmitter release is triggered by an action potential,
which upon its arrival at the presynapse activates voltage-
gated calcium channels enriched at a specialized pre-
synaptic part called active zones (AZs). Resulting calcium
influx elicits the rapid (in less than a millisecond) fusion
of SVs docked at the AZ membrane to release their
neurotransmitter content into the synaptic cleft (Sudhof,
2013). The fusion of a single SV thus is a correlate of a
neurotransmitter quantum, proposed by Bernhard Katz in
the early 1950s to be the physical unit of neurotransmis-
sion (Fatt and Katz, 1952). To prevent the expansion of the
presynaptic plasma membrane and to locally replenish
the pool of SVs, exocytosis is coupled to compensatory
internalization of SV membranes and SV reformation by
endocytosis (Kononenko and Haucke, 2015; Rizzoli, 2014;
Saheki and De Camilli, 2012). Over the lifetime of a nerve
cell, SVs undergo hundreds of cycles of exocytosis,
endocytosis and SV reformation (Truckenbrodt et al.,
2018). Naturally, this has to occur with a high fidelity as
the failure to sort and retrieve SV components results in
functional impairments of neurotransmission and causes
malfunction of neuronal networks.

The objective of this review is to provide an up-to-
date overview of proteins, which function as endocytic
sorting adaptors at the synapse, and highlight their roles
in the maintenance of synaptic function in health and
disease.

Endocytosis in neurons

The ability to internalize pieces of the plasma membrane is
not a unique property of neurons. In fact, neurons express
many of the same proteins known to carry out different
forms of endocytosis in non-neuronal cells. Those include
clathrin-mediated endocytosis (CME) described in more
detail below, macropinocytosis and other forms of clathrin-
independent membrane internalization and phagocytosis
that is mainly used by immune cells to engulf and digest
large particles such as bacteria. Apart from cycles of
exocytosis/endocytosis of SVs, neurons employ endocy-
tosis to regulate their cell surface content, e.g. ion channels
or nutrient transporters, and to regulate cell polarity and
cell signaling processes. For example, developmental
neurotrophin signaling is regulated by endocytic proteins
such as endophilin (Barker et al., 2002; Burk et al., 2017),
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while the clathrin adaptors assembly protein (AP)
complex-2 (AP-2) (Fiuza et al., 2017; Kastning et al., 2007;
Kittler et al., 2005), Huntingtin-interacting protein 1 (HIP1)
(Metzler et al., 2003, 2007) and endophilin (Zhang et al.,
2017) have been implicated in determining the surface
levels of postsynaptic ionotropic a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA)- or N-Methyl-D-
aspartate (NMDA)-type glutamate and GABA, neuro-
transmitter receptors.

Work by us and others has suggested that neurons
ensure the maintenance of functional SVs of the correct
size and composition by initially performing clathrin-
independent retrieval of SV membranes (Soykan et al.,
2016, 2017; Watanabe et al., 2014), followed by sorting
and recycling of SV components by CME (Heerssen et al.,
2008; Kononenko et al., 2014). Clathrin-independent
endocytosis of SV membranes requires linear F-actin
filament polymerization by actin-nucleating formins as
well as the activity of Bin/amphiphysin/Rvs (BAR)
domain proteins such as endophilin, an upstream
regulator of the lipid phosphatase synaptojanin, and the
oligomeric GTPase dynamin (Ferguson et al., 2007;
Soykan et al., 2017; Watanabe and Boucrot, 2017;
Watanabe et al., 2018; Wu et al., 2016).

CME and endocytic protein sorting

Vesicle formation by CME allows selective internalization
of plasma membrane proteins, followed by their sorting
and incorporation into a newly generated vesicle, for
example, SV in the case of neurons (Kononenko and
Haucke, 2015; Rizzoli, 2014; Saheki and De Camilli, 2012)
(Figure 1). It involves the formation of a characteristic
lattice-like coat that is mainly comprised of the name-
giving protein clathrin, a three-legged scaffold protein
highly enriched in nerve terminals. In fact, clathrin was
first purified from the brain by Barbara Pearse, more than
10 years after Keith Porter had described clathrin-coated
vesicles and pits in electron micrographs from cells and
tissues (Roth and Porter, 1964). Subsequent work over
decades has unraveled the complex machinery underlying
the formation of clathrin-coated vesicles during endocy-
tosis in various cells and tissues.

Mechanistically, CME is initiated by the recruitment
of early-acting endocytic proteins, termed adapters, such
as Fer/Cip4 homology domain-only (FCHO) proteins,
EPS15/ EPS15R, stonins and AP-2, a heterotetramer of two
large (a, B2) and two small subunits (U2, 62), as well as
curvature-inducing proteins (e.g. epsins and AP180 or
clathrin assembly lymphoid myeloid [CALM] protein) to
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Figure 1: Model of SV protein sorting by endocytic adapters at the presynapse. After full collapse fusion, freely diffusing SV proteins are
confined and recaptured by endocytic sorting adapters at the periactive zone. At the plasma membrane, SV proteins might either be
clustered by AP-2 and additional cargo-specific adapter proteins (I); they might interact with each other and thereby self-assemble into
clusters (I1) or form mixed clusters of self-assembled SV proteins together with sorting adapters (Ill). These clusters can directly be
endocytosed from the plasma membrane by CME to reform SVs. However, cargo-specific sorting proteins together with AP-2 and clathrin
can also operate on endosome-like vacuoles (ELVs) after clathrin-independent endocytosis (CIE) to recycle SVs with correct protein
composition. Reproduced from the study by Kaempf and Maritzen (2017). SV, synaptic vesicle; AP-2, assembly protein complex-2; CME,

clathrin-mediated endocytosis.

the plasma membrane. These adapters link clathrin to the
underlying membrane via their association with charged
plasma membrane lipids and couple the assembly of the
clathrin coat with the selection of transmembrane cargo
proteins, i.e. receptors and their ligands. The assembled
endocytic clathrin coat progressively bends inward, into
the direction of the cytoplasm, until eventually, the so-
called endocytic pit is connected to the membrane only
via a narrow stalk that is severed by mechanochemical
forces executed by the protein dynamin, likely aided by
other membrane-bending proteins such as endophilin,
and the actin cytoskeleton (McMahon and Boucrot, 2011).

Endocytic adaptors are crucial in this process since
they conduct the selection of membrane proteins destined
for endocytosis. For example, specific adaptors enable
liver cells to internalize the low-density lipoprotein re-
ceptors (i.e. these are then the “cargo” of the forming
endocytic vesicle) to clear cholesterol from the circulation
and loss of these adaptors causes hypercholesterolemia
and atherosclerosis in humans (Mishra et al., 2002). A
similar cargo-selective function is carried out by endo-
cytic sorting adaptors in neurons, in particular during the

exocytic/endocytic cycling of SVs that we will focus on
now.

Neurons capitalize on endocytic
sorting adaptors to reform
functional SVs

The number of SVs available for fusion defines the efficacy
of neurotransmitter release and fine-tunes neuronal func-
tion. A single SV is a complex organelle that contains
several dozens of SV membrane proteins, many of which
are present in just a few copies. These SV proteins are
crucial for calcium-sensing, docking and fusion, endocy-
tosis and other forms of membrane traffic at the presynapse
(Takamori et al., 2006). Following calcium-triggered SV
exocytosis, SV proteins are integrated into the presynaptic
plasma membrane, from where they need to be removed by
endocytosis. Although this compensatory endocytosis of
collapsed SV membranes may not require clathrin coats per
se, SV proteins must be sorted into the forming endocytic
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structure from which new SVs are eventually regenerated
in a clathrin-mediated budding process that bears simi-
larity to clathrin-coated vesicle formation in non-neuronal
cells as first shown by Heuser and Reese (1973). A partially
unsolved riddle is how synapses are capable of main-
taining the composition of their SVs over multiple rapid
rounds of exocytosis and endocytosis. Work in recent
years has established a crucial role of endocytic adaptors
in maintaining the protein composition of SVs by sorting
their transmembrane proteins during the exo-endocytic
cycle.

Multiple SV proteins have been shown to be recog-
nized by specific dedicated endocytic sorting adaptors.
The first specific adaptor for SV protein sorting was
revealed by genetic screens in Drosophila (Grigliatti et al.,
1973), where some mutant flies were reported to become
paralyzed at elevated temperature as if they were
“stoned”. The term “stoned” was used to describe the
mutant locus, which subsequently was found to code,
among others, for a protein called stoned B, a binding
partner of SV calcium sensor protein synaptotagmin 1
(Maritzen et al., 2010; Phillips et al., 2010). Work by us and
others identified stonin 2 as the mammalian paralog of
Drosophila stoned B, which acts as a selective adapter for
the retrieval of synaptotagmin 1 from the presynaptic
plasma membrane (Diril et al., 2006; Jung et al., 2007;
Kononenko et al., 2013). Interestingly, loss of stonin 2
does not affect the process of SV endocytosis per se but
results in the selective accumulation of synaptotagmin 1
molecules at or near the presynaptic AZ. This function of
stoned B/stonin 2 is conserved throughout evolution from
worms and flies to humans (Jung et al., 2007; Maritzen
et al., 2010; Mullen et al., 2012; Phillips et al., 2010).
Recent work suggests that a related adaptor protein SGIP1
may serve a partially overlapping function in synapto-
tagmin 1 sorting at the synapse (Lee et al., 2019). In a
similar way, it has been found that the SV soluble N-
ethylmaleimide sensitive factor attachment protein re-
ceptor (SNARE) protein synaptobrevin/vesicle-associated
membrane protein 2 (VAMP2) is recognized and sorted by
a neuron-specific endocytic adaptor AP180 and its ubig-
uitous paralog CALM protein (Koo et al., 2015; Maritzen
et al., 2012), while the vesicular glutamate transporter 1
required for the refilling of SVs with glutamate contains
motifs recognized by endocytic proteins AP-2 and endo-
philin (Voglmaier et al., 2006).

How sorting of other SV proteins such as the vacuolar
ATPase or SV2A/SV2B is accomplished remains unknown.
For some SV proteins, piggy-back riding mechanisms
involving the association with other SV proteins have been
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proposed. For example, sorting of synaptotagmin is
chaperoned by its association with SV2A, which itself can
bind to AP-2 (Kaempf et al., 2015), and synaptobrevin/
VAMP2 is sorted in a complex with synaptophysin (Gordon
and Cousin, 2016). An equally important but unresolved
question is how the sorting by this diverse set of endocytic
adaptors is coordinated to maintain the SV protein stoi-
chiometry during multiple rounds of exo-endocytosis.
Future studies will need to address this.

Noncanonical functions of
endocytic adaptors in autophagy at
the presynapse

Neurons like most other cells employ several strategies
for removing damaged or misfolded proteins that include
the ubiquitin-proteasome system, and the autophagy-
lysosomal pathway. In autophagy, a double membrane
organelle referred to as the autophagosome is formed
from other membranes. The autophagosome delivers its
engulfed cytoplasmic material to the lysosome for
degradation (Ariosa and Klionsky, 2016). This function of
autophagy is especially crucial in neurons, and defects of
neuronal autophagy are associated with neuro-
degeneration and aging-associated memory decline
(Gupta et al., 2013; Menzies et al., 2017). Recent work has
suggested that synaptic autophagosome formation is
crucially regulated by endocytic proteins (Murdoch et al.,
2016, Soukup and Verstreken, 2017). For instance, endo-
philin, a possible sorting adaptor for the vesicular
glutamate transporter 1, has been shown to be required
for the stimulation-induced formation of autophago-
somes. The switch of endophilin between a function in
SV endocytosis and the formation of autophagosomes is
regulated by its phosphorylation by the kinase LRRK2, a
protein genetically linked to Parkinson’s disease (PD)
(Arranz et al., 2015; Matta et al., 2012; Soukup and
Verstreken, 2017). A similar switch between a role in SV
endocytosis and autophagy has also been postulated for
the endocytic adaptor AP-2, which has been shown to
promote the retrograde axonal transport of autophago-
somes that carry neurotrophin signals to the neuronal
soma (Kononenko et al., 2017) (Figure 2). In summary,
the study of SV endocytosis and the role of endocytic
adaptors has revealed exciting and unexpected con-
nections of endocytic adaptors for SV recycling to the
autophagy.
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Synaptic vesicle
endocytosis

Figure 2: Hypothetical model explaining the
dual role of AP-2 in SV recycling and auto-
phagosome transport. At the presynapse,
AP-2 is required to regenerate SVs from

Endocytic sorting adaptors in
neurological disorders — where we
go from here

Alterations in the function of endocytic sorting adaptors
have been implicated in various forms of neurological
disorders. How these relate to their functions in SV endo-
cytosis or autophagy in most cases is unclear. For example,
several endocytic adaptors, such as stonin 2, AP180 and
CALM, has been linked to autism spectrum disorders
(ASDs) and schizophrenia in humans (Ben-David and
Shifman, 2012; Breedveld et al., 2010; Luan et al., 2011),
although no mechanistic studies have been conducted to
support this. SGIP1, a stonin 2-related adaptor for syn-
aptotagmin 1 has been implicated in alcohol use disorder
and as a factor affecting the human electroencephalogram,
suggesting a role in the regulation of brain activity
(Hodgkinson et al., 2010). Conversely, a-synuclein, a pro-
tein genetically linked to PD in humans has been found to
play a role in SV recycling and the regulation of SV pool
sizes (Vargas et al., 2014, 2017). Endocytic adaptors may
also function at the presynapse to prevent the epilepsy. For
example, loss of the endocytic proteins amphiphysin (Di
Paolo et al., 2002), synaptojanin (Hardies et al., 2016),
syndapin 1 (Koch et al., 2011) or the synaptobrevin/VAMP2
adaptor AP180 (Koo et al., 2015) in mice results in excit-
atory/inhibitory imbalance and seizures. Mutations in
synaptojanin 1 have also been associated with early-onset
Parkinsonism and generalized seizures in humans (Krebs
et al., 2013). Moreover, recent work from us has uncovered
that a missense mutation in one of the subunits of the AP-2
causes developmental and epileptic encephalopathy in
children (Helbig et al., 2019). How exactly epilepsy arises in

plasma membrane-derived endosomal
vacuoles formed by clathrin-independent
endocytosis of SV membranes postfusion.
AP-2 may also aid sorting of select SV pro-
teins at the plasma membrane. In addition,

O sv ¢ BDNF AP-2 serves a nonendocytic function in
©Autophagosome > LC3 Y TrkB axonal trafficking of TrkB-containing
O Endosome /~ p15o S W SVgro:ems signaling autophagosomes and in turnover
1 BACE . .
& Lysosome A AP-2 Clathrin of BACE1 via autophagy. SV, synaptic

vesicle; AP-2, assembly protein complex-2.

this case is unknown but may conceivably involve the
missorting of SV proteins such as the vesicular GABA
transporter, a known AP-2 cargo at inhibitory synapses.
The VAMP/synaptobrevin adaptors AP180 and CALM
(PICALM) have also been genetically associated with Alz-
heimer’s disease (AD) (Gusareva et al., 2014). CALM
expression is inversely correlated with levels of phospho-tau
and the autophagosomal marker LC3 in the AD brain (Ando
et al., 2016), where it may function to prevent the amyloid
generation by promoting the trafficking and autophagic
degradation of crucial components of amyloidogenic
pathway (Kanatsu et al., 2014; Tian et al., 2013; Zhao et al.,
2015) and/or by regulating the sorting of endolysosomal
VAMP/synaptobrevin required for functional autophagy
(Moreau et al., 2014). Autophagosomes, in addition to their
canonical role in degradation in all cells, may also promote
survival by carrying neurotrophin signals to the neuronal
soma (Deinhardt et al., 2006). We have shown that in neu-
rons, the endocytic adaptor AP-2 serves an additional non-
endocytic function in retrograde transport of neurotrophin-
containing autophagosomes that depends on its ability to
associate with autophagosome proteins and dynein motor
proteins. Neuron-specific AP-2 knockout mice suffer from
severe neurodegeneration and reduced neuronal
complexity (Kononenko et al., 2017). AP-2 also may play a
role in AD by promoting the degradation of BACEI, a pro-
tease known to function in amyloidogenic pathway to
generate the toxic amyloid ( isoforms (Bera et al., 2020) (see
Figure 2). Finally, sorting nexins such as SNX27, an endo-
somal BAR domain protein associated with the retromer
complex that acts downstream of endocytic clathrin adap-
tors, counteract neurodegeneration in PD by facilitating the
recycling of receptors such as AMPA- and NMDA-type
glutamate and serotonin receptors (Gallon et al., 2014;
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McMillan et al., 2016; Patel et al., 2018). Thus, endocytic
sorting adaptors may counteract neurodegeneration by
additionally promoting protein turnover via autophagy,
while endosomal sorting adaptors such as SNX27 maintain
synaptic function via recycling membrane cargo. We predict
that future studies will uncover further novel associations
between SV sorting adaptors and neurological disorders
ranging from epilepsy and autism to neurodegeneration.

Glossary

AP-2 Adaptor protein complex-2
AZ Presynaptic active zone

Cargo Proteins and lipids taken up from the plasma
membrane and trafficked within the call

CME Clathrin-mediated endocytosis, a pathway
canonically used by cells for uptake of
nutrients

GABA y-Aminobutyric acid

LC3 Microtubule-associated protein 1light chain 3

Membrane retrieval Endocytosis of plasma membrane

Sv Synaptic vesicle
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