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The brain is an immensely complex organ containing over a 100 billion individual 
neurons. Each neuron contacts hundreds to thousands other neurons, creating 
complex networks and circuits (Azevedo et al., 2009). Within a network neurons 
communicate by sending information via the axon and receive information at their 
dendrites. The site where neurons make contact and communicate with each other, 
is called a synapse (Figure 1). Here, neurons communicate using neurotransmitters, 
that are released from presynaptic intracellular vesicles into the synaptic cleft. 
Neurotransmitters are then detected by receptors at the postsynaptic site, allowing 
the signal to be transduced. Perhaps the most fascinating aspect of the brain is 
the ongoing ability to adapt and change neuronal networks and circuits (Shepherd 
and Huganir, 2007). Changes in the network are modulated at the synaptic level, 
where low signal transduction weakens the synapse, while high signal transduction 
strengthens the connection, thereby modulating synaptic transmission and changing 
the network. This weakening or strengthening of individual synaptic connections 
is called synaptic plasticity, and forms the foundation of many brain functions, 
particularly learning and memory.
 The most prevalent model regarding the regulation of synaptic plasticity, 
states that the number and location of postsynaptic receptors determines synaptic 
strength. At glutamatergic synapses, the synapse is formed on dendritic spines that 
isolate it from the main dendritic branch (Figure 1). Here, glutamate receptors mediate 
synaptic transmission and facilitate synaptic plasticity. Fast transmission is mediated 
by ionotropic receptors, that are divided into three classes based on their agonist 
selectivity: N-methyl-D-aspartate (NMDA), α-amino3-hydroxy-5-methyl-4-isoxazole 
proprionic acid (AMPA) and kainate (KA) receptors (Anggono and Huganir, 2012; 
Shepherd and Huganir, 2007). The ionotropic glutamate receptors are enriched 
in the postsynaptic density (PSD), a densely packed network of proteins closely 
attached to the postsynaptic membrane (Figure 1). In contrast to the ionotropic 
receptors, the metabotropic glutamate receptors 1 and 5 (mGluR1/5) are G-protein 
coupled receptors (GPCR) that act on longer timescales (Volk et al., 2015), and are 
enriched in the perisynaptic domain surrounding the PSD (Sheng and Kim, 2011; Tu 
et al., 1999; Tu et al., 1998). Both ionotropic and metabotropic glutamate receptors 
undergo dynamic membrane trafficking to control the number of receptors at the 
synaptic membrane, thereby regulating synaptic plasticity. 
 Membrane trafficking of glutamate receptors can be divided into multiple 
processes: exocytosis, lateral diffusion, endocytosis, sorting and recycling. Because 
excitatory synapses are isolated from the main dendritic branch, local mechanisms 
are in place to facilitate efficient membrane trafficking. As such, endocytosis of 
synaptic glutamate receptors is mediated by the postsynaptic endocytic zone (EZ). 
The EZ is a clathrin-marked structure stably associated with the PSD, and is thought 
to allow local endocytosis of glutamate receptors. Receptors internalized via the EZ, 
enter a local recycling mechanism, that retains receptors in intracellular pools and 
can recycle back to the synaptic membrane (Park et al., 2006; Petrini et al., 2009). 
The EZ plays a vital role in synaptic plasticity as loss of the EZ results in a depletion 
of glutamate receptors at the synaptic membrane and thereby hampers plasticity (Lu 
et al., 2007; Petrini et al., 2009; Scheefhals et al., 2019).
  Even though the EZ plays a critical role in synaptic plasticity, we know little 
about how the EZ is built to sustain local endocytosis of synaptic receptors. Moreover, 
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the mechanisms that control the molecular composition and organization of the EZ are 
poorly understood. Revealing the organization of the EZ would greatly contribute to 
our understanding of how the EZ could allow local endocytosis of synaptic glutamate 
receptors. In the current thesis, we use a multitude of fluorescence microscopy 
techniques to visualize the architecture and dynamics of the EZ. We primarily focus 
on clathrin, that thus far is described to be the main protein of the EZ. As clathrin is 
the key component of clathrin-mediated endocytosis (CME), we and others assume 
that this is the mechanism of endocytosis at the EZ. While clathrin structures and 
function have been studied in great depth in non-neuronal cells, what types of 
clathrin structures are present in neurons, let alone their dynamics, architecture 
and involvement in receptor trafficking and plasticity are poorly understood. In the 
following chapters, we reveal the architecture of the EZ and the mechanisms that 
allow local capture and endocytosis of glutamate receptors that is so important for 
synaptic functioning.

Figure 1: Neuronal communication at glutamatergic synapses. On the left: neurons send information 
through their axon and receive information at their dendrites. Glutamatergic synapses are often formed 
on dendritic spines (middle upper panel) characterized as dendritic protrusions, and thereby isolate the 
synapse from the dendritic shaft. A glutamatergic synapse is characterized by a PSD (blue) that is often 
associated with an endocytic zone (orange). In the PSD the ionotropic AMPA (blue receptor) and NMDA 
(purple receptor) receptors are located, while mGluR (green receptor) is enriched at perisynaptic sites. 
Endocytosis of these receptors is mediated by the EZ, that functions as a hub for local glutamate receptor 
recycling (right upper panel). In the lower panel the pre -and postsynaptic side of DIV16 neurons are 
visualized using electronmicroscopy (curtesy of J. van der Beek, Klumperman group). The presynaptic 
side, indicated with a hash, is filled with vesicles containing neurotransmitters that are released into the 
synaptic cleft and received by receptors that reside in the PSD (between the arrows). Clathrin-coated 
vesicles are present inside the spine, close to the PSD (asterisk).  Scalebar: 200 nm.

CLATHRIN STRUCTURE AND ASSEMBLY
Clathrin is a highly conserved proteins among organisms. A single clathrin molecule 
consists of a heavy chain (~190kDa) and a smaller light chain (~25kDa), that self-
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assemble into a trimeric clathrin triskelion. Within a triskelion the heavy chains 
interact with each other in the central hub, and extent their legs outwards, to contact 
other triskelia. Light chains bind the heavy chain at their proximal end, and reach to 
the heavy chain knee, where they regulate the characteristics and bending capacity 
of the heavy chain (Figure 2) (Dannhauser et al., 2015; Kirchhausen et al., 1983; 
Ungewickell, 1983). Under physiological conditions, clathrin triskelia polymerize into 
spheres, which is the energetically favored conformation (Ahle and Ungewickell, 
1986; Ungewickell and Ungewickell, 1991; Van Jaarsveld et al., 1981; Wilbur et al., 
2010). These spheres are composed of a mix of clathrin pentagons and hexagons 
that physically force the clathrin triskelia into a dome-like structure. In contrast to 
these prototypical clathrin cages, large hexagonal clathrin assemblies have also 
been observed. These hexagonal assemblies are flat, a conformation that can only 
be obtained in the presence of clathrin adaptor proteins or at low pH, causing the 
light chain to retract from the heavy chain knee, thereby changing bending capacity 
and allowing hexagonal clathrin assemblies. 
 During clathrin-mediated endocytosis, clathrin polymerizes into a pentagon-
containing spherical structure at the plasma membrane, ultimately resulting in closed 
clathrin-coated vesicles. These assemblies are small (<30,000 nm2) and transient: 
rapid assembly and disassembly of clathrin-coated vesicles typically takes place in 
<120 sec. In contrast, hexagonal assemblies are described as flat lattices or plaques 
that lie directly under the plasma membrane (Grove et al., 2014). Flat lattices are 
large (>100,000 nm2) and exceptionally stable, with lifetimes reported up to one hour 
(Grove et al., 2014; Saffarian et al., 2009). Their function has been a matter of heavy 
debate, as a hexagonal conformation of clathrin physically hampers the formation 
of spheres that is needed for vesicle formation. However, recent studies show the 
presence of clathrin adaptor proteins at the edge of lattices that allow the formation 
of vesicles from the edge (Sochacki et al., 2017). Moreover, several studies show 
the endocytic capacity of flat lattices (Grove et al., 2014; Leyton-Puig et al., 2017), 
which has led to the current hypothesis that flat lattices function as endocytic hubs 
that allow for specific internalization of membrane components.     

Figure 2: Structure and assembly of clathrin. Illustration of a clathrin triskelion containing three heavy 
chains and three light chains (left). Clathrin triskelia assemble into a pentagon containing structure 
(middle), while flat lattices are built from hexagonal clathrin assemblies (right). The lower panel represents 
an example image obtained from cryo-electron microscopy (EM) in HeLa cells, showing vesicle formation 
(lower left) and a flat lattice where vesicles are formed from the edge area (lower right). The EM image 
was copied from Sochacki et al. 2017 (Sochacki et al., 2017).
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MECHANISMS OF ENDOCYTOSIS
Clathrin-mediated endocytosis
Clathrin-mediated endocytosis (CME) is the primary route for the internalization of 
membrane components and nutrients and is highly conserved among cells. Although 
the name originates from its key component clathrin, tens of other endocytic proteins 
are involved in the formation of clathrin-coated vesicles, including clathrin-adaptors 
and scaffolding proteins. 
 CME consist of five sequential yet partially overlapping steps: initiation, cargo 
selection, coat assembly, scission and uncoating. Each step is highly organized and 
requires precise temporal recruitment of multiple endocytic proteins to the site of 
membrane nucleation. Clustering at the membrane can occur random, but most 
often specific membrane sites are repeatedly used, suggesting the presence of 
hotspots (Merrifield et al., 2005; Nunez et al., 2011). Especially in neuronal cells, 
such localized endocytosis is often observed (Blanpied et al., 2002). It might be 
suggested that specific membrane content (e.g. lipids), or other membrane domains 
are in place to facilitate the favoring of CME.  For example, any endocytic proteins 
have phosphatidylinositol 4,5-bisphosphate (PIP2) binding domains,   which was 
shown to be necessary to initiate CME, suggesting that PIP2 enriched membranes 
might be favored for CME (Antonescu et al., 2011; Zoncu et al., 2007).  
 Among the early adaptors that bind PIP2 is adaptor protein 2 (AP2). AP2 
is considered a key component of CME and recruits other scaffolds like clathrin, 
epidermal growth factor receptor substrate 15 (Eps15) and intersectin to endocytic 
sites (Beacham et al., 2019; Gaidarov and Keen, 1999; Kadlecova et al., 2017; 
Mettlen et al., 2018; Owen et al., 2000; Shih et al., 1995; Traub et al., 1999). In 
parallel, F-BAR domain containing only protein 1 (FCHO) is recruited to facilitate 
membrane curvature. FCHO, Eps15, intersectin and AP2 are known as the ‘pioneer 
module’ that are responsible for the initiation of pits. Even though the temporal 
recruitment of endocytic proteins is well established (Cocucci et al., 2012; Taylor 
et al., 2011), which of these proteins is the absolute first is not entirely understood. 
Several studies suggest that FCHO is the first, recruiting AP2, Eps15 and clathrin to 
the membrane (Henne et al., 2010). However, other studies show that pit initiation 
is not affected in the absence of FCHO, but further growth is halted (Cocucci et al., 
2012), suggesting that FCHO might be part of a complex that facilitates endocytosis. 
Indeed, FCHO, Eps15, intersectin and epsins form a complex to stabilize membrane 
curvature (Cocucci et al., 2012; Henne et al., 2010; Saffarian et al., 2009; Tebar 
et al., 1996). Intriguingly, at flat clathrin structures endocytic proteins are stably 
maintained, similar as clathrin (Grove et al., 2014). This further raises the question 
what signal initiates endocytosis, as the presence of endocytic proteins does not 
necessarily induce endocytosis.  
  Some studies suggest that receptor activation initiates endocytosis. 
However, it remains unclear whether specific cargoes contribute to initiation, or are 
simply passengers that are recruited after initiation. It is likely that initiation and cargo 
selection happen at the same time as most early arriving endocytic proteins have 
a dual function in pit initiation and cargo selection. For example, FCHO also has a 
cargo binding domain (Reider et al., 2009) and clathrin assembly lymphoid myeloid 
leukemia protein (CALM), another early-arriving protein, binds PIP2, facilitates 
membrane bending and binds specific cargo (Chidambaram et al., 2008). Moreover, 
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while Eps15 and epsins specifically recognize ubiquitinated cargo (Sorkina et al., 
2006; Traub, 2009; Wendland, 2002), ß-arrestin is known to selectively bind specific 
phosphorylated motifs (Ferguson et al., 1996; Goodman et al., 1996), suggesting 
that posttranslational modifications of cargo contribute to selectivity. 
 After initiation and cargo recruitment the clathrin coat is assembled and 
coupled to AP2. Initially, it was assumed that clathrin polymerization mediates 
further membrane bending and induces higher curvature (Hinrichsen et al., 2006). 
However, the force generated by clathrin is insufficient to deform the membrane, 
and it is more likely that clathrin senses membrane curvature rather than deforming 
it (Zeno et al., 2021). Another mechanism promoting maturation of the budding 
vesicle involves the actin cytoskeleton that generates a pulling and pushing force to 
facilitate vesicle maturation (Boulant et al., 2011; Ferguson et al., 2009). This force 
is generated by local actin polymerization that generates a flow from the base of the 
invagination to the budding vesicle. The coupling of actin to clathrin, for example by 
Hip1R, then transmits this force to bend the membrane and push the vesicle into the 
cytosol (Kaksonen and Roux, 2018; Mooren et al., 2012). Interestingly, inhibiting the 
clathrin-Hip1R interaction results in loss of lattices, but transient pit formation remains 
unaffected (Saffarian et al., 2009). Similarly, the Hip1R binding protein cortactin, that 
stimulates branching of actin,  is very abundant at lattices but the overall levels at pits 
is very low (Saffarian et al., 2009), showing that the actin cytoskeleton and adaptors 
have differential roles in pit formation and at lattices. While at transient pits, actin 
facilitates vesicle maturation, at lattices actin most likely has a dual function in the 
maintenance of the clathrin structure and perhaps facilitating endocytosis (Leyton-
Puig et al., 2017; Saffarian et al., 2009).  
 When budding of the vesicle is almost completed, N-BAR domain-containing 
proteins, like amphiphysin, endophilin and sorting nexin 9 (SNX9) are recruited to 
form the neck of the vesicle. Finally, dynamin-2, a GTPase, polymerizes around 
the neck and severs the vesicle from the membrane. The now detached clathrin-
coated vesicle, is rapidly uncoated, and clathrin disassembles into triskelia mediated 
by heat shock cognate 70 (HSC70) and auxilin. The naked vesicle fuses with 
endosomal compartments, from where the cargo is either sorted for degradation or 
recycling. In mammalian cells, two pathways of recycling have been described, the 
so called ‘long loop’ where vesicles are transported to, and fused with intracellular 
endosomal compartments, and the ‘short loop’ where vesicles are locally redirected 
to the membrane (Li and DiFiglia, 2012; Moretto and Passafaro, 2018). It has been 
proposed that in such a short-loop recycling pathway, the acidity of the vesicles 
drops to around pH 6, which is sufficient to dissociate the majority of ligands from the 
receptor, without damaging the cargo itself (Maxfield and McGraw, 2004). However, 
what exactly determines the fate of specific cargoes is not yet fully understood. 

Clathrin-independent pathways (CIE)
Apart from the classic CME pathway, also other, clathrin-independent pathways 
mediating the uptake of membrane components have been described. Caveolar-
type endocytosis (CTE) was long thought to be the second most common route for 
the endocytosis of nutrients and membrane components. The main protein in CTE 
is caveolin, that unlike clathrin, is embedded in the membrane where it adopts a 
hairpin-like structure with both the N- and C-terminus exposed to the cytoplasm. This 
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conformation contributes to the typical spike-like coat found on caveolae (Doherty 
and McMahon, 2009b). Caveolin oligomers are stabilized by binding to cholesterol 
and sphingolipids. Therefore, caveolae are often associated with lipid rafts and were 
thought to regulate lipid homeostasis, but other functions like signal transduction 
have been shown as well (Parton, 2018). However, this signal transduction is 
most likely not due to endocytosis, but rather the result of membrane stretching. 
Recent studies proposed that caveolae function as mechano-sensing membrane 
domains, rather than an endocytic pathway (Sinha et al., 2011). Upon membrane 
stretching caveolae flatten and thereby release inhibited receptors that are localized 
in caveolae. These receptors then diffuse laterally over the membrane and start 
signaling. Moreover, upon membrane stretching, cavins, that are binding partners of 
caveolin, are released into the cytosol and initiate intracellular responses (Ferreira 
and Boucrot, 2018; Lamaze et al., 2017; Sinha et al., 2011). Interestingly, although 
caveolin is expressed in neurons, and is important for development, cell migration 
and intracellular signaling, caveolae have never been observed in neurons (Breuer 
et al., 2020; Parton, 2018; Stern and Mermelstein, 2010).
 Similar to CTE, clathrin-independent carrier/GPI-AP-enriched early 
endosome compartment (CLIC/GEEC) -type endocytosis is associated with lipid-
based cargo and is involved in the regulation of plasma membrane homeostasis. 
CLIC/GEEC adopts a long tubular-like morphology, but seems to lack a clear coat 
(Kirkham et al., 2005). CLIC/GEEC is both clathrin -and dynamin independent, but 
heavily depends on the RhoGTPase Cdc42, BAR domain containing proteins and 
the actin cytoskeleton (Chadda et al., 2007; Ferreira and Boucrot, 2018). Among 
these BAR proteins is GRAF1 that marks and controls CLIC/GEEC formation, and 
even though GRAF1 binds dynamin-2, the budding of CLIC/GEEC is independent 
of dynamin and rather relies on forces generated by the actin cytoskeleton. As such, 
it is believed that friction generated by actin and BAR proteins are responsible for 
budding and scission from the membrane. Interestingly, CLIC/GEEC is solely a 
constitutive process and content endocytosed via CLIC/GEEC rapidly recycles back 
to the plasma membrane (Kirkham et al., 2005). 

Figure 3: The five steps of clathrin-mediated endocytosis. In the early stages the pioneer module that 
includes AP2, FCHO, Eps15 and intersectin are present at the membrane and facilitate initial membrane 
curvature and cargo selection. Next, the clathrin coat is assembled and various adaptor proteins and the 
actin cytoskeleton facilitate further membrane bending and vesicle formation. The vesicle is released from 
the plasma membrane after scission, mediated by dynamin-2. The clathrin coat is then disassembled and 
the vesicle fuses with other endosomal compartments.
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 Another mode of clathrin-independent endocytosis is Arf6-associated 
endocytosis. Arf6 is a small GTPase that regulates trafficking between the plasma 
membrane and endosomal compartments. Arf6 undergoes constant cycling between 
an active and inactive state, which stimulates the generation of PIP2 at the plasma 
membrane, and it should therefore be noted that Arf6 can indirectly affect CME, 
that critically relies on PIP2 (Van Acker et al., 2019). Moreover, Arf6 is activated 
by dynamin-2 and binds AP2 in clathrin-coated pits to facilitate fast recycling after 
endocytosis (Montagnac et al., 2011; Van Acker et al., 2019). This close connection 
to CME makes it difficult to distinguish between the two pathways. Nevertheless, 
Arf6-associated endocytosis is clathrin -and dynamin independent, but highly 
depends on cholesterol and the actin cytoskeleton. Moreover, cargo internalized 
via Arf6-associated endocytosis is distinct from that obtained from CME (Grant and 
Donaldson, 2009; Mayor et al., 2014; Naslavsky et al., 2003). How Arf6-associated 
endocytosis is regulated is yet to be determined. Interestingly, Arf6-mediated 
endocytosis shares many commonalities with the CLIC/GEEC pathway. Although, 
CLIC/GEEC and Arf6-associated endocytosis are considered as separate, clear 
evidence is lacking and it is possible that Arf6 regulates CLIC/GEEC subtypes 
(Doherty and McMahon, 2009).
 Finally, fast endophilin mediated endocytosis (FEME) is a clathrin-
independent but dynamin-dependent pathway. Similar to CME, FEME regulates the 
internalization of specific cargoes, including adrenergic -and dopaminergic receptors 
and potentially AMPA receptors (Casamento and Boucrot, 2020).  However, 
FEME is much faster than CME (<10 seconds) and is therefore often associated 
with receptor hyperstimulation, hormone release and stress reactions that require 
immediate response. As the name suggests, FEME heavily depends on endophilins, 
a group of BAR domain containing proteins, that sense, stabilize and promote 
membrane curvature (Casamento and Boucrot, 2020). Even though, endophilins 
are also involved in CME, they only have a supporting role, while during FEME they 
are essential. FEME is not constitutively active, and requires a pre-enrichment of 
endophilin at the plasma membrane. Moreover, while clathrin-coated vesicles rapidly 
uncoat after being released from the membrane, endophilins remain attached to 
FEME generated vesicles until they fuse with endosomes (Boucrot et al., 2015).

GLUTAMATE RECEPTOR ENDOCYTOSIS
At glutamatergic synapses, endocytosis has an important regulatory role controlling 
the number of receptors at the synaptic membrane that are available for activation. 
Internalization of glutamate receptors is primarily clathrin -and dynamin dependent, 
although evidence for clathrin-independent glutamate receptor endocytosis is 
emerging (Anggono and Huganir, 2012; Carroll et al., 1999; Dale et al., 2001; 
Fourgeaud et al., 2003; Francesconi et al., 2009; Glebov et al., 2015; Man et al., 
2000; Pula et al., 2004). It is assumed that CME of glutamate receptors is facilitated 
by the EZ, as glutamate receptors are preferentially internalized in close proximity 
to the PSD (Rosendale et al., 2017), and the EZ is marked by clathrin (Blanpied et 
al., 2002). Interestingly, receptors internalized at this specific location are sorted for 
recycling rather than degradation, indicating a regulatory role for the EZ. However, 
whether endocytosis at the EZ is indeed CME, or if CIE is also facilitated by this 
structure has never been shown. Moreover, it is unclear what initiates CME versus 
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CIE, and whether the route of internalization contributes to receptor recycling or 
degradation is not known.

Constitutive endocytosis
Constitutive trafficking refers to the trafficking of receptors between the plasma 
membrane and intracellular endosomal compartments under basal conditions and 
occurs independent of ligand activation. Both ionotropic and metabotropic glutamate 
receptors undergo constitutive endocytosis. While AMPA receptors traffic rapidly and 
constitutively between the plasma membrane and intracellular stores to regulate 
fast changes at the synaptic membrane (Lira et al., 2020), constitutive endocytosis 
of NMDA receptors is minimal. The metabotropic glutamate receptor mGluR5 
traffics constitutively, but to what extent is not clear (Fourgeaud et al., 2003; Trivedi 
and Bhattacharyya, 2012). Constitutive endocytosis of both receptor classes can 
occur independent of clathrin and dynamin (Anggono and Huganir, 2012; Carroll 
et al., 1999; Dale et al., 2001; Fourgeaud et al., 2003; Francesconi et al., 2009; 
Glebov et al., 2015; Man et al., 2000; Pula et al., 2004). For both the ionotropic and 
metabotropic glutamate receptors Arf6-associated endocytosis has been suggested 
to mediate constitutive internalization in spines (Glebov et al., 2015; Lavezzari and 
Roche, 2007; Zheng et al., 2015). Moreover, constitutive trafficking of mGluR5 has 
been suggested to be mediated by caveolin (Francesconi et al., 2009). Nevertheless, 
clathrin-mediated constitutive endocytosis has been shown as well (Bredt and Nicoll, 
2003; Malinow and Malenka, 2002; Man et al., 2000; Sheng and Kim, 2002). A 
commonly used receptor to study this process is the transferrin receptor (TfR), that 
traffics constitutively via CME. In neurons, endocytosis of the TfR does not seem to 
be localized to a specific location but randomly occurs in both spine and dendrite. 
In contrast, AMPA receptors were preferentially internalized in close proximity to the 
PSD (Rosendale et al., 2017). Moreover, candidate plasticity gene 2 (CPG2) regulates 
constitutive endocytosis of AMPA receptors and is specifically localized to the EZ, 
suggesting that constitutive endocytosis of AMPA receptor is indeed mediated by the 
EZ (Cottrell et al., 2004). Interestingly, constitutive endocytosis of glutamate receptors 
often results in fast recycling, thereby contributing to the maintenance of the synaptic 
membrane (Petrini et al., 2009; Trivedi and Bhattacharyya, 2012). To this date, the 
mechanisms of recycling remain elusive, and whether recycling and exocytosis are 
constitutive or agonist-induced processes is not fully understood. However, some 
key players in recycling have been identified. For example, constitutive recycling of 
AMPA receptors is regulated by cortactin. Removing cortactin results in lysosomal 
targeting, suggesting that cortactin regulates endo-lysosomal targeting of AMPA 
receptors during constitutive trafficking (Parkinson et al., 2018).

Activity-dependent endocytosis
Changes in synaptic strength are mediated by the trafficking of AMPA receptors 
to and from the PSD. While during long-term depression (LTD) AMPA receptors 
are removed from the PSD resulting in decreased synaptic strength, long-term 
potentiation (LTP) enhances synaptic strength and coincides with the recruitment 
and clustering of AMPA receptors in the PSD. There are two major forms of LTD: 
NMDA receptor dependent LTD (NMDA-LTD) and metabotropic glutamate receptor 
LTD (mGluR-LTD), that both lead to the internalization of AMPA receptors. Both types 
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of LTD can be induced by low frequency stimulation or selective agonists such as 
NMDA and DHPG, to activate NMDA -and mGluR receptors, respectively. This type 
of stimulation results in a modest rise in intracellular calcium, triggering LTD (Kang 
and Kaang, 2016; Luscher and Malenka, 2012; Moult et al., 2006; Snyder et al., 
2001). LTD is often described to induce regulated clathrin -and dynamin-dependent 
endocytosis of AMPA receptors (Carroll et al., 1999; Ehlers, 2000; Luscher et al., 
1999; Tao-Cheng et al., 2011), that are sorted to endosomal compartments for 
recycling (Ehlers, 2000). Moreover, NMDA-LTD induces endocytosis near the PSD 
at clathrin marked structures, suggesting that NMDA-LTD results in EZ-mediated 
endocytosis (Rosendale et al., 2017). On the other hand, application of AMPA, 
that also induces AMPA receptor endocytosis, leads to lysosomal targeting and 
degradation, suggesting that different stimuli affect the trafficking pathway (Beattie 
et al., 2000; Ehlers, 2000). However, whether endocytosis after AMPA application 
is mediated by the EZ is not known. Compared to NMDA-LTD, the mechanisms 

Figure 4: Constitutive and activity-induced glutamate receptor trafficking at the glutamatergic 
synapse. Glutamatergic synapse is characterized by a PSD (blue area), where ionotropic receptors 
are located, surrounded by the perisynaptic region (light green area), where metabotropic receptors are 
enriched. The EZ (orange area) is coupled to the PSD. During constitutive trafficking, endocytosis is 
most likely mediated by the EZ, but other CIE mechanisms inside the spine have been described as 
well. Constitutive endocytosis often leads to recycling of receptors (upper left). During LTD, receptors are 
endocytosed via CME, however the location of CME after specific types of LTD is not fully understood and 
might occur in the EZ but also at the dendritic shaft (upper middle and right panel). Moreover, different 
types of stimuli determine recycling or degradation. During LTP, exocytosis of AMPARs takes place, but 
whether and where endocytosis also occurs during LTP is not fully understood (lower panel).   
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of endocytosis after mGluR-LTD are less well studied, although mGluR-LTD was 
recently shown to be mediated by myosin6, which binds AP2 after DPHG application, 
suggesting that mGluR-LTD is regulated by CME (Wagner et al., 2019). However, 
whether endocytosis occurs at the EZ or at the dendritic shaft was not determined.
 While LTD is triggered in response to low levels of calcium, high calcium levels 
result in the induction of LTP. Originally, LTP research focused on the involvement of 
exocytosis and recruitment of AMPA receptors to the PSD. Indeed, exocytosis was 
shown to occur around the PSD (Kennedy et al., 2010), and recruitment and capture 
of lateral diffusing AMPA receptors in the PSD is necessary for efficient LTP induction 
(Chen et al., 2015; Opazo and Choquet, 2011; Opazo et al., 2010). However, recent 
studies suggest that during LTP not only exocytosis takes place, but endocytosis is 
increased as well (Sumi and Harada, 2020). Indeed, an earlier study showed that 
upon LTP the number of clathrin-coated pits inside the spine increases, suggesting 
enhanced CME (Puchkov et al., 2011). Moreover, LTP increased dynamin-dependent 
endocytosis of AMPA receptors (Zheng et al., 2015). Also, the small-conductance 
calcium-activated potassium channel 2 (SK2), that resides in the PSD, was shown to 
be internalized in response to LTP (Lin et al., 2010). Interestingly, SK2 endocytosis 
was hampered when exocytosis of AMPA receptors was blocked. These findings 
suggest that activity-dependent endocytosis and exocytosis in spines highly are 
coupled processes.  However, the mechanisms underlying LTP-induced endocytosis 
and how this is coupled to exocytosis remain undetermined.

THE POSTSYNAPTIC ENDOCYTIC ZONE
The EZ is marked by a clathrin assembly that is stably associated with the PSD 
(Blanpied et al., 2002) via a Shank-Homer1c-Dynamin3 interaction, that retains the 
EZ in close proximity to the PSD (Lu et al., 2007). PSD-EZ coupling is crucial for 
glutamate receptor trafficking as removing either one of these proteins uncouples the 
EZ from the PSD and depletes the number of glutamate receptors at the synapse (Lu 
et al., 2007; Scheefhals et al., 2019). Interestingly, a nonsense mutation in Shank2 
that is associated with autism spectrum disorder, was unable to rescue PSD-EZ 
coupling after Shank knock down (Scheefhals et al., 2019). Moreover, a mutation in 
OPHN1 that is associated with X-linked mental retardation, inhibits Homer1c binding 
and uncouples the EZ from the PSD (Nakano-Kobayashi et al., 2014), implying the 
crucial role of the EZ and PSD coupling in brain functioning. The tight coupling of the 
EZ to the PSD most likely facilitates the local capture of receptors from the synapse. 
Indeed, a study showed that receptors that are uncoupled from the PSD diffuse 
across the membrane until they contact the EZ, where they are rapidly immobilized, 
suggesting that the presence of an EZ adjacent to the PSD allows efficient capture 
and immobilization of receptors (Petrini et al., 2009). The mechanisms that target 
receptors to the EZ are only starting to emerge. For example, PICK1 a proteins 
that was previously described to regulate AMPA receptor trafficking is now known 
to specifically direct AMPA receptors from the PSD to the EZ upon NMDA-LTD and 
constitutively (Maria Fiuza et al., 2017). Moreover, PICK1 promotes dynamin-2 
polymerization, and remains bound to the receptor after internalization to facilitates 
recycling (Anggono et al., 2013; Widagdo et al., 2016). Interestingly, while some 
studies show that PICK1 is involved in lysosomal targeting of AMPA receptors 
(Koszegi et al., 2017; Madsen et al., 2012), other studies show that PICK1 targets 
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AMPA receptors to recycling compartments (Anggono et al., 2013; Lin and Huganir, 
2007), suggesting that PICK1 has a more general role in regulating endocytosis, and
third parties are involved to determine recycling or degradation.
 Even though EZ-mediated endocytosis is well acknowledged, the lack of 
clathrin dynamics at the EZ has been a long-standing dilemma, as disappearance of 
clathrin from endocytic sites had long been a hallmark of vesicle formation. However, 
LTD induction does not change clathrin stability at the EZ (Blanpied et al., 2002). 
Therefore the question was raised whether actual endocytosis takes place at the EZ. 
However, early EM studies show clathrin-coated pits and vesicle formation inside the 
spine at approximately 200-600 nm distance from the PSD, that coincides with other 
endocytic proteins like dynamin-2 and AP2 (Rácz et al., 2004). Moreover, a study 
using high temporal resolution imaging together with pH-sensitive fluorophores 
showed that AMPA receptors are internalized in close proximity to the PSD, and 
coincide with the location of clathrin-coated structures (Rosendale et al., 2017). 
Together these studies indicate that even though the EZ remains optically stable 
and clathrin remains tightly coupled to the EZ upon internalization, multiple rounds 
of endocytosis can take place at the EZ.
 Apart from clathrin, only a few other proteins have been found to colocalize 

Figure 5: Known interactions and 
proteins involved in coupling, 
maintenance and receptor 
recruited at the EZ. The EZ (orange 
area) is physically coupled to the PSD 
(blue area) via a Shank-Homer1c-
Dynamin3 interaction. Recently, 
OPHN1 was also identified to couple 
the EZ to the PSD. Other proteins 
localized to the EZ are CPG2, 
EndophilinB2 and Synaptotagmin3 
(syt3). Also PICK1 localized to the 
EZ and directs synaptic receptors to 
the EZ by binding to AP2. Moreover, 
PICK1 and cortactin facilitate  recycling
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with the EZ. Among those are CPG2 (Cottrell et al., 2004), PICK1 (Maria Fiuza et al., 
2017) and syntaptotagmin-3 (Awasthi et al., 2018). CPG2 was identified as a specific 
marker of the EZ that regulates both activity-induced and constitutive internalization 
of glutamate receptors. CPG2 knockdown resulted in reduced internalization of 
AMPA receptors, most likely due to a defect in clathrin uncoating, thereby halting 
further endocytosis (Cottrell et al., 2004). Later, it was found that PKA-dependent 
activation of CPG2 anchors the endocytic machinery to the actin cytoskeleton 
to regulate endocytosis (Loebrich et al., 2016; Loebrich et al., 2013). Recently, 
synaptotagmin-3 was also shown to facilitate endocytosis of AMPA receptors at the 
EZ. Synaptotagmin-3-mediated internalization is calcium-dependent and only occurs 
during agonist stimulation (Awasthi et al., 2018). Together, these results suggest that 
both constitutive and agonist-induced trafficking are mediated by the EZ, but specific 
adaptors are in place to facilitate these specific processes, and perhaps downstream 
sorting. 
 Once receptors are endocytosed via the EZ they are thought to enter a 
local recycling mechanism, where receptors are stored in intracellular endosomal 
compartments to recycle back to the membrane in a constitutive or agonist-induced 
manner. Indeed, using an inactive form of Rab11, a marker of recycling endosomes, 
blocked AMPA receptor recycling and resulted in a loss of synaptic receptors (Petrini 
et al., 2009). Moreover, induced removal of recycling endosomes from spines 
decreased the number of AMPA receptors in the synapse (Esteves da Silva et al., 
2015), indeed suggesting that local endocytosis facilitates local recycling. However, 
whether EZ-mediated endocytosis always leads to recycling, or whether some 
receptors are still targeted for degradation is not known. 

SCOPE OF THE THESIS
The EZ is a clathrin-marked structure that is tightly coupled to the PSD, to facilitate 
local endocytosis and recycling of glutamate receptors. Without the EZ, glutamate 
receptors are lost from the PSD. Therefore, the EZ plays a vital role in facilitating 
efficient synaptic plasticity and is essential for proper brain functioning. Although the 
function of the EZ is evident, how the EZ is built to sustain endocytosis is not known. 
For example, whether other endocytic proteins are enriched at the EZ has never 
been studied. Moreover, the dynamics and nanoscale organization of the EZ have 
never been resolved. This spatiotemporal information about the architecture of the 
EZ was previously inaccessible due to limited resolution imaging techniques. Recent 
advances in fluorescence microscopy have allowed for greater temporal and spatial 
resolution. For example, super-resolution techniques such as stimulated emission 
depletion and single-molecule localization microscopy allow us to visualize distinct 
features that are 50-200 nm apart (Sahl et al., 2017).This high spatial resolution is 
needed to properly resolve cellular structures such as the EZ.
 In the current thesis, we took advantage of these super-resolution techniques 
to explore the dynamics and architecture of the EZ. Combined with live-cell imaging 
we were able to visualize critical cellular processes that have been hidden for a long 
time. Therefore, this work provides new insights into the organization, function and 
mechanisms that underlie EZ function. These novel fundamental observations greatly 
contribute to our understanding of synapse biology and opens up many possibilities 
for future research. In the past decades, many studies looked into the mechanisms 
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of AMPA receptor trafficking. In chapter 2 we discuss these mechanisms in the 
developing and mature glutamatergic synapse. This chapter extensively reviews 
our current understanding of glutamatergic synapse formation, and how AMPA 
receptor trafficking is regulated throughout development. Moreover, we discuss the 
mechanisms at mature synapses, that are crucial for the maintenance of the synaptic 
membrane.  

Unlike AMPA receptors, the mechanisms of mGluR endocytosis are poorly 
understood. In chapter 3 we reveal that agonist-induced internalization of  mGluR5 
is mediated  by the EZ. Moreover, we show that Shank proteins control mGluR 
trafficking and signaling, by coupling essential components of the endocytic 
machinery to the PSD. We propose that Shank proteins anchor the EZ to allow 
local mGluR trafficking and recycling, thereby balancing the surface expression of 
mGluRs and modulating synaptic functioning. These findings provide novel insights 
into the spatial and temporal control of mGluR activity, that is critical for the regulation 
of synaptic plasticity.  

In chapter 4, we reveal the dynamics and nanoscale organization of the EZ. We 
show that the EZ is a stable, highly organized endocytic machinery that contains 
a multitude of endocytic proteins. We reveal that these endocytic proteins are 
differentially retained at the EZ and are in part coupled to the PSD. These novel 
insights provide strong support that the EZ is specifically organized to optimize 
efficient capture of synaptic components. This local uptake of synaptic components 
ensures the maintenance and composition of the synaptic membrane via local 
recycling. As such, these finding have a significant impact on our understanding on 
how the EZ facilitates local receptor trafficking, that underlie synaptic transmission 
and plasticity.

In chapter 5 we show that the EZ reorganizes in an activity-dependent manner. In 
this chapter we show that the EZ splits after LTP resulting in long-lasting structural 
alterations. Intriguingly, NMDA-LTD did not change EZ characteristics, while DHPG-
LTD induced rapid increase in the number of CCSs per PSD. Although the nature 
of this second structure is not yet determined, these novel results greatly aid our 
understanding of synaptic plasticity mechanisms. Moreover, new questions are 
raised: does endocytosis support LTP and if so, what are the functional implications? 
Also, how does reorganization of synaptic and perisynaptic structures that accompany 
synaptic activity impact or facilitate synaptic functioning? 

This thesis will we concluded with a general discussion (chapter 6), in which I 
discuss the key findings of this thesis, place them in broader context and provide 
recommendations for future research and perspectives. 
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ABSTRACT
The proper development of excitatory synapses is fundamental for the formation 
of neuronal circuits in the brain. Newly formed glutamatergic synapses undergo a 
characteristic series of developmental changes that prime synapses to efficiently 
transmit and encode information in neuronal circuits. One of the most prominent and 
functionally relevant changes at synapses, is the increase in the number of functional 
AMPA receptors early in development. Over the past decades, important aspects of 
the cellular processes that govern the assembly, intracellular trafficking and targeting 
to synapses of AMPA receptors have been uncovered. Here, we provide an overview 
of these molecular mechanisms that are fundamental for the proper development of 
excitatory synapses.
 
INTRODUCTION
Development of the mammalian central nervous system critically relies on the proper 
formation of neuronal circuits. Neuronal circuits are formed by a complex interplay 
of biological processes, guided by extracellular cues and intrinsic growth programs. 
In particular, the formation and maturation of synaptic contacts between neurons is 
arguably one of the most critical steps, endowing neuronal circuits with the ability to 
efficiently transmit and process information. The formation of synapses, a process 
termed synaptogenesis, peaks during early brain development before birth, but 
continues into early postnatal life and persists in adulthood, albeit at low levels. An 
initial period of synapse overproduction is followed by a period of synaptic pruning 
during which a significant amount of synapses is eliminated in a competitive manner, 
leading to the refinement of connectivity in neuronal circuits. Newly formed synapses 
that persist, follow a characteristic sequence of developmental changes leading to 
the maturation of a fully functional synapse. These changes involve a coordinated 
series of activity-dependent alterations in composition and physiology of the synapse 
to allow for the proper integration into neuronal circuits. Indeed, subtle disruptions in 
these processes are broadly held to underlie the development of human cognitive 
and behavioral disorders.
 The vast majority of synapses in the mature brain are glutamatergic. At these 
synapses, the release of glutamate into the synaptic cleft triggers a postsynaptic 
response that is mediated by the concerted action of diverse types of glutamate 
receptors. Ionotropic glutamate receptors, including the AMPA, kainate, and NMDA 
receptors, are ligand-gated ion channels that evoke rapid excitatory currents, 
and work in concert with metabotropic glutamate receptors (mGluRs) that control 
postsynaptic responses via G-protein signalling (D’Angelo et al., 1993; Reiner and 
Levitz, 2018; Scheefhals and MacGillavry, 2018). The AMPA-type glutamate receptors 
(AMPARs) in particular, are the workhorse in excitatory synaptic transmission, 
carrying the majority of fast excitatory synaptic transmission in the mature brain. 
AMPARs are ligand-gated ion channels comprised of different combinations of four 
subunits (GluA1-GluA4). AMPARs respond extremely fast, producing excitatory 
currents within less than a millisecond in response to glutamate release. Activation 
of NMDA-type glutamate receptors (NMDARs) on the other hand, is more complex. 
At resting membrane potentials, the pore of the NMDAR is blocked by extracellular 
magnesium ions binding specific sites in the channel, which is only relieved by 
strong depolarization of the membrane (Nowak et al., 1984). Thus, NMDARs are 
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conductive only when both glutamate is bound and the membrane is depolarized. 
As such, NMDARs are thought to act as molecular coincidence detectors gating the 
induction of processes that underlie developmental and plastic changes in synaptic 
efficacy. Importantly, the mechanisms for synaptic efficacy involve dynamic trafficking 
of AMPARs to and from synapses, thereby mediating  the ability of synapse to 
efficiently carry transmission (Anggono and Huganir, 2012).
 Over the course of development, the molecular composition of synapses 
changes dramatically (figure 1). Perhaps the most pronounced defining hallmark 
of excitatory synapse maturation is the selective recruitment and stabilization of 
AMPARs at the synaptic membrane during the first postnatal weeks (figure 2). 
Indeed, a developmental increase in the contribution of AMPAR-mediated currents 
relative to NMDAR-mediated currents is a common hallmark  for excitatory synapses 
maturation in different  brain regions (Crair and Malenka, 1995; Hestrin, 1992; Ramoa 
and McCormick, 1994). Initially, most newly formed synapses express NMDARs 
only, but lack functional AMPARs (figure 1) (Gomperts et al., 1998; Liao et al., 1999; 
Nusser et al., 1998; Petralia et al., 1999). Because NMDARs are not conductive at 
resting membrane potentials, these synapses are unable to transmit signals, and 
have been termed “silent synapses” accordingly. Importantly, coordinated pre- and 
postsynaptic activity can “unsilence” these synapses, a process that critically relies 
on the regulated trafficking of AMPARs to the postsynaptic membrane (Hanse et 
al., 2013; Isaac et al., 1995; Liao et al., 1995). The processes that regulate the 
trafficking of AMPARs to and from synapses is best understood in the context of 
synaptic plasticity at mature synapses. Most notably, the regulated insertion and 
removal of AMPARs from the synapse is broadly held to underlie the expression 
of long-term potentiation (LTP) and long-term depression (LTD) respectively 
(Huganir and Nicoll, 2013; Malenka and Bear, 2004; Malinow and Malenka, 2002). 
However, while the mechanisms of activity-dependent trafficking of AMPARs 
underlying synaptic plasticity are quite well understood, these trafficking rules do 
not necessarily apply to the developmental recruitment of AMPARs to synapses. 
Given that the molecular composition of synapses, including the abundance of 
specific signalling and scaffolding molecules that hold these receptors in place, differ 
significantly between mature and immature synapse, it is likely that the molecular 
rules that control the synaptic recruitment of AMPARs differ between mature and 
immature synapses. Indeed, extensive investigation over the past decades has 
elucidated the fundamental principles of AMPAR trafficking in developing and mature 
synapses, and mechanistic differences between developmental stages. Insight in 
the mechanisms that control AMPAR assembly and trafficking to synaptic sites is 
important to better understand the sequential steps in healthy brain development. 
Given that many neurodevelopmental disorders are associated with dysfunction of 
excitatory synapses (Henley and Wilkinson, 2016; Volk et al., 2015), understanding 
these processes also holds promise for the development of treatments that can 
interfere with the maldevelopment of synapses in these diseases. In this chapter, 
we will focus on the molecular mechanisms underlying synaptogenesis with a 
particular emphasis on AMPAR trafficking during the development and maturation of 
glutamatergic synapses. We will highlight new insights and technological advances 
that can be used to study AMPAR trafficking in the greatest detail.
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Figure 1. Developmental stages of the glutamatergic synapse. Schematic representation of the 
postsynaptic organization during maturation. GluN1 and GluN2B heteromers are recruited in parallel 
with SAP102 (left panel) resulting in NMDAR-mediated currents, rendering the synapse silent (dashed 
line). A developmental switch from GluN1/GluN2B to GluN1/GluN2A heteromers and the recruitment 
of GluA4 homomers to the synapse by SAP97 initiates AMPAR-mediated activity (black line) thereby 
unsilencing the synapse (middle panel). In mature neurons PSD-95 is the most abundant synaptic 
scaffold protein, capturing receptors at the synapse and forming nanodomains that directly oppose the 
presynaptic release site (right panel).

GLUTAMATERGIC SYNAPTOGENESIS DURING DEVELOPMENT
In developing circuits, most of the initial axon-dendrite contacts are very short-
lived, and only a few contacts will remain and stabilize to form functional synapses. 
Thus, for a synapse to form, contacts between axons and dendrites have to be 
stabilized before these can develop and mature. Stabilization of the initial axon-
dendritic contact is largely mediated by trans-synaptic adhesion proteins that bridge 
the axon-dendrite contact sites and provide bidirectional signals that instruct the 
recruitment of pre- and postsynaptic protein assemblies. Many of such synaptogenic 
adhesion molecules have been identified. For instance, the neurexin-neuroligin 
adhesion pair, the trans-synaptic EphrinB/EphB receptor pathways, and LRRTM and 
cadherin protein families have been described to have such synaptogenic effects. 
For a more elaborate discussion on the role of adhesion complexes in synapse 
initiation, maturation and maintenance we refer to recent reviews on this topic (de 
Wit and Ghosh, 2016; Sudhof, 2017). Importantly, through intracellular interactions, 
clustering of adhesion complexes such as neuroligin is sufficient to trigger the 
accumulation of components of the postsynaptic machinery (Graf et al., 2004; Heine 
et al., 2008b). The exact time course of recruitment of synaptic components during 
synaptogenesis however remains elusive. Early live-cell imaging experiments on 
cultured hippocampal neurons suggested that presynaptic components accumulate 
within ~30 minutes after initial axon-dendritic contact, and that assembly of the 
postsynaptic compartment occurs gradually with post synaptic density scaffold 
proteins appearing first (~45 minutes after contact), followed by AMPAR and 
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NMDAR (Friedman et al., 2000). Later studies in cultured cortical neurons however, 
found that NMDARs were almost immediately (within ~10 minutes) recruited to new 
synapses, coinciding with the recruitment of presynaptic components, while AMPARs 
followed later (~1 hour) (Barrow et al., 2009; Washbourne et al., 2002; Washbourne 
et al., 2004). More recent imaging studies in hippocampal slice cultures showed 
that newly formed dendritic spines contain AMPAR and NMDARs almost instantly 
after formation (Kwon and Sabatini, 2011; Zito et al., 2009), and show a delayed 
accumulation of synaptic scaffolds (Lambert et al., 2017). Thus, the exact timing 
and sequence of molecular events during synaptogenesis seem to vary between 
synapses, but generally the arrival of AMPARs is a relatively late event following the 
initial formation of synaptic contacts.
 Consistent with the late arrival of AMPARs, is the transformation of synapses 
from silent, non-conducting synapses to functional, current-conducting synapses 
observed during the first postnatal weeks (figure1) (Durand et al., 1996; Liao et 
al., 1995). Two explanations for this phenomenon of silent synapses have been 
postulated. The first attributed this phenomenon to a postsynaptic mechanism, stating 
that silent synapses initially only contain NMDARs and only later recruit AMPARs, 
‘unsilencing’ the synapse. The second proposed a presynaptic mechanism, and 
stated that the low release probability at newly formed synapses is not sufficient to 
activate postsynaptic AMPARs due to their low affinity to glutamate (Choi et al., 2000; 
Hanse et al., 2013). There is experimental evidence for both mechanisms, but strong 
support for a postsynaptic mechanism comes from glutamate uncaging experiments 
demonstrating that a fraction of the neonatal synapses indeed showed NMDAR-
mediated currents only (Ashby and Isaac, 2011; Busetto et al., 2008; Zhu et al., 
2000). Moreover, immuno-labeling confirmed that at postnatal day 2 NMDARs are 
present at most synapses, while AMPARs remain largely absent until postnatal day 
10 (Gomperts et al., 1998; Nusser et al., 1998; Petralia et al., 1999). Thus, although 
several mechanisms could explain silent synapses, the developmental switch from 
predominantly NMDAR-mediated to AMPAR-mediated transmission is a prominent 
phenomenon occurring during the first two postnatal weeks of development and 
seems to be key to synapse maturation (Shi et al., 2001a).
 While in mature neurons NMDAR activity usually positively regulates 
trafficking of AMPARs to synapses, at newly formed synapses NMDARs seem to 
actively suppress the insertion of AMPARs (Adesnik et al., 2008; Hall and Ghosh, 
2008; Hall et al., 2007; Lu et al., 2011). NMDARs are heteromeric receptors formed 
from the assembly of two obligatory GluN1 subunits with two regulatory subunits, 
usually GluN2 subunits of which there are four isoforms (GluN2A, GluN2B, GluN2C, 
and GluN2D). The GluN2 subunits each confer unique functional properties to the 
NMDAR and influence channel kinetics, and the coupling to downstream signaling 
pathways. The subunit composition of NMDARs gradually changes throughout 
synapse maturation with a predominant expression of GluN2B-containing NMDARs 
during early development that declines and becomes dominated by GluN2A-
containing receptors at mature stages (figure 2) (Flint et al., 1997; Monyer et al., 
1994; Sheng et al., 1994). This developmental switch from GluN2B to GluN2A-
dominant NMDARs has been shown to be critical for synapse maturation. While 
GluN2A knockout mice are fully viable (Sakimura et al., 1995), GluN2B knockout 
mice die soon after birth (Kutsuwada et al., 1996), similar to GluN1 knockouts 
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(Forrest et al., 1994). In a more recent study, conditional GluN2A and GluN2B 
knockouts were generated to dissect the differential contribution of each these 
subunits during development (Gray et al., 2011). This study found that while deletion 
of GluN2B increased the number of functional synapses, deletion of GluN2A resulted 
in increased synaptic strength, but did not change the number of synapses. Thus, 
while GluN2B primarily functions to maintain the number of silent synapses, GluN2A 
dampens synaptic potentiation by preventing recruitment of functional AMPARs 
to nascent synapses. These results add to earlier notions that both GluN2A and 
GluN2B negatively regulate AMPAR recruitment, but via distinct mechanisms (Kim et 
al., 2005). Thus, at early developmental stages, coordinated expression of GluN2B 
and GluN2A seems to act to suppress AMPAR insertion and maintain synapses in a 
silent state. This mechanism would ensure that newly formed synapses only mature 
and recruit AMPARs upon strong, or correlated activity patterns, and that synapses 
that lack these inputs are lost during the course of development.
 The correlated activity patterns that trigger the NMDAR-dependent 
potentiation of synaptic activity in developing synapses is comparable to LTP in 
mature neurons, but differs in two important aspects. First, while LTP at mature 
synapses relies on activity of CaMKII, the expression levels of this kinase are low 
early in development and CaMKII activity only becomes required for LTP after the 
second postnatal week (Yasuda et al., 2003). Instead, activity of PKA is required for 
developmental LTP, and is in fact sufficient to drive AMPARs to silent synapses and 
unsilence these (figure 2) (Esteban et al., 2003; Luchkina et al., 2014; Zhu et al., 
2000). Second, there is a developmental switch in the preference for which AMPAR 
subunit is recruited to the synapse. While in mature neurons AMPARs containing 
the GluA1 subunit are preferentially incorporated in response to LTP, at developing 
synapses the early expressed GluA4 subunit and the long splice variant of the 
GluA2 subunit (GluA2L) can be recruited by spontaneous activity or PKA activation 
(Esteban et al., 2003; Kolleker et al., 2003; Zhu et al., 2000). This subunit preference 
was also shown in vivo during experience-dependent plasticity in the barrel cortex, 
where whisker stimulation at postnatal day 8-10 induces the synaptic delivery of 
GluA4, but not GluA1. In contrast, a few days later (postnatal day 12-14), GluA1-
containing receptors were preferentially inserted upon whisker stimulation (Miyazaki 
et al., 2012).
 It is important to note that in seeming contrast to this prevailing model 
in which synaptic maturation is controlled by synaptic activity patterns, several 
studies found that assembly of excitatory synapses can occur in the absence of 
neurotransmission. Mouse models in which release of glutamate-containing vesicles 
is almost absent developed morphologically normal synapses in the postnatal 
hippocampus (Sando et al., 2017; Sigler et al., 2017; Verhage et al., 2000). Also, 
in hippocampal neurons lacking ionotropic glutamate receptors morphology of the 
dendrites and spine synapses was unaffected (Lu et al., 2013). Thus, it seems 
that intrinsic developmental programs are sufficient to set up the morphological 
development of synapses, but that the correct formation and maturation of synapses 
is finely tuned by synaptic activity patterns. 
 Apart from AMPARs and NMDARs, synaptic proteins are gradually recruited 
to the developing synapse (figure 2). The membrane-associated guanylate kinases 
(MAGUK) are a family of scaffolding proteins that can bind and anchor AMPARs and 
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NMDARs at synapses. Together with other structural components of the synapse 
like GKAP, Shank, Homer and SynGAP they are present at the synapse by postnatal 
day 2 (Foa and Gasperini, 2009; Petralia et al., 2005), and could thus be involved 
in instructing receptor trafficking during synapse maturation. In particular, the two 
MAGUKs, SAP102 and PSD-95, seem to be critical for receptor trafficking, but act 
at different developmental stages. SAP102 is already present during early stages 
of development, but is gradually replaced by PSD-95 (figure 2) (Sans et al., 2000; 
Zheng et al., 2010), suggesting that SAP102 supports synaptic maturation, but is not 
crucial for synaptic transmission at later stages. Indeed, it was found that knockdown 
of SAP102 in developing neurons reduces both NMDAR and AMPAR-mediated 
currents, while PSD-95 knockdown has no effect at this early stage (Elias et al., 2008; 
Elias et al., 2006). In mature neurons, overexpression of PSD-95 results in strongly 
enhanced synaptic function, while knockdown of PSD-95 reduces AMPAR-mediated 
currents (Ehrlich and Malinow, 2004; Elias et al., 2008; Stein et al., 2003). In contrast, 
overexpression of SAP102 in mature hippocampal neurons has minimal effects on 
AMPAR-mediated currents, and knockdown does not affect transmission (Elias et 
al., 2008; Elias et al., 2006). Interestingly, the expression levels of SAP102 and PSD-
95 accurately follow the expression levels of GluN2B and GluN2A respectively (Sans 
et al., 2000), and biochemical studies showed that PSD-95 and SAP102 can bind 
both GluN2A and GluN2B-containing NMDARs. However, while SAP102 can recruit 
both GluN2A and GluN2B-containing NMDARs, PSD-95 seems to specifically recruit 
GluN2A-containing NMDARs (Elias et al., 2008). Thus, synaptic scaffolding proteins, 
in particular the MAGUKs SAP102 and PSD-95, seem to have instructive roles in the 
developmental recruitment of NMDARs and AMPARs.
 In summary, over the course of development newly formed synapses 
undergo dramatic changes in their structure, molecular composition and function. 
Starting from the initial axon-dendrite contact, synapses sequentially recruit different 
molecular assemblies that ultimately form the functional synaptic machinery. 
The blueprint of these molecular changes seems to be embedded in intrinsic 
developmental programs, but is critically modulated by activity patterns that instruct 
the maturation and refinement of synaptic connections. In particular, a relatively 
late, but critical step in synapse maturation, is the activity-dependent recruitment of 
AMPARs, and defines the transition of silent, immature synapses to fully matured 
synapses. Given that AMPARs play such a central role in the development and 
maturation of glutamatergic synapses, we will now consider the functional diversity of 
AMPAR complexes (section 3), the assembly and intracellular trafficking of AMPARs 
(section 4), and the molecular processes that maintain and alter the expression of 
AMPARs at the neuronal membrane. 

AMPAR SUBUNIT SPECIFIC STRUCTURE, LOCALIZATION AND FUNCTION
AMPARs are homo- or hetero–tetrameric ligand-gated ion channels formed by 
different combinations of four core subunits, GluA1-GluA4, encoded by four different 
genes (Gria1-4) (Rosenmund et al., 1998). A multitude of stoichiometries is possible, 
dependent on cell type-specific subunit expression and developmental stage, and 
can be modulated by synaptic activity. Because each of these subunits differ in their 
contribution to channel kinetics, ion selectivity, and ability to interact with specific 
protein complexes that control the trafficking of AMPARs, hetero-tetramerization 
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gives rise to a functional variety of AMPAR types. Functional diversity is further 
conferred by alternative splicing and RNA editing (Seeburg and Hartner, 2003). 
Each of the four subunits can exist in two forms, the “flip” and “flop” variants that 
arise through alternative splicing of two exons that encode part of the ligand binding 
domain (Sommer et al., 1990). This alternative splicing event greatly impacts the 
pharmacology and channel kinetics of the receptor. In general, the “flop” versions 
desensitize much more rapidly than the “flip” versions and are less sensitive to the 
desensitization blocker cyclothiazide (Sommer et al., 1990). Alternative splicing 
of the subunits is developmentally regulated. While mRNAs encoding the “flip” 
variant are expressed throughout development, “flop” versions are expressed at low 

Figure 2. Relative time resolved recruitment of synaptic components. 
A schematic representation of the temporal recruitment of postsynaptic proteins during postnatal 
development in a hippocampal synapse. Black dashed arrows above represent the different stages 
of synaptic development. The black arrows below illustrate the differential kinase dependency during 
development. The GluA4 subunit is most abundant during early stages of development and is gradually 
replaced by GluA1, 2 and 3 (upper panel). While GluN1A expression gradually increases over time, GluN2B 
levels decrease as GluN2A-containing NMDARs increase. Expression pattern of other postsynaptic 
proteins correlate to the specific subunit specific recruitment. SAP97 patterns follows the recruitment of 
GluA4, while SAP102 mimics GluN2A expression. Both PSD-95 and PSD-93 expression increases over 
time with PSD-95 being the most abundant MAGUK in mature synapses. Data based on (Petralia et al., 
2005; Sans et al., 2000; Schwenk et al., 2014; Zhu et al., 2000) and see references in main text.
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levels early in development, and only start to increase from postnatal day 8 on, 
reaching peak levels at postnatal day 14 (Monyer et al., 1991). At mature synapses, 
AMPARs thus generally desensitize faster than at immature synapse. Unlike the 
other subunits, the GluA2 subunit undergoes RNA editing of a single residue in the 
pore region of the ion channel (Sommer et al., 1991). This specific modification has 
multiple significant implications for receptor functioning. Editing of the glutamine to 
the positively charged arginine at position 607 (Q/R editing) in one GluA2 subunit 
is sufficient to render the entire channel impermeable for calcium, altering the 
rectification of the ion channel (Burnashev et al., 1992; Hollmann et al., 1991; Hume 
et al., 1991). Importantly, this editing event also severely restricts receptor exit from 
the ER, dramatically increasing the dwell time of the edited GluA2 subunit in the ER 
(Greger et al., 2002). Already early in embryonic development, the vast majority of 
GluA2 transcripts is in the edited form (Burnashev et al., 1992; Jacobs et al., 2009), 
and impaired editing in transgenic mice leads to epileptic seizures and death within 
three weeks after birth (Brusa et al., 1995).
 The AMPAR complex displays a modular organization, consisting of four 
distinct domain layers: an extracellular N-terminal domain (NTD), a ligand-binding 
domain (LBD), a transmembrane domain (TMD) and an intracellular C-terminal 
domain (CTD) (Herguedas et al., 2016; Sobolevsky et al., 2009). The extracellular 
region of the AMPAR containing the NTD and LBD forms the bulk of the receptor. 
The four subunits have virtually identical TMDs, but principally authenticate by 
their CTD and glutamate binding affinity. The CTD varies extensively in length and 
sequence between the different subunits. The CTD is also subject to alternative 
splicing and contains posttranslational modification sites that tune the ability of 
subunit-specific protein-protein interactions. The GluA1, GluA4, and GluA2L (long 
splice variant of GluA2) subunits have long CTDs, while GluA2, GluA3, and GluA4S 
(short splice variant of GluA4) have relatively short tails. These differences confer 
specificity in interactions and posttranslational modifications. The subunit specificity 
of the intracellular CTD has long been considered to be the principal determinant 
of synaptic trafficking, and has been subject of intense investigation in the context 
of subunit-specific trafficking to the synapse, particularly in the context of synaptic 
plasticity (Shepherd and Huganir, 2007). From these studies, the general notion 
emerged that GluA1 is dominant in instructing activity-dependent recruitment of 
AMPARs to synapses, and that once at the synapse, GluA2-containing receptors 
are inserted by a constitutive process (Kessels and Malinow, 2009; Shepherd and 
Huganir, 2007; Shi et al., 2001b). However, while CTD-mediated interactions are most 
likely instructive, the exact differential contribution of these interactions to activity-
dependent synaptic trafficking of AMPARs remains to be established (Granger et al., 
2013; Zhou et al., 2018). 
 The composition and expression patterns of AMPAR complexes change 
drastically over the course of development. At birth, the expression levels of GluA1, 
GluA2 and GluA3 are still very low, and GluA4 is the predominantly expressed 
subunit (figure 2) , suggesting that at this stage, synapses contain AMPARs 
composed almost exclusively of GluA4 subunits. Consistently, it has been shown 
that low, spontaneous activity patterns are sufficient to traffic GluA4 homomers into 
synapses (Zhu et al., 2000). GluA4 levels rapidly decline after birth to undetectable 
levels in the first two weeks (Akaneya, 2007; Zhu et al., 2000). In contrast, during the 
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first two weeks the levels of the other subunits start to increase in parallel, reaching 
adult levels three weeks after birth (Petralia et al., 1999; Petralia et al., 2005; Zhu 
et al., 2000). The levels of the GluA2L also increase during this period, but only 
briefly peak in the second week after birth, and return to low levels in the mature 
hippocampus (Kolleker et al., 2003). In the adult hippocampus, the GluA2 subunit 
is most abundant, with GluA1/2 and GluA2/3 heterotetrameric AMPAR complexes 
being the most prominent receptor types, and GluA1 homomeric AMPARs making 
up only a small population (figure 2) (Lu et al., 2009; Schwenk et al., 2014; Wenthold 
et al., 1996).
 Importantly, the assembly, trafficking and biophysical properties of AMPARs 
are not solely determined by subunit assembly. Unlike other ionotropic glutamate 
receptors, AMPAR complexes are coupled to a variety of auxiliary subunits that 
significantly influence receptor kinetics, conductance and trafficking properties. The 
entire AMPAR complex is estimated to consist of >30 different proteins forming a 
large, multi-molecular signalling machine. The first auxiliary protein discovered was 
Stargazin, which belongs to a larger family of transmembrane AMPAR regulatory 
proteins (TARPs: γ2, γ-3, γ-4, γ-5, γ-7, γ-8), which differ in brain region expression 
and functional properties (Jackson and Nicoll, 2011; Kato et al., 2010; Nicoll et al., 
2006; Tomita et al., 2003). Stargazin was identified as a mutant gene in the Stargazer 
mouse, which exhibits severe cerebellar ataxia and epilepsy (Chen et al., 1999; 
Hashimoto et al., 1999). TARPs can directly interact with each of the AMPAR subunits 
and promote their surface expression, synaptic retention, and modulate channel 
function (Straub and Tomita, 2012). More recently, quantitative mass spectrometry 
studies on isolated AMPARs have identified additional families of auxiliary proteins 
(Schwenk et al., 2012). Together with the TARPs, the cornichons (CNIH2 and 3), and 
GSG1l protein have been proposed to consist of the “core” of the AMPAR (Schwenk 
et al., 2014; Schwenk et al., 2012; Schwenk et al., 2009; Shanks et al., 2012). 
Apart from these core components, the AMPAR complex can additionally recruit a 
number of satellite components including cysteine-knot AMPAR modulating proteins 
(CKAMP44 and 52), proline-rich transmembrane proteins PRRT1 (also known as 
SynDIG4) and PRRT2, neuritin, Noelins1-3, leucine-rich repeat transmembrane 
neuronal protein 4 (LRRTM4), carnitine O-palmitoyltransferase 1c (CPT1c), and 
ferric-chelate reductase 1-like (FRRS1l, or C9Orf4) (Brechet et al., 2017; Chen 
et al., 2014; de Wit et al., 2013; Kalashnikova et al., 2010; Schwenk et al., 2014; 
Schwenk et al., 2012; von Engelhardt et al., 2010). These include various types of 
proteins including transmembrane, cytoplasmic, and secreted proteins. While our 
understanding of how these peripheral components affect the assembly, trafficking 
and physiology of the AMPAR is increasing (Jacobi and von Engelhardt, 2018), 
the precise function for most of these components has not been elucidated yet. 
Interestingly, the expression of these AMPAR-interacting proteins is highly regulated 
over the course of development (Schwenk et al., 2014). It is thus conceivable that 
developmental changes in the properties of synaptic AMPARs are in large part 
mediated by the differential action of this diverse set of AMPAR complex proteins 
and it would be of interest to investigate how each of these components contribute 
to the developmental maturation of excitatory synapses. 
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AMPAR ASSEMBLY AND INTRACELLULAR TRAFFICKING ALONG THE 
SECRETORY PATHWAY
Like the majority of membrane proteins, AMPAR complexes are assembled in the 
endoplasmic reticulum (ER). The exact mechanisms of AMPAR assembly are not fully 
understood, but assembly occurs in two consecutive steps where individual subunits 
dimerize followed by the dimerization of these dimers into a tetrameric complex 
(Greger et al., 2007). The first dimerization step relies primarily on interactions 
between the NTDs of the individual subunits, while the second step, the dimerization 
of dimers into tetramers, involves interactions between the LBD and transmembrane 
domains (Ayalon and Stern-Bach, 2001). Selective NTD-mediated interactions in 
principle allow a wide variety of potential subunit-specific associations, but due to 
differences in affinity, heteromerization is dominant with preferential incorporation 
of the GluA2 subunit (Rossmann et al., 2011). Formation of GluA2-containing 
receptors is further favored by Q/R editing which limits GluA2 homotetramerization, 
and thereby promotes the dimerization of GluA2 dimers with other subunits (Greger 
et al., 2006; Greger et al., 2002).  
 A principal function of the ER is to prevent the exit and delivery of not correctly 
folded, non-functional transmembrane proteins. Indeed, mutations in the AMPAR 
LBD that prevent glutamate binding, or in the pore region that block ion permeation 
lead to retention of receptors in the ER and severely hampers surface delivery 
(Grunwald and Kaplan, 2003). Moreover, TARPs and CNIHs associate with the 
AMPAR in the ER and are thought to act as chaperones that facilitate the assembly 
of AMPARs and export from the ER (Bedoukian et al., 2006; Brockie et al., 2013; 
Shi et al., 2010). Other AMPAR interactors such as FRRS1L (C9Orf4) and CPT1c 
also act as chaperones, but are retained in the ER, indicating that sequential binding 
of such components guide AMPAR assembly and ER exit (Brechet et al., 2017). 
Conventionally, after assembly in the ER, transmembrane proteins accumulate at 
specialized ER exit sites to be transported to the ER-Golgi intermediate compartment 
(ERGIC) via COPII-mediated transport. From the ERGIC, cargoes are sorted to the 
Golgi apparatus (GA) or return to the ER (figure 3). Transmembrane proteins pass 
through the GA and trans Golgi network (TGN) to undergo further post-translational 
processing such as glycosylation, and to be packaged in transport vesicles for 
membrane delivery. While the ER forms a continuous, complex reticular structure 
that extends throughout the somatodendritic compartment (Cui-Wang et al., 2012; 
Spacek and Harris, 1997), the GA is primarily localized in the cell body close to the 
nucleus. It has thus remained unclear how receptors that are synthesized locally in 
dendrites are processed and trafficked to the membrane and the question whether 
these locally synthesized AMPARs follow the conventional pathway emerged. Initially, 
cargoes that leave the dendritic ER were found to travel back to the somatic GA 
(Horton and Ehlers, 2003), or through Golgi-like structures, termed Golgi outposts, 
present in dendrites (Horton and Ehlers, 2003; Mikhaylova et al., 2016; Pierce et 
al., 2001). However, it remains controversial whether these Golgi outposts are fully 
operational similar to the conventional GA. Also, Golgi outposts have only been 
found in a subset of all dendrites, and the identification is dependent on experimental 
approaches. In support for the presence of local processing organelles of AMPAR in 
dendrites, recent studies found that newly synthesized receptors are locally trapped 
at dendritic ERGIC structures (Bowen et al., 2017; Hanus et al., 2014). Moreover, for 

Thesis V1.indd   41 19-10-2021   09:35:11



4242

2

AMPARs, ER exit is a rate limiting step in synapse delivery (Penn et al., 2008), and 
is modulated by synaptic activity (Pick and Ziff, 2018), supporting the notion for local 
storage in the ERGIC. Indeed, newly synthesized AMPARs that exited the ER were 
found to accumulate preferentially in nearby dendritic ERGICs before they were 
further transported by recycling endosomes (REs) (figure 3) (Bourke et al., 2018; 
Bowen et al., 2017). Even in neurons treated with Brefeldin A, almost completely 
disrupting the somatic GA, AMPARs were still trafficked by REs and a significant 
portion of the receptors could still reached the membrane (Hanus et al., 2016). 
This suggests that a substantial pool of newly synthesized AMPARs can bypass 
the somatic GA, consistent with findings that a significant portion of receptors on 
the neuronal membrane display a glycosylation patterns that are reminiscent of 
immature, core-glycosylated proteins (Hanus et al., 2016). Together, these data 
suggest two possible routes for intracellular AMPAR trafficking, one via conventional 
trafficking involving passage through the GA and a second alternative pathway 
independent of the GA  (figure 3).
 Finally, once processed, AMPAR-containing transport vesicles are 
transported to the correct subcellular location via motor-based transport over the 
microtubule and actin cytoskeleton (Hirokawa et al., 2010; Kapitein and Hoogenraad, 
2015). Long-range transport of AMPARs in dendrites is mediated by the molecular 
motor kinesin KIF5 that recruits GluA2/3 receptor via the GRIP1 adaptor protein 
(Hoogenraad et al., 2005; Setou et al., 2002), or KIF1 via the adaptor protein liprin-
α(Shin et al., 2003; Wyszynski et al., 2002). Since most spines lack microtubules, 
and are therefore most likely not, or only infrequently, visited by microtubule motors, 
actin-based motors are involved in the final step of synaptic delivery. Indeed, motors 
of the myosin family, in particular myosin-V and –VI, have are thought to be key in 
driving cargo into spines (Wagner et al., 2011; Wang et al., 2008).

Figure 3. Intracellular and surface trafficking of AMPARs. Different routes for intracellular AMPAR 
trafficking have been described. The classical route for transmembrane proteins involves assembly 
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in the ER, and passage through the ERGIC to the GA to undergo posttranslational glycosylation. From 
the GA, membrane proteins are transported and inserted in the membrane (pathway 1: red line). Locally 
synthesized AMPARs have been shown to bypass the GA. These receptors are transported from the ER 
to the ERGIC and then enter recycling endosomes (pathway 2: black line), or pass through Golgi outposts 
(GOs) before insertion in the membrane. Surface trafficking of AMPARs (zoom) involves the insertion 
of AMPARs through exocytosis, that travel to the synapse via lateral diffusion where they are captured 
by synaptic scaffolds. Synaptic AMPARs can be uncoupled and recruited to the EZ for internalization. 
AMPARs endocytosed at the EZ enter a pathway for fast and local recycling to return to the membrane 
(pathway 3: dashed line). ER: endoplasmic reticulum, ERGIC: ER Golgi intermediate compartment, 
GO: Golgi outpost, EZ: endocytic zone, CCV: clathrin-coated vesicle, RE: recycling endosome, PSD: 
postsynaptic density.

SURFACE TRAFFICKING OF AMPARs 
Once sorted to the correct subcellular compartment, AMPARs undergo constitutive 
and activity-dependent membrane trafficking events that can be divided into multiple 
steps: 1) exocytosis of AMPAR from intracellular pools, 2) lateral diffusion across 
the membrane, 3) capture at synaptic sites, 4) endocytosis, and 5) endosomal 
recycling (figure 3, zoom, figure 4). Together these processes maintain the steady-
state levels of receptors at synaptic, extrasynaptic and intracellular sites, and allow 
developmental and plasticity-associated activity patterns to promote the exchange 
of receptors between these different locations. Thus, to properly regulate the density 
of receptors at individual synapses, these processes require complex regulatory 
mechanisms.

Exocytosis from intracellular pools
Endosomes containing AMPARs can fuse with the membrane by both constitutive and 
activity-dependent exocytosis to supply newly synthesized or recycle AMPARs to the 
neuronal membrane. However, the exact subcellular location of AMPAR exocytosis, 
is a long-debated question in the field of neuronal cell biology. Several studies have 
suggested that AMPARs are inserted in the plasma membrane of the soma or at the 
dendritic shaft before they reach the synapse via lateral diffusion (Adesnik et al., 
2005; Lu et al., 2001; Makino and Malinow, 2009), while other studies suggested that 
exocytosis of receptors takes place both in dendrites and spines (figure 4)  (Kennedy 
et al., 2010; Park et al., 2006; Patterson et al., 2010; Wang et al., 2008; Yudowski 
et al., 2006), or even directly into the PSD (Gerges et al., 2006). Thus, it seems 
most likely that AMPAR exocytosis can take place at distinct sites, both in spines 
and the somatodendritic compartment, but that the exact location is dependent on 
developmental stage, synaptic activity, endosomal source, and subunit composition 
(Passafaro et al., 2001). Based on imaging studies using fluorescently tagged 
AMPAR subunits, it has been estimated that under baseline conditions exocytosis 
rates are ~0.1 events/min in spines and ~0.03 events/min in the dendrite. However, 
upon LTP stimulation at single spines, these AMPAR exocytosis rates increased ~5-
fold and then rapidly returned to baseline levels within 1 minute after stimulus onset 
(Patterson et al., 2010). Interestingly, exocytosis seemed restricted to an area of 
~3 µm away from the stimulated synapse. The activity-induced increase in synaptic 
AMPARs can however not be solely explained by exocytic activity. In fact, it has 
been estimated that 70 - 90% of AMPARs entering the synapse during LTP originate 
from preexisting surface receptors supplied from adjacent areas, leaving only 10 - 
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30% of receptors to be exocytosed (Kopec et al., 2006; Makino and Malinow, 2009; 
Patterson et al., 2010). Also, the relative slow time-course of exocytosis (minutes) 
is not compatible with the rapid onset of synaptic potentiation observed with LTP-
inducing stimuli (seconds). Accordingly, activity-dependent trafficking of AMPARs to 
synapses has been proposed to be a multi-step process, where initially AMPARs are 
recruited to the PSD via lateral diffusion from a pre-existing extrasynaptic pool, that 
is then further supplied by exocytosis from intracellular reserve pools (Opazo and 
Choquet, 2011). Indeed, blocking lateral diffusion prohibits expression of both early 
and late phases of LTP, while blocking exocytosis prohibits the expression of late 
LTP only (Penn et al., 2017). 
 Exocytosis is generally mediated by the SNARE complex and Sec1/
Munc-18-like (SM) proteins that undergo a characteristic cycle of assembly and 
disassembly that catalyzes the fusion of the endosomal cargo-containing vesicle 
with the plasma membrane (Sudhof, 2013). Indeed, early experiments showing 
that activity-induced exocytosis of AMPARs is blocked by intracellular tetanus 
toxin (Lledo et al., 1998; Lu et al., 2001) formed the first indication that SNARE-
dependent exocytosis mediates the fusion of AMPAR-containing endosomes 
with the membrane. However, while detailed information is available about the 
composition and regulation of the presynaptic machinery that mediates release of 
neurotransmitter vesicles, the molecular identities of the complexes in dendrites 
that mediate exocytosis are only beginning to be defined (Jurado, 2014). Targeted 
knockdown studies have confirmed the role of specific SNARE proteins in activity-
induced fusion of AMPAR-containing endosomes (Jurado et al., 2013; Kennedy et 
al., 2010). Apart from SNARE proteins, the small complexin proteins that bind the 
SNARE complex and modulate SNARE-dependent membrane fusion in different 
cellular systems (McMahon et al., 1995), have been implicated in activity-dependent 
AMPAR exocytosis (figure 4) (Ahmad et al., 2012). Both complexin-1 and -2 are 
located in dendritic spines, and NMDAR-mediated delivery of AMPARs is impaired in 
complexin-1 and complexin-2 knockdown neurons (Ahmad et al., 2012). Complexins 
have been shown to function as co-factors for the calcium sensor synaptotagmin-1 in 
calcium-induced exocytosis, but initially no essential role for synaptotagmin-1 during 
AMPAR recruitment was observed (Ahmad et al., 2012). However, more recently, it 
was found that knockdown of both synaptotagmins-1 and 7 simultaneously, but not 
separately, abolished LTP (Wu et al., 2017), suggesting that both synaptotagmin-1 
and synaptotagmin-7 act as redundant calcium-sensing mediators of AMPAR 
exocytosis during LTP in hippocampal CA1 region. 

Lateral diffusion and capture at synaptic sites
After fusion with the membrane, endosomes release their cargo and the newly 
inserted extrasynaptic AMPARs are essentially free to diffuse through the membrane 
before insertion into the synaptic membrane (figure 4). Indeed, several methods 
have demonstrated that extrasynaptic receptors are highly mobile but become 
restricted in their diffusion at synaptic sites (Adesnik et al., 2005; Choquet and Triller, 
2013; Ehlers et al., 2007; Heine et al., 2008a; Kerr and Blanpied, 2012; Opazo 
and Choquet, 2011). Thus, at synapses, mechanisms have to be in place that can 
effectively counteract free diffusion and anchor and position receptors in close 
opposition to the presynaptic release site. At glutamatergic synapses, AMPARs are 

Thesis V1.indd   44 19-10-2021   09:35:12



4545

AMPA receptor trafficking at the developing and mature glutamatergic synapse

2

concentrated in the PSD, a dense accumulation of scaffolding proteins, signaling 
molecules and adhesion complexes (Sheng and Kim, 2011). At mature synapses, 
the prototypical MAGUK PSD-95 is one of the core components of the PSD that 
anchors AMPARs at the synapse via binding to TARPs (Bats et al., 2007; Ehrlich 
and Malinow, 2004; Elias et al., 2006; Schnell et al., 2002). The bidirectional effects 
of PSD-95 overexpression and depletion on AMPAR-mediated transmission (see 
section 2), and the relative high abundance of PSD-95 in the PSD gave rise to 
the “slot-hypothesis” (Lisman and Raghavachari, 2006). This model postulates 
that potentiation of synaptic transmission involves the addition of binding sites for 
AMPARs, provided by PSD-95 and perhaps other scaffolds. However, changes in 
scaffold levels do not seem to precede LTP-induced synapse insertion of AMPARs, 
or the maturation of newly formed synapses. Rather, posttranslational modification of 
TARPs by CaMKII increases the affinity of AMPAR complexes for PSD-95, effectively 
stabilizing receptors at the PSD (Bats et al., 2007; Chetkovich et al., 2002; Sumioka 
et al., 2010). Apart from intracellular interactions, recent studies demonstrated that 
the extracellular NTD is required for proper AMPAR trafficking to synapses (Diaz-
Alonso et al., 2017; Watson et al., 2017). The differential contribution of CTD- and 
NTD-mediated interactions of individual AMPAR subunits remains to be investigated, 
but it becomes clear that AMPARs are subject to a dynamic interplay of molecular 
interactions that control their lateral diffusion and capture at synaptic sites.
 Once at the synapse, the subsynaptic positioning of AMPARs relative to the 
presynaptic release site ultimately determines the efficacy of synaptic transmission. 
Because the affinity of AMPARs for glutamate is relatively low, single release events 
generally activate only a subset of the postsynaptic pool of receptors (Franks et 
al., 2003; MacGillavry et al., 2011; Raghavachari and Lisman, 2004). Based on 
computational studies and physiological evidence that postsynaptic receptors are 
not saturated by single release events (Liu et al., 1999), it has been proposed that 
concentrating AMPARs close to the presynaptic release site increases synaptic 
efficacy. Consistent with this idea, recent super-resolution imaging studies have 
demonstrated that AMPARs are concentrated in subsynaptic PSD-95 nanodomains 
of approximately 80 nm (figure 4) (MacGillavry et al., 2013; Nair et al., 2013), that 
are often closely aligned with the presynaptic release site (Tang et al., 2016). This 
unprecedented level of subsynaptic organization has important consequences for 
how synaptic strength and plasticity can be regulated (Chen et al., 2018). Yet, how 
this distinct subsynaptic organization is established over the course of synapse 
development has not been studied yet and it will be of interest to address this more 
systematically.

Endocytosis and endosomal trafficking
The principal mechanism for the regulated removal of postsynaptic AMPARs from 
the postsynaptic membrane is clathrin-mediated endocytosis (figure 4) (Carroll et 
al., 1999; Man et al., 2000). AMPARs undergo continual cycles of endocytosis, but 
activity-regulated endocytosis of AMPARs is particularly important for the expression 
of LTD (Beattie et al., 2000; Luscher et al., 1999). The molecular players in clathrin-
mediated endocytosis have been well characterized in other systems (Kaksonen 
and Roux, 2018), and for most of the core endocytic proteins, including adaptor 
molecules such as AP-2, endophilins and dynamins that regulate endosome 
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formation and budding, it has been shown that these are localized at postsynaptic 
sites and are involved in AMPAR endocytosis (Chowdhury et al., 2006; Loebrich 
et al., 2016; Luscher et al., 1999; Racz et al., 2004). In mature, but not developing 
neurons, endocytosis of AMPARs preferentially occurs at a specialized site adjacent 
to the PSD that is enriched in clathrin, Eps15, and Dynamin-3 (Blanpied et al., 2002; 
Petrini et al., 2009; Racz et al., 2004; Rosendale et al., 2017). These endocytic 
zones (EZs) are physically coupled to the PSD via Shank/Homer/dynamin-3 
interactions, and removal of either one of these components results in uncoupling 
of the EZ from the PSD. This particular localization of the EZ is thought to form a 
site for preferential capture and internalization of synaptic receptors to retain a local 
population of receptors in recycling endosomes. Indeed, uncoupling of the EZ from 
the PSD results in decreased receptor recycling and consequently depletes surface 
levels of synaptic receptors (Lu et al., 2007; Petrini et al., 2009). The EZ seems to 
be a characteristic feature of mature synapses (Blanpied et al., 2002; Blanpied et al., 
2003), and it remains to be investigated how the EZ develops and what processes 
control the formation and maintenance of this structure. 
 Another key regulator in receptor trafficking is the actin cytoskeleton that 
regulates important aspects of AMPAR endocytosis and endosomal sorting. Several 
actin-binding proteins such as N-WASP, Arc/Arg3.1, candidate plasticity gene 2 
(CPG2) and Cortactin (Chowdhury et al., 2006; Cottrell et al., 2004; DaSilva et al., 
2016; Loebrich et al., 2016; Parkinson et al., 2018), as well as the actin-based motor 
protein Myosin VI (Osterweil et al., 2005) have been shown to directly affect AMPAR 
internalization via regulation of actin dynamics. For example, the activity-regulated 
protein CPG2 was identified as a mediator of endocytosis coupling filamentous actin 
(F-actin) to Endophilin-B2 (Cottrell et al., 2004; Loebrich et al., 2016; Loebrich et 
al., 2013). Knockdown of Endophilin-B2 inhibits activity-dependent internalization 
of AMPARs, and CPG2 knockdown resulted in an accumulation of clathrin coated 
vesicles in spines, hampering the recycling process (Cottrell et al., 2004). Another 
immediate early gene product, Arc/Arg3.1, that is locally translated, interacts with 
Dynamin and Endophilin to accelerate endocytosis of AMPARs (Chowdhury et al., 
2006). Interestingly, these effects are selective for AMPARs, suggesting that Arc 
might act as a specific adaptor protein targeting AMPARs for endocytosis (figure 4). 
Recently, a similar role for PICK1 has been suggested. PICK1 binds GluA2-containing 
AMPARs in an activity-dependent manner (Citri et al., 2010), and promotes the rate 
of AMPAR endocytosis by coupling to AP2, promoting dynamin polymerization, and 
regulation of actin dynamics (Fiuza et al., 2017; Rocca and Hanley, 2015; Rocca 
et al., 2008). The molecular intermediates that sort AMPAR-containing endosomes 
to the recycling compartment remain to be identified, but recent evidence suggests 
that specific proteins such as protein kinase C, casein kinase II substrate in neurons 
(PACSIN) and the actin-binding protein Cortactin promotes sorting of AMPARs to 
recycling endosomes and prevent sorting to the lysosomal degradation system 
(figure 4) (Parkinson et al., 2018; Widagdo et al., 2016). 
 After endocytosis into early endosomes, receptors can undergo selective 
sorting to either the endocytic recycling compartment (ERC) for reinsertion into the 
membrane, or to late endosomes and lysosomes for degradation (figure 4) (Anggono 
and Huganir, 2012; Ehlers, 2000). The endosomal trafficking steps are guided 
by distinct members of the Rab family of small GTPases (Anggono and Huganir, 
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2012). For instance, Rab5-dependent trafficking of early endosomes is required 
for NMDAR-dependent LTD (Brown et al., 2005), while Rab7-dependent trafficking 
of late endosomes underlies the targeting of AMPARs to lysosomes for proteolytic 
degradation (figure 4) (Fernandez-Monreal et al., 2012). Importantly, live-cell imaging 
experiments have shown that Rab11-dependent recycling of AMPARs maintains a 
recycling pool that is required for the maintenance of synaptic receptor levels, as 
well as for the rapid supply of AMPARs during LTP induction (Park et al., 2004; Park 
et al., 2006). Recently, retromer-associated endosomes have been implicated in 
the delivery of AMPAR-containing vesicles in response to activity specifically (Choy 
et al., 2014; Temkin et al., 2017). Thus, it seems that different pools of AMPAR-
containing endosomes might co-exist in dendrites and spines that can be recruited 
by different molecular mechanisms to differentially sustain constitutive and activity-
dependent exocytosis of AMPARs. 

CONCLUSION AND FUTURE PERSPECTIVE
The regulated recruitment of AMPARs to the postsynaptic membrane is a defining 
step in the development and maturation of synaptic contacts. In the past few 
decades, extensive investigations have shed light on the composition and function 
of AMPARs, and the mechanisms that control the sorting and trafficking of receptors 
to synapses during development and in mature neurons. Yet, while the dynamic, 
activity-dependent changes in synapse composition and function during development 

Figure 4. Surface and local endosomal trafficking of AMPARs. AMPARs undergo a sequence of 
trafficking events to retain a local pool of recycling endosomes, that can be readily exocytosed during LTP. 
AMPARs are recruited to the PSD (blue zone) via lateral diffusion, where they are captured and cluster 
into 80nm nanodomains. After uncoupling, receptors are internalized at the endocytic zone (orange 
zone) via clathrin mediated endocytosis. Clathrin coated vesicles (CCV)  release their coat and fuse 
with early endosomes (EE). From there receptors are either degraded by entering late endosomes (LE), 
or transported to the endocytic recycling compartment (ERC) where they are released into recycling 
endosomes that are retained, and exocytosed at the dendritic shaft and spines.
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have been identified at a global level, it becomes clear that AMPAR trafficking is 
highly regulated on the level of single synapses. It will thus be important to study 
the developmental processes that govern synapse maturation at higher spatial and 
temporal resolution to reveal synapse-specific mechanisms. Encouragingly, exciting 
recent advances in microscopy techniques now enable live-cell imaging at much 
higher spatial and temporal resolution. Together with rapid advances in labeling 
techniques, and new optogenetic tools to manipulate receptor trafficking, these 
approaches now allow the study of AMPAR trafficking in much greater detail (Bourke 
et al., 2018; Reiner and Levitz, 2018). In particular, with super-resolution microscopy 
the composition and organization of the postsynaptic membrane can be studied on 
the nanoscale level. For instance, using single-molecule localization and tracking 
microscopy, an unprecedented level of subsynaptic organization of AMPARs has 
been revealed (MacGillavry et al., 2013; Nair et al., 2013). Moreover, gene editing 
technologies based on the CRISPR/Cas9 system has now been established for 
deletion of synaptic proteins (Incontro et al., 2014), and to introduce fluorescent tag 
sequences in the genome of post-mitotic neurons (Nishiyama et al., 2017; Suzuki 
et al., 2016). Such genetic knock-in strategies could be used to localize and track 
the dynamics of synaptic components in live cells. These strategies are arguably 
preferred over overexpression studies, as exogenous expression of AMPAR subunits, 
or other synaptic proteins can have unfavorable side effects on synapse formation 
and function. As a complement to these labeling methods, several new techniques 
manipulating AMPAR trafficking have been described, such as refined assays to 
visualize endocytic events (Rosendale et al., 2017), and light-inducible systems to 
temporally control receptor recruitment to synapses (Sinnen et al., 2017), or receptor 
endocytosis (Wood et al., 2017). These approaches will greatly contribute to our 
understanding of the mechanisms of receptor trafficking at individual synapses. For 
instance, while the relatively late recruitment of functional AMPARs to synapses has 
consistently been observed, it remains unclear whether silent synapses do not contain 
AMPARs at all, or rather contain non-responsive, silent AMPARs. And, importantly, 
the exact molecular mechanisms underlying the maintenance of silent synapses and 
their transition to mature, functional synapses remain poorly identified. Also, whether 
these mechanisms vary between different brain regions and different developmental 
stages is unknown. Further studies combining advanced imaging techniques in 
combination with molecular biological tools to precisely label and manipulate receptor 
levels at synapses would clarify these aspects at single synapses in different brain 
regions and at different developmental stages. Intriguingly, glutamatergic synapses 
appear to develop normally in the absence of synaptic transmission, suggesting that 
intrinsic programs can drive the core developmental steps of excitatory synapses in 
the absence of activity. Nevertheless, synaptic activity patterns are critical for guiding 
the development of neuronal networks. How does synaptic activity impinge on this 
intrinsic molecular blueprint? Even further, how is the development of synapses 
tuned by experience-dependent changes in neuronal activity that shape synaptic 
connectivity of neuronal circuits.
 In this chapter we highlighted the current understanding of AMPAR trafficking 
during development and in mature neurons. Intriguingly, AMPAR trafficking defects 
have been implicated in a wide variety of neurodevelopmental disorders such as 
autism spectrum disorder, schizophrenia, Fragile X syndrome, and bipolar disease. 
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Indeed, these disorders are associated with severe defects in synapse development 
and synaptic functioning. Thus, identifying how the spatiotemporal control of AMPAR 
trafficking is established during synapse development and maturation would greatly 
contribute to our understanding of synaptic transmission and plasticity, but will also 
provide a basis for understanding disease mechanisms. 
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ABSTRACT
Activation of postsynaptic metabotropic glutamate receptors (mGluRs) modulates 
neuronal excitability and synaptic plasticity, while deregulation of mGluR signaling 
has been implicated in neurodevelopmental disorders. Importantly, overstimulation 
of mGluR is restricted by the rapid endocytosis of receptors after activation. 
However, how membrane trafficking of mGluRs at synapses is controlled remains 
poorly defined. We find that in hippocampal neurons, agonist-induced receptor 
internalization of synaptic mGluR5 is significantly reduced in Shank knockdown 
neurons. Interestingly, this is rescued by re-expression of wild-type Shanks, but 
not by mutants unable to bind Homer1b/c, Dynamin2 or Cortactin. Strikingly, these 
effects are paralleled by a reduction in synapses associated with an endocytic zone. 
Moreover, a mutation in SHANK2 found in ASD similarly disrupts these processes. 
Based on these findings, we propose that synaptic Shank scaffolds anchor the 
endocytic machinery to govern efficient trafficking of mGluR5 and to balance the 
surface expression of mGluRs to efficiently modulate neuronal functioning.

INTRODUCTION
At excitatory synapses of hippocampal neurons, the group I metabotropic glutamate 
receptors (mGluRs) mGluR1 and mGluR5 critically modulate synaptic transmission 
and plasticity (Scheefhals and MacGillavry, 2018). The contribution of mGluRs to 
glutamatergic signaling underlies cognitive functions and disrupted mGluR signaling 
has been implicated in neurological disorders including autism spectrum disorders 
(ASDs) (Lüscher and Huber, 2010). To prevent overstimulation, activated mGluRs 
are rapidly desensitized and internalized via clathrin-mediated endocytosis (Dhami 
and Ferguson, 2006). Despite the importance of controlled receptor trafficking at 
synapses, we know little about the mechanisms that control the endocytosis and 
recycling of synaptic mGluRs. Endocytosis of postsynaptic membrane proteins 
preferentially takes place at endocytic zones (EZs) (Rosendale et al., 2017). EZs are 
stable clathrin assemblies coupled to the postsynaptic density (PSD) via interactions 
with Homer1b/c and Dynamin3 (Blanpied et al., 2002; Lu et al., 2007; Racz et al., 
2004). Disruption of PSD-EZ coupling reduces the synaptic population of AMPA 
receptors, and prevents plasticity-induced receptor insertion (Petrini et al., 2009). 
However, it remains untested whether mGluRs are locally endocytosed through EZs 
and recycle to the synaptic membrane. The Shank family (Shank1, 2 and 3) is an 
integral part of the PSD, interacting with a multitude of synaptic proteins, as well as 
endocytic proteins, such as Dynamin2, Cortactin, Syndapin I, and Abp1 (Kessels et 
al., 2001; McNiven et al., 2000; Naisbitt et al., 1999; Okamoto et al., 2001; Qualmann 
et al., 2004). Moreover, abrogated mGluR signaling has been found in Shank 
mutant models (Bariselli et al., 2016; Kouser et al., 2013; Lee et al., 2019; Verpelli 
et al., 2011), but how Shank proteins control mGluR function remains unknown. We 
hypothesized that Shank proteins recruit components of the endocytic machinery to 
facilitate local regulation of receptor internalization to control mGluR function. We 
found that agonist-induced internalization of mGluR5 is severely affected in Shank 
triple knockdown neurons and present evidence that mGluR5 is internalized through 
the EZ coupled to the PSD by Shank-mediated interactions. We propose that Shank 
proteins link the EZ to the PSD to control trafficking of synaptic membrane proteins 
and to balance the density of receptors at the membrane to modulate neuronal 
functioning.
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RESULTS
Efficient internalization and intracellular sorting of activated mGluR5 
To test whether activation of mGluR5 triggers endocytosis in hippocampal neurons, 
we live-labeled surface-expressed myc-mGluR5, and incubated neurons with the 
group I specific agonist DHPG. Surface expression of mGluR5 markedly decreased 
over time, which was best described by a single-exponential decay function with 
a rate constant of 0.077 ± 0.03 min-1, reaching a plateau at 42 ± 7% reduction 
(Figures 1A and B), consistent with previous reports (Lee et al., 2008). Internalized 
mGluR5 puncta largely overlapped with the early and recycling endosome markers 
anti-EEA1, GFP-Rab5, GFP-Rab11, and mRFP-TfR, but much less with the late 
endosome marker GFP-Rab7, and lysosomal marker GFP-LAMP1 (EEA1: 70 ± 3%, 
Rab5: 80 ± 3%, Rab11: 76 ± 3%, TfR: 77 ± 4, Rab7: 38 ± 3%, LAMP1: 31 ± 5%, 
P < 0.001; Figure 1C and D). To image the surface expressed pool of mGluR5 in 
live cells, we tagged mGluR5 with an extracellular super-ecliptic pHluorin (SEP) tag 
(Figure 1E). We confirmed that fluorescence of this GFP variant is quenched at low 
pH, such as in endocytic vesicles, and only fluoresces at neutral pH (Supplementary 
Figure 1A). Application of DHPG induced a rapid decrease in SEP-mGluR5 intensity 
from dendritic spines (DHPG: 39.7 ± 2.2% at t = 28 minutes, vehicle: 14.0 ± 1.6%, P 
< 0.001; Figure 1F and G). Imaging at reduced frame rates revealed no significant 
difference in observed signal reduction both after vehicle (15.8 ± 3.1%; Supplementary 
Figure 1B) and DHPG application (37.8 ± 3.5%; Supplementary Figure 1C). Thus, 
the observed reduction of SEP-mGluR5 intensity in unstimulated spines is not due 
to photobleaching, but likely reflects ongoing receptor internalization, consistent 
with other studies that estimated ~20% agonist-independent internalization over 30 
minutes (Francesconi et al., 2009; Lee et al., 2008). In some, but not all experiments 
we noted that DHPG or vehicle application induced a transient increase in SEP-
mGluR5 fluorescence intensity (f.e. Figure 1G). If observed, it was independent of 
the experimental conditions, and could potentially be attributed to the opening of the 
imaging chamber, briefly affecting the pH of the imaging buffer. 
In dendrites, the DHPG-induced decrease in SEP-mGluR5 signal in dendrites was 
not significantly different from the vehicle control (DHPG: 26.0 ± 4.7%, vehicle: 
18.1 ± 2.6%; Figure 1H). However these measurements do not directly measure 
endocytosis, but also reflect ongoing recycling, and lateral exchange of receptors on 
the membrane. To more directly determine whether mGluR5 can be internalized in 
dendrites, we tagged mGluR5 with an extracellular Halo-tag to label with AcidiFluor 
ORANGE, which only fluoresces at low pH (pH 5 - 6) (Isa et al., 2014) (Supplementary 
Figure 1D). Application of DHPG induced distinct, local increases in Halo-mGluR5 
signal intensity, reflecting acidification of Halo-mGluR5 containing endocytic vesicles, 
both in spines and dendrites (Supplementary Figure 1E, F, G and H). 
To test whether dynamin activity is required for agonist-induced mGluR5 internalization 
in spines, we treated neurons with dynasore, a potent inhibitor of Dynamin GTPase 
activity (Macia et al., 2006) before addition of DHPG. Dynasore significantly reduced 
DHPG-induced mGluR5 internalization in spines (control: 46.9 ± 5.1%, dynasore: 
20.1 ± 6.3%, P < 0.05; Figure 1I). Moreover, expression of a dominant-negative form 
of Dynamin2 (Dyn2), Dynamin2-K44A (Dyn2-K44A), also reduced DHPG-induced 
internalization of mGluR5 in spines internalization of mGluR5 in spines (Dyn2: 39.8 
± 4.3%, Dyn2-K44A: 18.0 ± 5.5%, P < 0.05; Figure 1J). 
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Figure 1. Efficient agonist-induced mGluR5 internalization in spines. (A) Dendrite stained for surface 
expressed (red outline) and internalized (cyan outline) myc-mGluR5 before (upper panels) and 30 minutes 
after (lower panels) DHPG treatment. Scale bar, 5 µm. (B) Quantification of the ratio of surface over total 
myc-mGluR5 intensity at different time points after DHPG stimulation (n = 8 – 20). Dashed line represents 
single exponential fit. (C) Co-localization of internalized myc-mGluR5 (cyan) and indicated endosomal- 
and lysosomal markers (red). Arrowheads indicate examples of overlapping puncta. Scale bar, 5 µm. 
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(D) Quantification of overlap between internalized myc-mGluR5 puncta and indicated markers (EEA1: 
n = 10, Rab5: n = 10, Rab11: n = 8, TfR: n = 10, Rab7: n = 9, LAMP1: n = 9). (E) Schematic of SEP-tag 
fused to mGluR5. (F) Live-cell time-lapse imaging of a dendrite expressing SEP-mGluR5 stimulated with 
DHPG at t = 0. Scale bar, 5 µm. (G) Quantification of SEP-mGluR5 intensity over a 30-minute time period 
comparing application of vehicle (black; n = 8) and DHPG (grey; n = 6) at t = 0 in spines (H) and dendrites. 
(I) Quantification of SEP-mGluR5 intensity in spines over time after DHPG stimulation comparing control 
neurons (grey; n = 6) with neurons pre-treated with dynasore (orange; n = 6) and (J) in neurons co-
transfected with Dyn2 (grey; n = 6) with neurons co-transfected with Dyn2-K44A (orange, n = 6). (K) 
Quantification of SEP-mGluR5 intensity in spines over time without the addition of DHPG comparing 
control neurons (black; n = 6) with neurons pre-treated with dynasore (orange; n = 8) and (L) in neurons 
co-transfected with Dyn2 (grey; n = 6) with neurons co-transfected with Dyn2-K44A (orange; n = 6). Data 
are represented as mean ± SEM. * P < 0.05, *** P < 0.001.

The slow decrease in fluorescence intensity of SEP-mGluR5 observed in spines 
without the application of DHPG was similar in dynasore-treated neurons and neurons 
expressing Dyn2-K44A, and not different from control neurons (Figure 1K and L). In 
dendrites, the decrease in SEP-mGluR5 signal, in both unstimulated and DHPG-
stimulated neurons, was not affected by dynasore, or expression of Dyn2-K44A 
(Supplementary Figure 1I, J, K and L), suggesting that internalization in dendrites 
is dynamin-independent. Together, these results indicate that in dendritic spines, 
receptor activation triggers rapid, dynamin-dependent endocytosis of mGluR5, and 
that internalized receptors preferentially enter the recycling compartment.

Shank proteins are required for agonist-induced internalization of mGluR5 in 
spines 
To test whether Shank proteins contribute to mGluR5 endocytosis, we used a triple 
miRNA knockdown construct to simultaneously reduce the expression of Shank1, 
Shank2 and Shank3 (mirShank) (Supplementary Figure 2A) (MacGillavry et al., 
2016). DHPG-induced mGluR5 internalization was significantly reduced in Shank 
triple knockdown (hereafter Shank knockdown) neurons compared to control 
neurons (control: 43.8 ± 2.2%, mirShank: 24.8 ± 2.9%, P < 0.001; Figure 2A and B). 
In contrast, in dendrites of both control and Shank knockdown neurons DHPG-
induced mGluR5 internalization was similar (control: 22.8 ± 2.9%, mirShank: 18.8 
± 3.5%, Figure 2C). Importantly, DHPG-induced mGluR5 internalization in spines 
was completely restored to control levels by re-expression of miRNA-resistant 
Shank1, SHANK2 or SHANK3 in Shank knockdown neurons (control: 35.3 ± 1.8%, 
mirShank: 10.4 ± 4.4%, mirShank::SHANK2: 36.4 ± 2.6%, mirShank::SHANK3: 
36.4 ± 2.4%; Figure 2A and D; and control: < 0.00144.5 ± 3.3%, mirShank: 24.8 ± 
2.7%, mirShank::Shank1: 43.4 ± 2.9%; supplementary Figure 2B and C). We did 
not find a significant change in agonist-induced mGluR5 internalization in neurons 
overexpressing SHANK2 (control: 46.6 ± 4.0%, SHANK2 OE: 39.5 ± 2.7%; Figure 
2E), suggesting that endogenous Shank levels are sufficient to sustain agonist-
induced endocytosis of mGluR5. Also, SEP-mGluR5 intensity was unchanged 
over a period of 30 minutes in the absence of DHPG between control and Shank 
knockdown neurons in spines (control: 18.6 ± 1.7%, mirShank: 22.4 ± 2.8%; Figure 
2F) and dendrites (control: 11.9 ± 2.7%, mirShank: 10.1 ± 3.9%, Supplementary 
Figure 2D). Similarly, agonist-induced internalization of mGluR1 was also reduced in 
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Figure 2. Shank knockdown reduces agonist-induced mGluR5 internalization in spines. (A) Live-
cell time-lapse images of SEP-mGluR5 before and after DHPG stimulation (added at t = 0 min) in control, 
mirShank,  mirShank::SHANK2, mirShank::SHANK3 and SHANK2 overexpression (OE) neurons. The 
dendrites are color-coded for the fluorescence intensity of SEP-mGluR5. Scale bar, 5 µm. (B) Quantification 
of SEP-mGluR5 intensity over time after the addition of DHPG in spines (C) and dendrites of control (grey; 
n = 29) and mirShank neurons (blue; n = 34). (D) Quantification of SEP-mGluR5 intensity in spines over 
time after the addition of DHPG comparing control (grey; n = 7), mirShank (blue; open circles; n = 8) and 
the mirShank::SHANK2 (n = 6) and mirShank::SHANK3 (n = 8) rescue neurons (shades of blue; closed 
circles), and (E) in control (grey; n = 4) compared to SHANK2 overexpression (OE; blue; n = 6) neurons. 
(F) Quantification of SEP-mGluR5 intensity in spines over time without the addition of DHPG comparing 
control (black; n = 5) and mirShank neurons (blue; n = 5). (G) Quantification of SEP-mGluR1 intensity in 
spines over time after the addition of DHPG in control (grey; n = 8) and mirShank neurons (blue; n = 6). 
Data are represented as mean ± SEM. *** P

Shank knockdown neurons (control: 38.6 ± 3.4, mirShank: 14.6 ± 5.8%, P < 0.001; 
Figure 2G). Thus, agonist-induced internalization of mGluR1 and 5 in spines is 
modulated by synaptic Shank scaffolds. 

Shank proteins couple the EZ to the PSD to mediate local endocytosis of 
mGluR5
We hypothesized that Shank proteins could play a central role in positioning the EZ 
by recruiting essential components of the endocytic machinery to the PSD (Figure 
3A). As a first test, we measured the fraction of PSDs associated with an EZ in 
control and Shank knockdown neurons. Consistent with previous reports (Blanpied 
et al., 2002; Lu et al., 2007), we found that the majority of PSDs (72 ± 2%) were 
associated with an EZ marked by GFP-tagged clathrin light chain (GFP-CLC), but this 
was significantly reduced in Shank knockdown neurons (44 ± 2%, P < 0.001; Figure 
3B and C). The density of GFP-CLC puncta along the dendrite was not different 
between control and Shank knockdown neurons (Supplementary Figure 3A). Also, 
immuno-labeled clathrin puncta were less frequently associated with synapses 
labeled with anti-Homer1b/c in Shank knockdown neurons compared to control 
neurons (untransfected: 72 ± 3%, control: 78 ± 3%, mirShank: 39 ± 5%; Figure 3D). 
Importantly, the synaptic distribution of Homer1c-mCherry was not altered in Shank 
knockdown neurons (Supplementary Figure 3B, C and D).
 To test whether specific interaction motifs in SHANK2 are required for 
coupling the EZ to the PSD, we determined the fraction of EZ-positive synapses 
in Shank knockdown neurons co-expressing miRNA-resistant wild-type SHANK2 
(mirShank::SHANK2-WT; WT) and mutant forms of SHANK2 that lack the Dynamin2 
(mirShank::SHANK2-ΔDYN; ΔDYN), Cortactin (mirShank::SHANK2-ΔCOR; ΔCOR), 
or Homer1b/c (mirShank::SHANK2-P1035L; P1035L) bindings sites. All mutants were 
effectively targeted to the PSD and did not alter synapse density (Supplementary 
Figure 3E, F and G), and were used as a marker of the PSD. Interestingly, whereas 
re-expression of wild-type SHANK2 completely restored the fraction of EZ-associated 
PSDs to control levels, the Dynamin2, Cortactin, or Homer1c binding site mutants 
were all unable to rescue this (WT: 66 ± 3%, ΔDYN: 40.1 ± 3%, ΔCOR: 35.3 ± 3%, 
P1035L: 42.2 ± 2%, P < 0.001; Figure 3E and F).
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Figure 3. Shanks couple the EZ to the PSD to control mGluR5 trafficking in spines. (A) Domain 
structure of SHANK2. Proline-rich binding motifs for Homer1b/c, Dynamin2, and Cortactin are indicated. 
(B) Representative images of dendrites co-expressing GFP-CLC (cyan) and Homer1c-mCherry (red) in 
control and mirShank neurons. Indicated are examples of EZ-positive (filled arrowhead) and EZ-negative 
(open arrowheads) PSDs. Scale bar, 5 µm. (C) Quantification of the percentage of PSDs associated 
with a GFP-CLC marked EZ in control (n = 15) and mirShank (n = 15) neurons. (D) Quantification of 

Thesis V1.indd   70 19-10-2021   09:35:14



717171

Shank proteins couple the EZ to the PSD to control trafficking and signalling of mGluRs

3

PSDs associated with endogenous anti-clathrin in untransfected (n = 6) and transfected control (n = 
6) and mirShank (n = 5) neurons. (E) Representative images of dendrites co-expressing mCherry-
tagged SHANK2 rescue constructs (red) and GFP-CLC (cyan). Scale bar, 5 µm. (F) Quantification of the 
percentage of EZ-positive PSDs in neurons co-expressing mCherry-tagged SHANK2 rescue constructs 
(WT: n  = 14, Δ PDZ: n = 10, ΔDYN: n = 14, ΔCOR: n = 11, P1035L: n = 15, T1127M: n = 11, LPdup: n 
= 13). (G) Representative images showing internalized myc-mGluR5 (cyan) puncta 30 minutes after the 
application of DHPG in dendrites co-expressing Homer1c-mCherry (red) as a PSD-marker, in control 
and mirShank neurons. Indicated are examples of mGluR5 puncta positive PSDs (filled arrowhead) and 
mGluR5 puncta negative PSDs (open arrowheads). Scale bar, 5 µm. (H) Quantification of the percentage 
of mGluR5 puncta positive PSDs in control (n = 8) and mirShank (n = 8) neurons. (I) Representative 
images of dendrites co-expressing mCherry-tagged SHANK2 rescue constructs (red) and internalized 
myc-mGluR5 (cyan) 30 minutes after the application of DHPG. Scale bar, 5 µm. (J) Quantification of 
the percentage of mGluR5 puncta positive PSDs in neurons co-expressing mCherry-tagged SHANK2 
rescue constructs (WT: n  = 8, Δ PDZ: n = 7, ΔDYN: n = 12, ΔCOR: n = 9, P1035L: n = 9, T1127M: n = 
14, LPdup: n = 8). (K) Representative image of recycled myc-mGluR5 (right panel) at EZ-positive PSDs 
(white circles) and at EZ-negative PSDs (white dashed circles). EZs are marked by GFP-CLC (cyan) and 
PSDs are marked by mCherry-SHANK3 (red) (left panel). Scale bar, 2 µm. (L) Quantification of signal 
intensity of recycled myc-mGluR5 at EZ-negative and EZ-positive synapses after 30 (n = 6) and 60 (n = 
9) minutes recycling. Data is normalized to myc-mGluR5 intensity at t = 0 min. Data are represented as 
mean ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001.

On the other hand, complete removal of the SHANK2 PDZ domain (∆PDZ) did not 
alter the ability of SHANK2 to rescue the fraction of EZ-positive synapses (66.1 ± 2%, 
n = 10; Figure 3E and F). Also, the overall density of GFP-CLC puncta in dendrites 
was not different between conditions (Supplementary Figure 3H). Thus, these data 
indicate that SHANK2 binding to Homer1b/c, Cortactin, and Dynamin2 all contribute 
to positioning the EZ close to the PSD. Similar to SHANK2, re-expression of wild-
type Shank1 and SHANK3 completely restored the fraction of EZ-associated PSDs 
(Shank1: 70.3 ± 3%, SHANK2: 73.6 ± 2%, SHANK3: 72.9 ± 2 %; Supplementary 
Figure 3I and J). 
 Among the numerous de novo mutations in the SHANK2 gene identified 
in individuals with ASD, one particular nonsense mutation in SHANK2 (T1127M) is 
located in the core of the Dynamin2 binding site (Berkel et al., 2010). We confirmed 
that this SHANK2 variant was efficiently targeted to synapses (Supplementary 
Figure S3E) (Berkel et al., 2012), but this single point mutation rendered SHANK2 
unable to rescue the loss of EZ-associated PSDs (45.2 ± 4%, P < 0.001; Figure 3E 
and F). Another de novo mutation found in SHANK2 in an individual with autism 
(L1008P1009dup; LPdup) was still able to rescue the loss of EZ-associated PSDs 
(66.9 ± 3%; Figure 3E and F).
 To further test whether Shank proteins promote the local endocytosis of 
mGluR5, we determined the localization of internalized myc-mGluR5 with respect 
to the PSD. Interestingly, the fraction of synapses that overlapped with internalized 
mGluR5 puncta was significantly reduced in Shank knockdown neurons (control: 50.2 
± 4%, mirShank: 29.0 ± 3%, P < 0.01; Figure 3G and H). In neurons re-expressing 
wild-type SHANK2 this was completely restored, while SHANK2 mutants deficient 
in binding Homer1b/c, Cortactin, or Dynamin2 were unable to rescue this (WT: 55.8 
± 4%, ΔDYN: 32.1 ± 2%, ΔCOR: 35.7 ± 5%, P1035L: 33.4 ± 4%, P < 0.001; Figure 
3Iand J). Also, in neurons re-expressing the ASD-associated SHANK2-T1127M 
mutant there was a significant reduction in synapse-associated mGluR5 puncta

Thesis V1.indd   71 19-10-2021   09:35:14



727272

Shank proteins couple the EZ to the PSD to control trafficking and signalling of mGluRs

3

(32 ± 4%, P < 0.001; Figure 3I and J). On the other hand, re-expression of SHANK2-
ΔPDZ and the ASD-associated SHANK2-LPdup mutant did not alter the ability of 
SHANK2 to rescue this (ΔPDZ: 56.4 ± 4%, LPdup: 61.8 ± 4%; Figure 3I and J). 
Thus, Shank proteins spatially restrict endocytosis of mGluR5 to perisynaptic sites 
by coupling the EZ to the PSD.

The EZ mediates local mGluR5 recycling
The reduction in EZ-associated synapses and the decrease in mGluR5 internalization 
in Shank knockdown neurons suggest that mGluR5 internalizes through the spine 
EZ coupled to the PSD via Shank intermediates. To further test whether mGluR5 
can undergo recycling and whether this is facilitated by the EZ, we performed an 
antibody-based recycling assay to specifically label the recycled pool of receptors 
(Lu et al., 2007). Strikingly, the levels of recycled mGluR5 were significantly higher at 
EZ-positive synapses, with almost no detectable recycling at EZ-negative synapses 
(30’: EZ+: 1.2 ± 0.3, EZ-: 0.8 ± 0.2, 60’: EZ+: 1.6 ± 0.2, EZ-: 0.9 ± 0.1, P < 0.05; 
Figure 3K and L), consistent with the model that mGluR5 is internalized through the 
EZ to undergo local capture and recycling, reminiscent of AMPAR recycling (Lu et 
al., 2007).  

Shank proteins control local trafficking of mGluR5 in spines 
We found that Shank knockdown specifically reduced agonist-induced internalization 
of mGluR5 in spines, but not in dendrites and predicted that disrupting the coupling 
between the EZ and the PSD would favor mGluR5 internalization at extrasynaptic 
sites. The density of internalized mGluR5 puncta at the dendritic shaft under 
basal condition (t = 0 min) was similar in control and Shank knockdown neurons 
(Supplementary Figure 4A) and showed a similar increase 5 minutes after 
application of DHPG (Figure 4A and B). Strikingly, 10 minutes after treatment 
with DHPG the density of internalized mGluR5 puncta at the dendritic shaft was 
significantly increased in Shank knockdown neurons compared to t = 0 min (0’: 1 ± 
0.09, 10’: 2.0 ± 0.2, P < 0.001) and significantly different from control neurons (10’: 
1.2 ± 0.1, P = 0.01) (Figure 4A and B). This increase returned to control levels 20 
minutes after treatment. Thus, in the absence of Shanks, activated receptors diffuse 
away from the synapse to internalize at extrasynaptic sites.  This is expected to 
lead to a progressive reduction in surface mGluR5 levels at the synapse. Indeed, 
SEP-mGluR5 enrichment in spines was significantly reduced in Shank knockdown 
neurons, and fully rescued by re-expression of Shank1, SHANK2 and SHANK3 
(control: 1.5 ± 0.1, mirShank: 1.1 ± 0.04, Shank1: 1.4 ± 0.04, SHANK2: 1.5 ± 0.1, 
SHANK3: 1.4 ± 0.04, P < 0.001; Supplementary Figure 4B). Immunoblotting showed 
no reduction in mGluR5 proteins levels in Shank knockdown neurons (Supplementary 
Figure 4C and D). However, immuno-labeling of mGluR5 showed that total levels 
of endogenous mGluR5 were reduced in Shank knockdown neurons (control: 1 ± 
0.05, mirShank: 0.8 ± 0.03, P < 0.01; Supplementary Figure 4E and F), which has 
been previously reported in Shank3 knockdown neurons (Verpelli et al., 2011). Thus, 
disrupted mGluR5 recycling in Shank knockdown neurons leads to a reduction in the 
density of mGluR5 at the synaptic membrane. Shank proteins are large multi-domain 
scaffolding proteins and have been suggested to anchor mGluR5 at the synapse 
through interactions with Homer1b/c (Tu et al., 1999). The reduced surface levels 
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of mGluR5 in spines, and total levels of endogenous mGluR5 in Shank knockdown 
neurons could thus also be explained by a reduction in receptor binding sites at 
the PSD modulating mGluR5 stability. However, using fluorescence recovery after 
photobleaching (FRAP) experiments, we found that the rate of recovery as well as 
the total recovery of Venus-mGluR5 were similar in control and Shank knockdown 
neurons (Figure 4C and D), suggesting that Shank proteins do not directly contribute 
to the anchoring of mGluR5 at synaptic sites.

mGluR5-mediated calcium and ERK1/2 signaling is abrogated in Shank
 knockdown neurons
The density of mGluR5 on the membrane controls the activation of downstream 
signaling pathways (Choi et al., 2011; Nash et al., 2002) that can trigger the 
oscillatory release of Ca2+ from internal stores (Kawabata et al., 1996) and activate 
the extracellular signal-regulated kinase (ERK1/2) pathway (Mao et al., 2005). To 
test the functional impact of the defect in mGluR5 trafficking in Shank knockdown 
neurons, we first measured DHPG-induced Ca2+ oscillations using the fluorescent 
Ca2+ reporter GCaMP6s (Chen et al., 2013). Consistent with previous reports, we 
found that DHPG triggered the immediate onset of robust Ca2+ oscillations (Figure 
4E and F). DHPG-induced oscillations were completely blocked by addition of the 
specific mGluR5 antagonist MPEP (DHPG: 17.3 ± 1.3 mHz, and DHPG + MPEP: 
3.5 ± 1.4 mHz, P < 0.001; Figure 4F and G), confirming that these oscillations are 
mediated by the activation of mGluR5. Importantly, we found that the frequency 
of DHPG-induced calcium peaks was significantly reduced in Shank knockdown 
neurons (control 21.6 ± 3.1 mHz, mirShank 12.6 ± 1.5 mHz, P < 0.01; Figure 4H, 
I and J). Furthermore, we compared DHPG-induced phosphorylation of ERK1/2 
(pERK1/2) in control and Shank knockdown neurons. Incubation with DHPG for 10 
and 30 minutes increased ERK1/2 phosphorylation shown by immuno-labeling of 
pERK1/2 in a population of control neurons, which was significantly reduced in Shank 
knockdown neurons after 30 minutes DHPG treatment (10’ DHPG: control: 1.4 ± 
0.15, mirShank: 0.95 ± 0.08, and 30’ DHPG: control: 1.47 ± 0.16, mirShank: 0.89 ± 
0.09, P < 0.01; Figure 4K and L). Importantly, under basal conditions (non-treated; 
NT) the levels of ERK1/2 phosphorylation were similar between control and Shank 
knockdown neurons (NT: control: 1.00 ± 0.10, mirShank: 0.94 ± 0.11; Figure 4J and 
K). These results indicate that Shank regulates mGluR5 signaling, substantiating an 
involvement of aberrant receptor trafficking in animal models of ASD with implicated 
deregulation of mGluR5 signaling.

DISCUSSION
Modulation of glutamatergic signaling by group I mGluRs is essential for proper 
synaptic transmission and plasticity, and deregulated mGluR signaling is broadly 
held to underlie the molecular pathology of neurodevelopmental disorders (Lüscher 
and Huber, 2010). However, fundamental aspects of mGluR signaling and trafficking 
at excitatory synapses are still poorly understood. Here we present a model in which  
coupling of the EZ to the PSD by Shank proteins enables local recycling of mGluRs, 
allowing the synapse to balance the density of mGluRs at the membrane to efficiently 
modulate neuronal functioning. 
 Our data show that Shank proteins selectively regulate activity-induced 
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internalization of mGluR5 in spines. While DHPG-induced mGluR5 internalization is
greatly affected in Shank knockdown neurons, in the absence of stimulation the levels 
of mGluR5 remain relatively constant in both control and Shank knockdown neurons. 
This suggests that in the absence of Shanks constitutive internalization of mGluR5 
is not affected and continues to replace surface receptors. Thus, in the absence 
of efficient PSD-EZ coupling, synaptic receptors now escape this local endocytic 
sink and become internalized and recycled at extrasynaptic sites, slowly depleting 
the synaptic pool of receptors. Indeed, we found a significant increase in agonist-
induced mGluR5 internalization in dendrites, and a significant decrease in surface 
mGluR5 levels in spines of Shank knockdown neurons. This also suggests that 
dendritic internalization of mGluR5 is regulated independent of Shanks. Moreover, 
blocking dynamin activity did not alter dendritic mGluR5 internalization, indicating 
that internalization of dendritic receptors is regulated by different mechanisms. 
We consistently found a small reduction in SEP-mGluR5 signal in the absence of 
agonist, both in spines and dendrites. This could reflect constitutive internalization 
of mGluR5, but ongoing recycling and lateral diffusion of receptors make it hard to 
interpret this directly. Nevertheless, previous studies found that mGluR5 undergoes 
constitutive internalization at a similar rate, but that this process is independent of 
clathrin and dynamin activity (Fourgeaud et al., 2003), and has been suggested to 
be mediated by the caveolin-mediated internalization pathway (Francesconi et al., 
2009). Altogether, our results are consistent with the notion that the EZ captures 
synaptic receptors through spatially restricted, clathrin-mediated endocytosis 
and recycling, allowing the synapse to autonomously control its receptor content 
(Czondor et al., 2012).
 Importantly, the reduction in surface mGluR5 levels in spines in Shank 
knockdown neurons was functionally reflected in a decrease in mGluR5-mediated 
calcium responses and ERK1/2 activation. Our experiments were focused on 

Figure 4. Shanks control mGluR5-mediated calcium signaling and ERK1/2 activity. (A) Dendrite 
stained for internalized myc-mGluR5 at different time points after DHPG stimulation in control (grey outline; 
upper panels) and mirShank (blue outline; lower panels) neurons. Scale bar, 5 µm. (B) Quantification of 
internalized myc-mGluR5 puncta density in the dendritic shaft at different time points afHPG stimulation 
in control (n = 18 – 24) and mirShank (n = 18 – 27) neurons, normalized to t = 0 per condition. (C) 
FRAP analysis of Venus-mGluR5 in spines of control (grey; n = 38 spines) and mirShank (blue; n = 
38 spines) neurons. (D) Quantification of the mobile fraction of Venus-mGluR5 in spines of control and 
mirShank neurons. (E) Example of a dendrite expressing GCaMP6s stimulated with DHPG. Scale bar, 
5 µm. (F) Oscillatory response of GCaMP6s signal in response to the application of DHPG (grey; n = 
22) and DHPG + MPEP (orange; n = 26). (G) Quantification of the frequency (mHz) of the GCaMP6s 
oscillations in response to DHPG and DHPG + MPEP (n = 6). (H) Oscillatory response of GCaMP6s 
signal in response to DHPG in control (grey), and (I) mirShank (blue) neurons. (J) Quantification of the 
frequency (mHz) of the GCaMP6s oscillations in response to DHPG in control (n = 20) and mirShank (n 
= 27) neurons. (K) Examples of control (upper panels) and mirShank (lower panels) neurons immuno-
labeled for anti-pERK1/2 in non-treated (NT) and treated neurons with DHPG for 10 minutes (10’) or 30 
minutes (30’). Orange arrowheads indicate the mCherry expressing control and mirShank neurons used 
for quantification. Scale bar, 50 µm. (L) Quantification of the average anti-pERK1/2 fluorescence intensity 
in the cell bodies of the transfected neurons of control (n = 17 – 24) and mirShank (n = 14 – 23) neurons 
with indicated treatment. Data is normalized to the average intensity of the non-treated control condition. 
Data are represented as mean ± SEM. * P < 0.05, ** P < 0.01 and *** P < 0.001.
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mGluR5, but we cannot exclude that other synaptic receptors or ion channels undergo 
aberrant trafficking when the EZ is uncoupled from the PSD. Indeed, glutamatergic 
transmission in general is reduced in Shank knockdown neurons (Arons et al., 2012; 
Duffney et al., 2013; Verpelli et al., 2011), Shank knockout mouse models (Bozdagi 
et al., 2010; Duffney et al., 2015; Kouser et al., 2013; Schmeisser et al., 2012), and 
in neurons expressing ASD-associated Shank mutations (Lee et al., 2019). Thus, 
disrupting the link between the PSD and the EZ could have much broader effects on 
the composition of the synaptic membrane and glutamatergic transmission.  
 Our results indicate that all three Shank isoforms, which share a similar 
domain structure, recruit important components of the endocytic machinery to the 
PSD. The interaction between Shank and Homer1b/c confers a direct molecular link 
to the EZ through Dynamin3. Indeed, abrogating this interaction through directed 
mutation (our data) or through dominant-negative approaches (Lu et al., 2007), 
significantly impairs EZ positioning. Shank proteins also seem to recruit Dynamin2 
to the EZ, which likely provides the GTPase activity necessary for vesicle scission. 
Interestingly, we found that the Cortactin-binding motif in SHANK2 was also required 
for efficient mGluR5 internalization. Cortactin can also bind Dynamin2 and 3 directly 
(Gray et al., 2003), and has been implicated in endocytosis and endo-lysomal sorting 
of AMPARs (Parkinson et al., 2018). Importantly, expression of the Shank triple 
knockdown construct leads to a strong reduction in total Shank levels, but leaves 
~20% of total Shank levels intact (MacGillavry et al., 2016). Thus, we cannot exclude 
that remaining Shank proteins still recruit other interacting proteins that contribute to 
the trafficking of synaptic receptors. 
 Consistent with our results that Shank proteins control mGluR trafficking 
and function, recent studies show that deficits in social behavior caused by the loss 
of Shank function could be rescued by group I mGluR positive allosteric modulators 
(Bariselli et al., 2016; Vicidomini et al., 2017). However, even though deregulated 
receptor functioning at excitatory synapses has been implicated to underlie 
physiological deficits in many disease models, the molecular mechanisms underlying 
this have not been resolved. Our results indicate that Shank proteins do not directly 
anchor receptors at the synapse but provide a stable molecular framework that 
permits the local uptake and trafficking of receptors via the EZ thereby governing 
a stable pool of synaptic receptors. That the ASD-associated T1127M mutation in 
SHANK2 disrupts this process further underlines the relevance of understanding the 
functional relationship between Shank proteins and mGluR signaling in the context 
of human neurodevelopmental disorders.
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STAR METHODS
Key Resources Table
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Mouse anti-c-Myc (9E10) Monoclonal Antibody Santa Cruz 

Biotechnology 
Cat# sc-40; RRID: 
AB_627268 

Human anti-EEA1 Antibody (clone 4114) M. Fritzler N/A 
Rabbit anti-mGluR5 Antibody Millipore Cat# 06-451; RRID: 

AB_2313604 
Rabbit anti-phospho-ERK1/2 Antibody Cell Signaling Cat# 9101; RRID: 

AB_331646 
Mouse anti-PSD-95 Antibody Neuromab Cat# 75-028; RRID: 

AB_2292909 
Mouse anti-Clathrin Heavy Chain (X22) Monoclonal 
Antibody  

Thermo Fisher 
Scientific  

Cat# MA1-065; 
RRID: AB_2083179 

Rabbit anti-Homer1 Antibody Synaptic Systems Cat# 160 006; RRID: 
AB_2631222 

Mouse anti-alpha-tubulin Sigma-Aldrich Cat# T6074, RRID: 
AB_477582 

Goat anti-Human IgG (H+L) Secondary Antibody, Alexa 
Fluor 568 

Thermo Fisher 
Scientific 

Cat# A-21090; 
RRID: AB_2535746 

Goat anti-Mouse IgG (H+L) Secondary Antibody, Alexa 
Fluor 647 

Thermo Fisher 
Scientific 

Cat# A-21236; 
RRID: AB_2535805 

Goat anti-Mouse IgG (H+L) Secondary Antibody, Alexa 
Fluor 488 

Thermo Fisher 
Scientific 

Cat# A-11029; 
RRID: AB_2534088 

Goat anti-Rabbit IgG (H+L) Secondary Antibody, Alexa 
Fluor 488 

Thermo Fisher 
Scientific 

Cat# A-11034; 
RRID: AB_2576217 

Swine anti-mouse HRP-conjugated Agilent Cat# P0260; RRID: 
AB_263692 

Goat Anti-Rabbit IgG Secondary Antibody, IRDye 680LT LI-COR Biosciences Cat# 827-11081; 
RRID: AB_10795015 

Goat Anti-Mouse IgG Secondary Antibody, IRDye 
800CW 

LI-COR Biosciences Cat# 827-08364; 
RRID: AB_10793856 

Bacterial and Virus Strains 
Escherichia coli: BL21DE3 N/A N/A 
Chemicals, Peptides, and Recombinant Proteins 
Lipofectamine 2000 Thermo Fisher 

Scientific 
Cat# 11668019 

(S)-3,5-DHPG Tocris Cat# 805 
Dynasore Tocris Cat# 2897 
MPEP hydrochloride Tocris Cat# 1212 
Tetrodotoxin citrate Tocris Cat# 1069 
Polyvinyl alcohol mounting medium with DABCO®, 
antifading (Mowiol) 

Sigma Aldrich Cat# 10981 

HaloTag® AcidiFluor™ORANGE Ligand GORYO Chemical Cat# GC310-01 
Experimental Models: Cell Lines 
Human embryonic kidney 239T (HEK293T) ATCC Cat# CRL-3216; 

RRID: CVCL_0063 
Experimental Models: Organisms/Strains 
Rattus norvegicus (Wistar; HanRj:WI) RGD, Janvier labs Cat# 13792727; 

RRID: 
RGD_13792727 
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Oligonucleotides 
See Table S1 for miRNA targeting sequences of 
Shank1, 2 and 3 

N/A N/A 

ΔPDZ: deleted Thr254 – Thr348 with forward primer: 
ATTATTGAGGAGAAGAGGAATCTGGACCCCG  

This paper N/A 

ΔPDZ: deleted Thr254 – Thr348 with reverse primer: 
CTTCTCCTCAATAATGCAGTCA 

This paper N/A 

ΔDYN: deleted Glu1114 – Ser113 with forward primer: 
TTTGACGCCGTCGCCGACTCTGGGATCGAGACCCT
GTCTTCCGAAGGTG 

This paper N/A 

ΔDYN: deleted Glu1114 – Ser113 with reverse primer: 
CACATTCTCTCCACCTTCGGAAGACAGGGTCTCGAT
CCCAGAGTCGG 

This paper N/A 

T1127M: mutagenesis with forward primer: 
AGCGACCACCACCTCGAGATGACCAGCACTATCTC
CACCG 

This paper N/A 

T1127M: mutagenesis with reverse primer: 
CGGTGGAGATAGTGCTGGTCATCTCGAGGTGGTGG
TCGCT 

This paper N/A 

L1008P1009: duplication with forward primer:  
GTGATTTTGCCATTGCCATTCCGCATCCCTCC 

This paper N/A 

L1008P1009: duplication with reverse primer: 
GGGATGCGGAATGGCAATGGCAAAATCACCGC 

This paper N/A 

Recombinant DNA 
pRK5-Venus-mGluR5a Dr. J. Perroy N/A 
pRK5-SEP-mGluR5a This paper N/A 
pRK5-myc-mGluR5a This paper N/A 
pRK5-Halo-mGluR5a This paper N/A 
pRK5-SEP-mGluR1 This paper clone image ID # 

40080840 
pSM155-Cer3 (MacGillavry et al., 

2015) 
N/A 

pSM155-mCherry This paper N/A 
pSM155-GFP (MacGillavry et al., 

2015) 
N/A 

pSM155-mirShank::Cer3 (MacGillavry et al., 
2015) 

N/A 

pSM155-mirShank::mCherry This paper N/A 
pSM155-mirShank::GFP (MacGillavry et al., 

2015) 
N/A 

pSM155-mirShank::mCherry-Shank1 This paper N/A 
pSM155-mirShank::mCherry-SHANK2 This paper and 

(MacGillavry et al., 
2015) 

N/A 

pSM155-mirShank::mCherry-SHANK3 This paper N/A 
pSM155-mirShank::mCherry-SHANK2-ΔPDZ This paper N/A 
pSM155-mirShank::mCherry-SHANK2-ΔDYN This paper N/A 
pSM155-mirShank::mCherry-SHANK2-ΔCOR This paper and 

(MacGillavry et al., 
2015) 

N/A 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Mouse anti-c-Myc (9E10) Monoclonal Antibody Santa Cruz 

Biotechnology 
Cat# sc-40; RRID: 
AB_627268 

Human anti-EEA1 Antibody (clone 4114) M. Fritzler N/A 
Rabbit anti-mGluR5 Antibody Millipore Cat# 06-451; RRID: 

AB_2313604 
Rabbit anti-phospho-ERK1/2 Antibody Cell Signaling Cat# 9101; RRID: 

AB_331646 
Mouse anti-PSD-95 Antibody Neuromab Cat# 75-028; RRID: 

AB_2292909 
Mouse anti-Clathrin Heavy Chain (X22) Monoclonal 
Antibody  

Thermo Fisher 
Scientific  

Cat# MA1-065; 
RRID: AB_2083179 

Rabbit anti-Homer1 Antibody Synaptic Systems Cat# 160 006; RRID: 
AB_2631222 

Mouse anti-alpha-tubulin Sigma-Aldrich Cat# T6074, RRID: 
AB_477582 

Goat anti-Human IgG (H+L) Secondary Antibody, Alexa 
Fluor 568 

Thermo Fisher 
Scientific 

Cat# A-21090; 
RRID: AB_2535746 

Goat anti-Mouse IgG (H+L) Secondary Antibody, Alexa 
Fluor 647 

Thermo Fisher 
Scientific 

Cat# A-21236; 
RRID: AB_2535805 

Goat anti-Mouse IgG (H+L) Secondary Antibody, Alexa 
Fluor 488 

Thermo Fisher 
Scientific 

Cat# A-11029; 
RRID: AB_2534088 

Goat anti-Rabbit IgG (H+L) Secondary Antibody, Alexa 
Fluor 488 

Thermo Fisher 
Scientific 

Cat# A-11034; 
RRID: AB_2576217 

Swine anti-mouse HRP-conjugated Agilent Cat# P0260; RRID: 
AB_263692 

Goat Anti-Rabbit IgG Secondary Antibody, IRDye 680LT LI-COR Biosciences Cat# 827-11081; 
RRID: AB_10795015 

Goat Anti-Mouse IgG Secondary Antibody, IRDye 
800CW 

LI-COR Biosciences Cat# 827-08364; 
RRID: AB_10793856 

Bacterial and Virus Strains 
Escherichia coli: BL21DE3 N/A N/A 
Chemicals, Peptides, and Recombinant Proteins 
Lipofectamine 2000 Thermo Fisher 

Scientific 
Cat# 11668019 

(S)-3,5-DHPG Tocris Cat# 805 
Dynasore Tocris Cat# 2897 
MPEP hydrochloride Tocris Cat# 1212 
Tetrodotoxin citrate Tocris Cat# 1069 
Polyvinyl alcohol mounting medium with DABCO®, 
antifading (Mowiol) 

Sigma Aldrich Cat# 10981 

HaloTag® AcidiFluor™ORANGE Ligand GORYO Chemical Cat# GC310-01 
Experimental Models: Cell Lines 
Human embryonic kidney 239T (HEK293T) ATCC Cat# CRL-3216; 

RRID: CVCL_0063 
Experimental Models: Organisms/Strains 
Rattus norvegicus (Wistar; HanRj:WI) RGD, Janvier labs Cat# 13792727; 

RRID: 
RGD_13792727 

Thesis V1.indd   78 19-10-2021   09:35:16



797979

Shank proteins couple the EZ to the PSD to control trafficking and signalling of mGluRs

3

Oligonucleotides 
See Table S1 for miRNA targeting sequences of 
Shank1, 2 and 3 

N/A N/A 

ΔPDZ: deleted Thr254 – Thr348 with forward primer: 
ATTATTGAGGAGAAGAGGAATCTGGACCCCG  

This paper N/A 

ΔPDZ: deleted Thr254 – Thr348 with reverse primer: 
CTTCTCCTCAATAATGCAGTCA 

This paper N/A 

ΔDYN: deleted Glu1114 – Ser113 with forward primer: 
TTTGACGCCGTCGCCGACTCTGGGATCGAGACCCT
GTCTTCCGAAGGTG 

This paper N/A 

ΔDYN: deleted Glu1114 – Ser113 with reverse primer: 
CACATTCTCTCCACCTTCGGAAGACAGGGTCTCGAT
CCCAGAGTCGG 

This paper N/A 

T1127M: mutagenesis with forward primer: 
AGCGACCACCACCTCGAGATGACCAGCACTATCTC
CACCG 

This paper N/A 

T1127M: mutagenesis with reverse primer: 
CGGTGGAGATAGTGCTGGTCATCTCGAGGTGGTGG
TCGCT 

This paper N/A 

L1008P1009: duplication with forward primer:  
GTGATTTTGCCATTGCCATTCCGCATCCCTCC 

This paper N/A 

L1008P1009: duplication with reverse primer: 
GGGATGCGGAATGGCAATGGCAAAATCACCGC 

This paper N/A 

Recombinant DNA 
pRK5-Venus-mGluR5a Dr. J. Perroy N/A 
pRK5-SEP-mGluR5a This paper N/A 
pRK5-myc-mGluR5a This paper N/A 
pRK5-Halo-mGluR5a This paper N/A 
pRK5-SEP-mGluR1 This paper clone image ID # 

40080840 
pSM155-Cer3 (MacGillavry et al., 

2015) 
N/A 

pSM155-mCherry This paper N/A 
pSM155-GFP (MacGillavry et al., 

2015) 
N/A 

pSM155-mirShank::Cer3 (MacGillavry et al., 
2015) 

N/A 

pSM155-mirShank::mCherry This paper N/A 
pSM155-mirShank::GFP (MacGillavry et al., 

2015) 
N/A 

pSM155-mirShank::mCherry-Shank1 This paper N/A 
pSM155-mirShank::mCherry-SHANK2 This paper and 

(MacGillavry et al., 
2015) 

N/A 

pSM155-mirShank::mCherry-SHANK3 This paper N/A 
pSM155-mirShank::mCherry-SHANK2-ΔPDZ This paper N/A 
pSM155-mirShank::mCherry-SHANK2-ΔDYN This paper N/A 
pSM155-mirShank::mCherry-SHANK2-ΔCOR This paper and 

(MacGillavry et al., 
2015) 

N/A 

pSM155-mirShank::mCherry-SHANK2-P1035L This paper and 
(MacGillavry et al., 
2015) 

N/A 

pSM155-mirShank::mCherry-SHANK2-T1127M This paper N/A 
pSM155-mirShank::mCherry-SHANK2-Lpdup This paper N/A 
pcDNA3.1- mCherry-Shank2 Dr. Simone Berkel 

(Berkel et al., 2012) 
N/A 

mCherry-Shank3 Dr. M. Schmeisser 
(Cochoy et al., 2015) 

N/A 

pEGFP-C2-GFP-Clathrin-light-Chain Dr. Mike Ehlers  
pmCherry-N1-Homer1c-mCherry (MacGillavry et al., 

2013) 
N/A 

GFP-Rab5 (Hoogenraad et al., 
2010) 

N/A 

GFP-Rab11 (Esteves da Silva et 
al., 2015) 

N/A 

TfR-SEP (Hoogenraad et al., 
2010) 

N/A 

GFP-Rab7 (Hoogenraad et al., 
2010) 

N/A 

pEGFP-N3-LAMP1-mGFP Dr. Esteban 
Dell’Angelica 
(Falcon-Perez et al., 
2005) 

http://n2t.net/addgen
e:34831; RRID: 
Addgene_34831 

pEGFP-N1-Dynamin2-GFP Dr. Pietro De Camilli 
(Ochoa et al., 2000) 

N/A 

pEGFP-N1-Dynamin2-K44A-GFP Dr. Pietro De Camilli 
(Ochoa et al., 2000) 

http://n2t.net/addgen
e:22301; RRID: 
Addgene_22301 

pGP-CMV-GcaMP6s Dr. Douglas Kim 
(Chen et al., 2013) 

http://n2t.net/addgen
e:40753; RRID: 
Addgene_40753 

pCAG_PSD95.FingR-eGFP-CCR5TC Dr. Don Arnold  
(Gross et al., 2013) 

http://n2t.net/addgen
e:46295; RRID: 
Addgene_46295 

FUGW Dr. David Baltimore http://n2t.net/addgen
e:14883 ; RRID: 
Addgene_14883 

FUGW-mirShank-GFP This paper N/A 
p.MDG2 Didier Trono http://n2t.net/addgen

e:12259; RRID: 
Addgene_12259 

psPAX2 Didier Trono http://n2t.net/addgen
e:12260; RRID: 
Addgene_12260 

Software and Algorithms 
ImageJ NIH https://imagej.nih.go

v/ij/; RRID: 
SCR_003070 

Fiji Fiji http://fiji.sc; RRID: 
SCR_002285 
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Experimental Model and Subject Details
Animals
All animal experiments were performed in compliance with the guidelines for the 
welfare of experimental animals issued by the Government of The Netherlands 
(Wet op de Dierproeven, 1996) and European regulations (Guideline 86/609/EEC). 
All animal experiments were approved by the Dutch Animal Experiments Review 
Committee (Dier Experimenten Commissie; DEC), performed in line with the 
institutional guidelines of Utrecht University.

Primary neuronal cultures and transfections
Hippocampal cultures were prepared from embryonic day 18 (E18) Janvier Wistar 
rat brains (both genders) as described in (Cunha-Ferreira et al., 2018). Dissociated 
neurons were plated on coverslips coated with poly-L-lysine (37.5 µg/ml, Sigma-
Aldrich) and laminin (1.25 µg/ml, Roche Diagnostics) at a density of 100,000 
neurons per well of a 12-well plate. Cultures were grown in Neurobasal medium 
(NB) supplemented with 2% B27 (GIBCO), 0.5 mM glutamine (GIBCO), 15.6 µM 
glutamate (Sigma-Aldrich), and 1% penicillin/ streptomycin at 37°C in 5% CO2. At 
DIV14-18 neurons were transfected with indicated constructs using Lipofectamine 
2000 (Invitrogen). Before transfection 260 µl conditioned medium was transferred to 
a new culture plate and replaced with 260 µl NB with 0.5 mM glutamine. For each 
well, 1.8 µg DNA was mixed with 3.3 µl Lipofectamine 2000 in 200 µl NB, incubated 
for 30 min at RT and added to the neurons. After 45 – 60 minutes, neurons were 
briefly washed with NB and transferred to the new culture plate with conditioned 
medium supplemented with 260 µl NB with B27, glutamine, penicillin/ streptomycin 
and kept at 37°C in 5% CO2 for 2-4 days (for overexpression) or 5-7 days (for Shank 
knockdown).

METHODS DETAILS
DNA constructs
The pRK5-SEP-mGluR5a, pRK5-Halo-mGluR5a and pRK5-myc-mGluR5a 
constructs were made using the pRK5-Venus-mGluR5a construct (a gift from Dr. 
Julie Perroy) as a template and the pRK5-SEP-mGluR1 construct was made by 

pSM155-mirShank::mCherry-SHANK2-P1035L This paper and 
(MacGillavry et al., 
2015) 

N/A 

pSM155-mirShank::mCherry-SHANK2-T1127M This paper N/A 
pSM155-mirShank::mCherry-SHANK2-Lpdup This paper N/A 
pcDNA3.1- mCherry-Shank2 Dr. Simone Berkel 

(Berkel et al., 2012) 
N/A 

mCherry-Shank3 Dr. M. Schmeisser 
(Cochoy et al., 2015) 

N/A 

pEGFP-C2-GFP-Clathrin-light-Chain Dr. Mike Ehlers  
pmCherry-N1-Homer1c-mCherry (MacGillavry et al., 

2013) 
N/A 

GFP-Rab5 (Hoogenraad et al., 
2010) 

N/A 

GFP-Rab11 (Esteves da Silva et 
al., 2015) 

N/A 

TfR-SEP (Hoogenraad et al., 
2010) 

N/A 

GFP-Rab7 (Hoogenraad et al., 
2010) 

N/A 

pEGFP-N3-LAMP1-mGFP Dr. Esteban 
Dell’Angelica 
(Falcon-Perez et al., 
2005) 

http://n2t.net/addgen
e:34831; RRID: 
Addgene_34831 

pEGFP-N1-Dynamin2-GFP Dr. Pietro De Camilli 
(Ochoa et al., 2000) 

N/A 

pEGFP-N1-Dynamin2-K44A-GFP Dr. Pietro De Camilli 
(Ochoa et al., 2000) 

http://n2t.net/addgen
e:22301; RRID: 
Addgene_22301 

pGP-CMV-GcaMP6s Dr. Douglas Kim 
(Chen et al., 2013) 

http://n2t.net/addgen
e:40753; RRID: 
Addgene_40753 

pCAG_PSD95.FingR-eGFP-CCR5TC Dr. Don Arnold  
(Gross et al., 2013) 

http://n2t.net/addgen
e:46295; RRID: 
Addgene_46295 

FUGW Dr. David Baltimore http://n2t.net/addgen
e:14883 ; RRID: 
Addgene_14883 

FUGW-mirShank-GFP This paper N/A 
p.MDG2 Didier Trono http://n2t.net/addgen

e:12259; RRID: 
Addgene_12259 

psPAX2 Didier Trono http://n2t.net/addgen
e:12260; RRID: 
Addgene_12260 

Software and Algorithms 
ImageJ NIH https://imagej.nih.go

v/ij/; RRID: 
SCR_003070 

Fiji Fiji http://fiji.sc; RRID: 
SCR_002285 

GraphPad Prism 8 GraphPad https://www.graphpa
d.com/scientific-
software/prism/; 
RRID: SCR_002798 

Adobe Illustrator CC 2017 Adobe https://www.adobe.c
om/products/illustrat
or.html; RRID: 
SCR_010279 

MATLAB 2018a MATLAB http://www.mathwork
s.com/products/matl
ab/; RRID: 
SCR_001622 
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replacing mGluR5a with mGluR1 (clone image ID # 40080840). The human mCherry-
SHANK2 expression plasmid was kindly provided by Dr. Simone Berkel (Berkel 
et al., 2012). The pSM155-GFP (or Cerulean3; Cer3), Shank triple-knockdown 
construct pSM155-mirShank-GFP (or Cer3), and mirShank::GFP-SHANK2 wild-
type (:: to indicate that the Shank miRNAs and GFP-tagged human SHANK2 are 
expressed simultaneously from a single expression cassette), mirShank::GFP-
SHANK2-ΔCOR, and mirShank::GFP-SHANK2-P1035L mutant rescue constructs 
are described in (MacGillavry et al., 2016). In these constructs GFP was replaced by 
mCherry (from pmCherry-N1, Invitrogen). To make the mirShank::mCherry-SHANK2-
ΔDYN (lacking the 25-amino acid dynamin-binding domain; Glu1114 - Ser1138) 
(Okamoto et al., 2001), mirShank::mCherry-SHANK2-ΔPDZ (lacking the 95-amino 
acid PDZ domain, Thr254 - Thr348), mirShank::mCherry-SHANK2-L1008P1009dup 
and mirShank::mCherry-SHANK2-T1127M constructs, primers were designed 
containing the desired mutations and 10 – 15 bp overhangs for Gibson assembly 
(NEBuilder HiFi DNA assembly cloning kit). The rat Shank1 and human SHANK3 
expression plasmids were a gift from Dr. Morgan Sheng and Dr. Michael Schmeisser 
(Cochoy et al., 2015), respectively, and used as a template to make the pSM155-
mirShank::mCherry-Shank1 and pSM155-mirShank::mCherry-SHANK3 rescue 
constructs. Dynamin2-GFP and Dynamin2-K44A-GFP (Addgene plasmid # 22301) 
were a gift from Dr. Pietro De Camilli (Ochoa et al., 2000), and in both constructs 
GFP was replaced by mCherry. GFP-CLC (rat clathrin light chain A1) was a gift from 
Dr. Mike Ehlers, LAMP1-GFP was a gift from Dr. Esteban Dell’Angelica (Addgene 
plasmid # 34831) (Falcon-Perez et al., 2005), and pGP-CMV-GCaMP6s was a 
gift from Dr. Douglas Kim (Addgene plasmid # 40753) (Chen et al., 2013). pCAG-
PSD95.FingR-eGFP-CCR5TC (PSDFingR-GFP) was a gift from Dr. Don Arnold 
(Addgene plasmid # 46295) (Gross et al., 2013). The following constructs have been 
described before: Homer1c-mCherry (MacGillavry et al., 2013), GFP-Rab5, GFP-
Rab7, mRFP-TfR (Hoogenraad et al., 2010), and tdTomato-Rab11 (Esteves da Silva 
et al., 2015). FUGW was a gift from David Baltimore (Addgene plasmid # 14883) 
(Lois et al., 2002). FUGW-mirShank-GFP was generated by replacing GFP with the 
Shank triple-knockdown cassette from pSM155-mirShank-GFP. All constructs were 
verified by sequencing.  
 Lentiviral particles were generated by transfecting the transfer plasmid 
together with the packaging plasmids p.MDG2 (Addgene plasmid #12259) and 
psPAX2 (Addgene plasmid #12260) (gifts from Didier Trono) in HEK293T cells. 
The supernatant was collected two days after transfection and concentrated using 
tangential flow filtration (Amicon Ultra spin filters, Millipore #UFC910024).

Confocal imaging
Confocal images were taken with a Zeiss LSM 700 confocal laser-scanning 
microscope with a Plan-Apochromat 63x NA 1.40 oil objective. Images consist of a 
z-stack of 7-9 planes at 0.39 µm interval, and maximum intensity projections were 
generated for analysis and display. The pERK1/2 (Figure J and K) and anti-mGluR5 
(Supplementary Figure 4B and C) images were taken with an EC Plan-Neofluar 40x 
NA 1.30 oil objective and consist of a z-stack of 9 planes at 0.67 µm interval to obtain 
maximum intensity projections of the entire neuron in the z-axis.
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Antibody feeding assay
DIV18 neurons were transfected with myc-mGluR5 and endosomal markers as 
indicated and were live-labeled at DIV21 with mouse anti-c-myc (9E10, Santa Cruz 
Biotechnology, catalog # sc-40) diluted 1:200 in extracellular imaging buffer (120 mM 
NaCl, 3 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 10 mM glucose, and 10 mM HEPES, pH 
adjusted to 7.35 with NaOH) for 30 minutes at RT, washed twice with imaging buffer, 
and incubated with 50 µM DHPG (Tocris) for the indicated time-points at 37°C. Cells 
were then fixed in 4% (w/v) paraformaldehyde (PFA) and 4% (w/v) sucrose in PBS 
for 10 minutes at RT, and washed three times with PBS supplemented with 100 
mM glycine (PBS/Gly). To label the surface-expressed pool of receptors, cells were 
incubated with goat anti-mouse Alexa-647 (Thermo Fisher Scientific) diluted 1:200 
in 5% (v/v) NGS in PBS/Gly for 30 minutes at RT, and washed three times with PBS/
Gly. Then, to label the intracellular pool of receptors, cells were permeabilized with 
0.25% (v/v) Triton X-100 and 5% (v/v) NGS in PBS/Gly for 5 minutes at RT, blocked 
with 10% (v/v) NGS in PBS/Gly for 30 minutes, and incubated with goat anti-mouse 
Alexa-488 (Thermo Fisher Scientific) diluted 1:200 in 5% (v/v) NGS in PBS/Gly for 30 
minutes at RT. For co-labeling internalized mGluR5 with EEA1, cells were incubated 
with human anti-EEA1 (clone 4114; gift from M. Fritzler) diluted 1:500 in 5% (v/v) 
NGS in PBS/Gly for 2 hours at RT after the permeabilization and blocking steps, 
and detected with goat anti-human Alexa-568 (Thermo Fisher Scientific). Cells were 
washed three times with PBS/Gly, mounted in Mowiol mounting medium and imaged 
on a confocal system as described above. 
 For the Shank knockdown experiments DIV14 neurons were transfected 
with pSM155-Cer3 or mirShank::Cer3 together with myc-mGluR5 and Homer1c-
mCherry. For the rescue experiments DIV14 neurons were transfected with 
indicated mirShank::mCherry-SHANK rescue constructs and myc-mGluR5. After 7 
days (DIV21), neurons were live-labeled with anti-myc, stimulated with DHPG for 30 
minutes, and the surface and internalized pools of myc-mGluR5 were visualized as 
described above.
 For the density of internalized mGluR5 puncta in the dendritic shaft after 
treatment with DHPG for several points before fixation, DIV14 neurons were 
transfected with pSM155-mCherry or mirShank::mCherry and myc-mGluR5. After 7 
days (DIV21), neurons were live-labeled with anti-myc, stimulated with DHPG for 0, 
2, 5, 10 or 20 minutes, and the surface and internalized pools of myc-mGluR5 were 
visualized as described above.

Endocytic zone associated PSDs
For the Shank knockdown experiments DIV14 neurons were transfected with 
pSM155-Cer3 or mirShank::Cer3 together with GFP-CLC and Homer1c-mCherry. 
Alternatively, pSM155-Cer3 or mirShank::Cer3 transfected neurons were stained 
for endogenous clathrin with mouse anti-clathrin heavy chain (clone X22, Fisher 
Scientific) and Homer1, with rabbit anti-Homer1 (SySy), and visualized with goat 
anti-mouse Alexa-647 and goat anti-rabbit Alexa-488 antibodies. For the rescue 
experiments DIV14 neurons were transfected with indicated mirShank::mCherry-
SHANK rescue constructs and GFP-CLC. After 7 days (DIV21), neurons were fixed 
with 4% PFA and 4% sucrose in PBS for 15 minutes, washed, mounted in Mowiol 
mounting medium and imaged on a confocal system as described above.
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 For the co-localization between the PSD and Homer1c in control and 
Shank knockdown neurons, DIV14 neurons were transfected with pSM155-Cer3 or 
mirShank::Cer3 together with Homer1c-mCherry and PSDFingR-GFP. For the rescue 
experiments DIV14 neurons were transfected with indicated mirShank::mCherry-
SHANK2 rescue constructs and PSDFingR-GFP. After 7 days (DIV21) the neurons 
were fixed, mounted and imaged as described above.

Receptor recycling assay
Neurons were live labeled with anti-myc 1:200 in extracellular imaging buffer for 30 
minutes at RT, washed twice with imaging buffer, and incubated with 50 µM DHPG 
for 30 minutes at 37°C to induce receptor internalization. Remaining surface-bound 
anti-myc antibodies were blocked by incubating with HRP-conjugated swine anti-
mouse (Agilent) antibodies diluted 1:100 for 30 minutes at RT. Cells were then 
washed twice and returned to 37°C to allow receptor recycling for the indicated time 
points. The recycled receptor pool was then labeled with goat anti-mouse Alexa-647 
diluted 1:200 in 5% (v/v) NGS in PBS/Gly for 30 minutes at RT. Cells were washed 
three times with PBS/Gly, mounted in Mowiol mounting medium and imaged on a 
confocal system as described above.

Endogenous mGluR5 protein levels
DIV14 neurons were transfected with pSM155-mCherry or mirShank::mCherry and 
stained for endogenous surface and intracellular mGluR5 with rabbit anti-mGluR5 
(Chemicon, catalog #ab5675) diluted 1:500 in 0.1% (v/v) Triton X-100 and 5% (v/v) 
NGS in PBS/Gly overnight at 4°C, and visualized with goat anti-rabbit Alexa-488 
diluted 1:250 in 0.1% (v/v) Triton X-100 and 5% (v/v) NGS in PBS/Gly for 1 hour 
at RT. Cells were washed three times with PBS/Gly, mounted in Mowiol mounting 
medium and imaged on a confocal system as described above.

ERK1/2 phosphorylation assay 
Neurons were transfected with pSM155-mCherry or mirShank::mCherry at DIV14. 
Tetrodotoxin (2 µM; TTX) was added 12 hours before treatment. At DIV22 neurons 
were incubated with either 100 µM DHPG diluted in extracellular imaging buffer for 
10 or 30 minutes, or with extracellular imaging buffer only for non-treated control 
neurons. After the indicated time points the neurons were fixed in 4% PFA and 
4% sucrose in PBS for 10 minutes at RT, followed by a quick wash with PBS/Gly, 
incubated with ice cold methanol (MeOH) for 10 minutes at -20°C and washed 
three times with PBS/Gly. The pSM155-mCherry or mirShank::mCherry transfected 
neurons were stained for ERK1/2 phosphorylation with rabbit anti-pERK1/2 (Cell 
Signaling, catalog #9101) diluted in 0.1% (v/v) Triton X-100 and 5% (v/v) NGS in 
PBS/Gly overnight at 4°C , and visualized with goat anti-rabbit Alexa-A488 diluted in 
0.1% (v/v) Triton X-100 and 5% (v/v) NGS in PBS/Gly for 1 hour at RT. Cells were 
washed three times with PBS/Gly, mounted in Mowiol mounting medium and imaged 
on a confocal system as described above.

Live-cell imaging
Live-cell imaging was performed on a spinning disk confocal system (CSU-X1-A1; 
Yokogawa) mounted on a Nikon Eclipse Ti microscope (Nikon) with Plan Apo VC 
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100x 1.40 NA, or Plan Apo 60x 1.30 NA oil objectives (Nikon) with excitation from 
Cobolt Calyspso (491 nm), and Jive (561 nm) lasers, and emission filters (Chroma). 
The microscope was equipped with a motorized XYZ stage (ASI; MS-2000), 
Perfect Focus System (Nikon), Evolve 512 EM-CCD camera (Photometrics), and 
was controlled by MetaMorph 7.7.6 software (Molecular Devices). Neurons were 
maintained in a closed incubation chamber (Tokai hit: INUBG2E-ZILCS) at 37°C in 
5% CO2 in extracellular imaging buffer. 

Live-cell imaging of SEP-tagged mGluR5
DIV14 neurons were transfected with SEP-mGluR5 or SEP-mGluR1 together 
with pSM155-mCherry, mirShank::mCherry, mirShank::mCherry-Shank1 rescue, 
mirShank::mCherry-SHANK2 rescue, mirShank::mCherry- SHANK3 rescue or 
mCherry-Shank2 overexpression constructs. After 7 days, live neurons were 
imaged on a spinning disk confocal system (described above). After a 2-minute 
base-line acquisition, internalization was induced by the addition of DHPG to a final 
concentration of 50 µM and the SEP-mGluR5 signal was imaged every 30 seconds 
for 30 minutes (61 frames). Dynasore (100 µM; Tocris) was added 2 minutes before 
acquisition. In the vehicle control extracellular imaging buffer was added to the 
incubation chamber after a 2-minute base-line acquisition in the same volume (40 
µl to 360 µl) as DHPG. To control for photobleaching the SEP-mGluR5 signal was 
imaged every 5 minutes for 30 minutes (7 frames). Multiple Z-stacks (10 planes) 
were obtained, with 0.5 µm intervals to acquire 4.5 µm image stacks.

SEP pH sensitivity assay
DIV18 neurons were transfected with SEP-mGluR5 and imaged at DIV21 on a 
spinning disk confocal system (described above). First, neurons were maintained in 
extracellular imaging buffer with pH 7.35 to visualize the mGluR5 surface pool. Then, 
the buffer was exchanged for imaging buffer with pH 5.5 (identical to extracellular 
imaging buffer, except 10 mM HEPES was replaced by 15 mM MES). Then, the low-
pH buffer was exchanged for a buffer with pH 7.35 containing ammonium chloride 
(NH4Cl) (identical to extracellular imaging buffer, except for 70 mM NaCl, 50 mM 
NH4Cl and 2 mM NaHCO3 instead of 120 mM NaCl). To evaluate the change in 
fluorescence upon exchanging the buffers, each neuron was imaged consecutively 
for all three conditions and 6 time points at 30 second intervals were obtained per 
condition. Multiple Z-stacks (10 planes) were obtained, with 0.5 µm intervals to 
acquire 4.5 µm image stacks per time point. For analysis, MAX intensity projections 
were used to assess the SEP-mGluR5 intensity for all 6 time points per condition 
and the change in fluorescence over time and different conditions was plotted.

Live-cell imaging of AcidiFluor ORANGE Halo-tagged mGluR5
DIV18 neurons were transfected with Halo-mGluR5 and psm155-GFP, and imaged at 
DIV21 on a spinning disk confocal system (described above). Surface Halo-mGluR5 
was labeled with 1.5 µM HaloTag AcidiFluor ORANGE (Goryo Chemical, cat#-GC310) 
for 20 minutes at 37°C in 5% CO2. Neurons were rinsed in extracellular imaging 
buffer to remove unbound dye. Halo-mGluR5 labeled with AcidiFluor ORANGE was 
imaged in extracellular imaging buffer at 100 ms exposure and 2 second interval for 
5 minutes using the 561 excitation laser. Timelapses were taken of a single z-plane. 
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After a 40 second baseline acquisition, internalization was induced by the application 
of DHPG to a final concentration of 100 µM. Then, after 280 seconds, imaging buffer 
was exchanged for a buffer with pH 7.35 containing NH4Cl (described above) to 
quench the signal of internalized Halo-mGluR5 AcidiFluor ORANGE. Also, a Z-stack 
(10 planes) was obtained, with 0.5 µm intervals to acquire 4.5 µm image stacks of 
psm155-GFP, which was co-transfected for quantification purposes.

Fluorescence recovery after photobleaching
For fluorescence recovery after photobleaching (FRAP) experiments, DIV14 neurons 
were transfected with Venus-mGluR5 and pSM155-mCherry or mirShank::mCherry, 
and imaged on a spinning disk confocal system (described above). FRAP experiments 
were performed using the ILas2 system (Roper Scientific). Individual spines were 
photobleached with a targeted 488 nm laser and imaged every 5 seconds for 
fluorescence recovery for a period of 5 minutes. 

Calcium imaging
DIV14 neurons were transfected with GCaMP6s together with pSM155-mCherry or 
mirShank::mCherry and imaged 5 – 7 days later. Calcium imaging was performed on 
a spinning disk confocal system (described above). GCaMP6s signal was imaged at 
2 second intervals (0.5 Hz) with a z-stack stream (3 - 5 planes) at every time point. 
After 5 minutes baseline imaging, DHPG was added to 100 µM final concentration, 
and cells were imaged for another 5 - 10 minutes. MPEP (5 µM; Tocris) was added 
5 minutes after application of DHPG.

Western blot and imaging
DIV10 neurons were infected with FUGW or FUGW-mirShank lentivirus for 10 days. 
Neurons were directly lysed in SDS sample buffer containing DTT. Lysates were 
subjected to Tris-Glycine SDS-PAGE followed by transfer on PVDF membranes. 
Blots were blocked in 2% BSA in PBS-T (0.05% Tween20) followed by primary and 
IRDye-conjugated secondary antibody incubation (in 2% BSA in PBS-T). Western 
blots were scanned using Odyssey infrared imaging system (Li-COR Biosciences). 

Quantification and Statistical Analysis
Quantification of endocytic zone associated PSDs
To quantify the fraction of synapses with an associated endocytic zone, circular 
regions with a fixed diameter (0.69 µm) were centered on the Homer1c-mCherry or 
mCherry-SHANK2 clusters to indicate synaptic regions. These regions were then 
transferred to the GFP-CLC or anti-clathrin channel. A synapse was classified EZ-
positive if the clathrin cluster overlapped partially or completely with the circular region. 
The fraction of EZ-positive synapses was calculated per neuron and averaged per 
condition over the total population of neurons. Furthermore, the density of clathrin 
puncta was determined along the dendrite (per 10 µm). To quantify the percentage 
of PSDFingR-GFP puncta overlapping with indicated mCherry constructs, puncta 
were selected with circular regions in the mCherry channel and transferred to the 
PSDFingR-GFP channel. It was classified as overlapping if the PSDFingR cluster 
overlapped partially or completely with the circular region. Furthermore, the puncta 
density of the indicated mirShank::mCherry-SHANK2 rescue constructs was 
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determined along the dendrite (per 20 µm).

Quantification of internalized mGluR5 puncta in spines and dendrites
The number of PSDs associated with an internalized mGluR5 puncta was 
determined similar as the fraction of endocytic zone positive PSDs. The density of 
internalized mGluR5 puncta in the dendritic shaft was determined by semi-automatic 
quantification. The dendritic shaft (20 µm in length) was selected and a threshold was 
set for each image. The selection was converted to an inverted binary image and a 
particle analysis was used to detect internalized mGluR5 puncta with a minimum size 
of 0.01 µm2. The baseline condition (t = 0) was similar between control and Shank 
knockdown neurons. Therefore, to show the relative increase in internalized mGuR5 
puncta in the dendritic shaft over time the treatment conditions were normalized per 
batch to the average density of its corresponding baseline condition.

Quantification of SEP-mGluR5 internalization in spines and dendrites
MAX intensity projections of the Z-stacks were obtained and corrected for XY drift 
over time using the Fiji plugin “StackReg”. To quantify the SEP-mGluR5 intensity 
over a time-period of 30 minutes circular regions of interest (spines or dendrites) 
were selected at t = -2 and the intensity was measured for all 61 time points. To 
obtain the change in relative fluorescence intensity (ΔF/F0) over time, background 
was subtracted and the intensity relative to t = -2 was computed. For visualization all 
values were subtracted by 1 and plotted at 1 minute intervals.

Quantification of AcidiFluor ORANGE Halo-tagged mGluR5 acidification in 
spines and dendrites
MAX intensity projections of the psm155-GFP Z-stacks were made and used to trace 
the neuron using Fiji software. This selection was then transferred to the AcidiFluor 
ORANGE Halo-mGluR5 channel to clearly indicate the outline of the neuron. A 
gaussian blur (sigma = 2) was applied to the AcidiFluor ORANGE images, and a total 
of 6 neurons from 2 batches were manually screened for acidification events. To test 
the pH sensitivity of AcidiFluor ORANGE, imaging buffer was exchanged for a buffer 
containing NH4Cl which quenched the signal. Representative images are shown at 
4-10 second intervals. To visualize the change in relative fluorescence intensity over 
time, values were plotted as ΔF/F0 for the spine and dendrite.

Quantification of spine enrichment
To assess the spine enrichment of surface mGluR5, the SEP-mGluR5 intensity at t = 
-2 min from the live-cell base-line acquisition was quantified in control, mirShank and 
mirShank::Shank1, mirShank::SHANK2 and mirShank::SHANK3 rescue neurons as 
relative spine intensity over relative dendritic shaft intensity. For each neuron circular 
regions were traced on multiple dendritic spines to measure spine intensity and for 
each selected spine a circular region in the dendrite at the base of the spine was 
measured as dendritic shaft intensity. Background intensity was subtracted.

Quantification of immunofluorescence of endogenous mGluR5
For the analysis of endogenous total mGluR5 levels a dendritic stretch of 20 µm 
was selected and traced in the mCherry channel using Fiji software. This selection 
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was then transferred to the anti-mGluR5 channel and the average intensity of the 
anti-mGluR5 fluorescence of the transfected neurons with indicated constructs was 
obtained. Per batch the average intensity was normalized to the average intensity of 
the control neurons.

Quantification of FRAP experiment
For FRAP analysis, the mean intensity of the bleached area was corrected for 
background values, as well as the bleaching that occurred during image acquisition. 
Data were normalized to control fluorescence averaged over 5 frames before 
bleaching. Individual recovery curves were fitted with a single-exponential function I 
= A(1 – exp(-Kt)) to estimate the mobile fraction (A) and time constant tau. 

Quantification of calcium experiment
For each neuron, the fluorescence intensity of GCaMP6s signal was measured in 
10 - 20 ROIs along the dendrite, background subtracted and averaged. To obtain 
the mean amplitude and frequency of the calcium oscillations, events were detected 
with the MATLAB ‘PeakFinder’ function. 

Quantification of ERK1/2 phosphorylation assay
For analysis the cell bodies were manually traced based on the mCherry channel 
using Fiji software. The average intensity of the anti-pERK1/2 fluorescence of the 
transfected neurons with indicated constructs was obtained for each condition 
and was normalized per batch to the average intensity of the non-treated control 
condition.

Statistical Analysis
Statistical significance was tested with a paired t-test (Figure 3L and 4G) or unpaired 
t-test (Figures 3C, and H, 4D, S3A and S4A, D and F) when comparing two groups 
with a normal distribution and a Mann Whitney test when comparing two groups 
without a normal distribution (Figure 4J and S3C). If multiple groups were compared 
(Figures 1D, 3D, F and J, S3G, H and J and S4B), statistical significance was tested 
with a one-way ANOVA followed by a Tukey’s multiple comparison when comparing 
the mean of each column to the mean of every other column or a Dunnet’s multiple 
comparison when comparing the mean of each column to the mean of a control 
column. When comparing multiple groups without a normal distribution, a Kruskall 
Wallis followed by a Dunn’s multiple comparison was performed (Figure S3F). To 
test for an effect of treatment over time between different groups with matched 
values in time (Figures 1G-L, 2B-F, S1B, C and I-L, S2C and D and 4C), statistical 
significance was tested with a repeated measures two-way ANOVA followed by a 
Tukey’s multiple comparison when comparing more than two groups. To test for 
an effect of treatment over time between different groups without matched factors 
(Figure 4B and L), statistical significance was tested with a two-way ANOVA followed 
by a Tukey’s multiple comparison when comparing more than two groups. The data 
table of Figure 2G contains some missing values, since during image acquisition 
some frames were out of focus and could not be taken into account for analysis, and 
a mixed effects ANOVA was performed. The effect was considered significant if the 
row factor (time or treatment), the column factor (condition) and the interaction (time 
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x condition) effect were all significant (P-value below 0.05). In the text the P-values of 
the condition effects are reported. In the figures, * indicates significance based on the 
condition effect and when comparing more than two groups, * indicates significance 
based on the multiple comparison test. In all figures * was used to indicate a P-value 
< 0.05, ** for  P < 0.01, and *** for P < 0.001. See Supplementary Table 2 for all 
P-values and statistical tests performed. Data are represented as mean ± SEM. 
Reported n is number of neurons, which are indicated as scatters in the bar graphs. 
Each experiment was replicated in cultures from at least 2 independent preparations. 
Statistical analysis and graphs were prepared in GraphPad Prism and figures were 
generated in Adobe Illustrator CC. 

Data and Code Availability
The published article includes all datasets generated or analyzed during this study. 

Lead Contact and Materials Availability
Plasmids generated in this study are available on request. Further information and 
requests for resources and reagents should be directed to and will be fulfilled by the 
Lead Contact, Harold MacGillavry (h.d.macgillavry@uu.nl).
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Figure S1, related to Figure 1. Characterization of SEP-mGluR5 fluorescence and evaluation of 
dendritic internalization. (A) Surface SEP-mGluR5 fluorescence intensity in imaging buffer with pH 7.35 
(t = 0 - 3 min), is quenched at pH 5.5 (t = 3 – 6 min) and increased in fluorescence upon the application 
of imaging buffer containing NH4Cl with pH 7.35 (t = 6 min) visualizing both surface and intracellular 
SEP-mGluR5 (n = 6). Scale bar, 2 µm. (B and C) Quantification of SEP-mGluR5 intensity in spines over 
a 30-minute time period comparing the loss of SEP-mGluR5 intensity when imaged every 5 minutes (7 
frames; dashed light grey line; n = 12) and when imaged every 30 seconds (61 frames; solid black line; n 
= 8) after application with vehicle (B) and after DHPG stimulation (7 frames; dashed light grey line; n = 12 
and 61 frames; solid dark grey line; n= 6) (C). The data sets from 61 frames shown in B and C are also 
shown in Figure 1G, as these figures describe different aspects of the same experiment. (D) Schematic 
of Halo-tag labeled with AcidiFluor ORANGE fused to mGluR5 to reveal acidification of Halo- mGluR5-
containing endocytic vesicles. (E and G) Representative image of a dendrite expressing Halo-mGluR5 
labeled with AcidiFluor ORANGE stimulated with DHPG (at t = 40 s) showing two acidification events, and 
quenching of the signal upon application of imaging buffer containing NH4Cl with pH 7.35 (t = 280 s) at the 
dendritic shaft (E) and in a spine (G). Arrowheads indicate two acidification events (1; blue and 2; red). 
Scale bars, 2 µm. (F and H) ΔF/F0 trace of the Halo-mGluR5 signal intensity, showing the baseline (t = 
0 – 40 s), application of DHPG (t = 42 – 178 s; light grey), the acidification events shown in E and G (dark 
grey) and the application of NH4Cl (t = 280 – 300 s; orange) at the dendritic shaft shown in E (indicated 
by arrowhead) (F) and in the spine shown in G (indicated by arrowhead) (H). (I and J) Quantification of 
SEP-mGluR5 intensity in dendrites over time after DHPG stimulation comparing the time course of SEP-
mGluR5 intensity in control neurons (grey; n = 6) with neurons pre-treated with dynasore (orange; n = 6) 
(I) and in neurons co-transfected with Dyn2 (grey; n = 6) with neurons co-transfected with the dominant 
negative Dyn2-K44A (orange; n = 6) (J). (K and L) Quantification of SEP-mGluR5 intensity in dendrites 
over time without the addition of DHPG comparing the time course of SEP-mGluR5 intensity in control 
neurons (black; n = 6) with neurons pre-treated with dynasore (orange; n = 8) (K) and in neurons co-
transfected with Dyn2 (grey; n = 6) with neurons co- transfected with the dominant negative Dyn2-K44A 
(orange; n = 6) (L). Data are represented as mean ± SEM.
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Figure S2, related to Figure 2. Re-expression of Shank1 rescues agonist-induced mGluR5 
internalization in spines. (A) Domain structure of Shank1, Shank2 and Shank3. (B) Representative 
live-cell time-lapse image of SEP-mGluR5 before and after DHPG stimulation (added at t = 0 min) in 
mirShank::Shank1 neurons. Scale bar, 5 µm. (C) Quantification of SEP-mGluR5 intensity in spines over 
time after the addition of DHPG comparing the time course of SEP-mGluR5 intensity in control (grey; n = 
14), mirShank (blue; open circles; n = 17) and mirShank::Shank1 rescue neurons (shade of blue; closed 
circles; n = 22). (D) Quantification of SEP-mGluR5 intensity in dendrites over time without the addition 
of DHPG comparing the time course of SEP-mGluR5 intensity in control (black; n = 5) and mirShank 
neurons (blue; n = 5).Data are represented as mean ± SEM. ***, indicates P < 0.001.
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Figure S3, related to Figure 3. Clathrin puncta density in dendrites, mGluR5 spine enrichment and 
synaptic targeting of SHANK2 mutants. (A) Quantification of the density of GFP-CLC puncta along 
the dendrite (per 10 µm) in control (n = 8) and mirShank (n=8) neurons. (B) Representative images of 
dendrites co-expressing PSDFingR-GFP (cyan) and Homer1c-mCherry (red) in control and mirShank 
neurons. Scale bar, 5 µm. (C) Quantification of the percentage of Homer1c-mCherry puncta positive 
for PSDFingR-GFP, a marker of the PSD, in control (n = 10) and mirShank (n = 11) neurons. (D) Co-
localization of PSDFingR-GFP (cyan) and immuno-labeled anti-PSD-95 (red). Scale bar, 5 µm. (E) 
Representative images of dendrites co-expressing mCherry-tagged SHANK2 rescue constructs (red) and 
PSDFingR-GFP (cyan). Scale bar, 5 µm. (F) Quantification of the percentage of mCherry-tagged WT and 
mutant SHANK2 puncta positive for PSDFingR-GFP, a marker of the PSD (WT: n = 12, Δ PDZ: n = 11, 
ΔDYN: n = 12, ΔCOR: n = 10, P1035L: n = 11, T1127M: n = 12, LPdup: n = 10). (G) Quantification of the 
density of PSDs, marked by PSDFingR-GFP, along the dendrite (per 20 µm) in neurons co-expressing 
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the mCherry-tagged SHANK2 rescue constructs (WT: n = 12, Δ PDZ: n = 11, ΔDYN: n = 12, ΔCOR: n = 
10, P1035L: n = 11, T1127M: n = 12, LPdup: n = 10). (H) Quantification of the density of GFP-CLC puncta 
along the dendrite (per 10 µm) in neurons co-expressing mCherry-tagged SHANK2 rescue constructs 
(WT: n = 11, Δ PDZ: n = 12, ΔDYN: n = 10, ΔCOR: n = 11, P1035L: n = 15, T1127M: n = 10, LPdup: n = 13). 
(I) Representative images of dendrites co-expressing mCherry-tagged Shank1, SHANK2 and SHANK3 
rescue constructs (red) and GFP-CLC (cyan). Scale bar, 5 µm. (J) Quantification of the percentage of 
EZ-positive PSDs in neurons co-expressing mCherry-tagged Shank1 (n = 21), SHANK2 (n = 18) and 
SHANK3 (n = 18) rescue constructs. Data are represented as mean ± SEM.
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Figure S4, related to Figure 4. Shank proteins control surface and total expression of mGluR5. 
(A) Quantification of internalized myc-mGluR5 puncta density in dendrites of control (n = 23) and 
mirShank neurons (n = 26) at t = 0. (B) Quantification of SEP-mGluR5 intensity in spines over dendritic 
shaft of control (n = 7), mirShank (n = 8), mirShank::Shank1 (n = 12), mirShank::SHANK2 (n = 6) and 
mirShank::SHANK3 (n = 9) rescue neurons. (C) Western blot analysis of total lysates of neurons infected 
with GFP and GFP::mirShank and immuno-labelled for anti-mGluR5; tubulin was used as a loading 
control. (D) Quantification of anti-mGluR5 over tubulin intensity in control and mirShank neurons (n = 
3). (E) Representative images of dendrites immuno-labeled for anti-mGluR5 (cyan) in mCherry-tagged 
control and mirShank neurons (red). Scale bar, 10 µm. (F) Quantification of anti-mGluR5 intensity along 
the dendrite (20 μm) in control (n = 20) and mirShank (n = 27) neurons, normalized to the average 
intensity of anti-mGluR5 fluorescence in the control condition. Data are represented as mean ± SEM. **, 
indicates P < 0.01 and ***, indicates P < 0.001.
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ABSTRACT
At postsynaptic sites of neurons, a prominent clathrin-coated structure, the endocytic 
zone (EZ), controls the trafficking of glutamate receptors and is essential for synaptic 
plasticity. Despite its importance, little is known about how this clathrin structure is 
organized to mediate endocytosis. We used live-cell and super-resolution microscopy 
techniques to reveal the dynamic organization of this poorly understood clathrin 
structure. We found that a subset of endocytic proteins only transiently appeared at 
postsynaptic sites. In contrast, other proteins, including Eps15, intersectin1L, and 
ꞵ2-adaptin, were persistently enriched and partitioned at the edge of the EZ. We 
found that uncoupling the EZ from the synapse led to the loss of most of these 
components, while disrupting the actin cytoskeleton or AP2-membrane interactions 
did not alter EZ positioning. We conclude that the EZ is a stable, highly organized 
molecular platform where components are differentially recruited and positioned to 
orchestrate the endocytosis of synaptic receptors.

INTRODUCTION
Clathrin-mediated endocytosis is the principal mechanism for the internalization 
of membrane components, and is essential for cellular homeostasis, intercellular 
signaling and nutrient uptake in mammalian cells (Kaksonen and Roux, 2018; 
McMahon and Boucrot, 2011; Mettlen et al., 2018). This process involves the tightly-
controlled initiation and maturation of clathrin-coated pits that is mediated by the 
sequential recruitment of clathrin, cargo and endocytic adaptor proteins (Cocucci 
et al., 2012; Taylor et al., 2011). Apart from these well-characterized, small (~100 
nm) and short-lived (<120 sec) clathrin coats, numerous electron and (live-cell) light 
microscopy studies have revealed that clathrin can assemble into a remarkably large 
variety of membrane-attached structures (Grove et al., 2014; Heuser, 1980; Leyton-
Puig et al., 2017; Saffarian et al., 2009; Sanan and Anderson, 1991). In fact, the lifetime, 
size and morphology of clathrin assemblies at the membrane diverge enormously 
between cell types and even within cells. Clathrin structures varying from 100 nm up to 
1 µm with lifetimes ranging from seconds to tens of minutes have been reported. The 
origins and functional relevance of this striking heterogeneity remain to be elucidated. 
 This heterogeneity is particularly evident in neurons that contain a divergent 
population of clathrin structures distributed over their immense and complex 
plasma membrane. At postsynaptic sites, a clathrin-coated structure referred to as 
the endocytic zone (EZ) is stably associated with the postsynaptic density (PSD) 
(Blanpied et al., 2002; Lu et al., 2007), via a Shank-Homer1c-Dynamin3 interaction 
(Lu et al., 2007; Rosendale et al., 2017). Disrupting the PSD-EZ interaction severely 
affects glutamate receptor levels at synapses. Particularly, the ionotropic AMPA-type 
glutamate receptors (Petrini et al., 2009; Rosendale et al., 2017) and metabotropic 
glutamate receptors (Scheefhals et al., 2019) have been found to undergo trafficking 
mediated by the EZ, while transferrin receptors are not preferentially internalized near 
the synapse (Rosendale et al., 2017). It has been proposed that once internalized 
at the EZ, glutamate receptors enter the local recycling mechanism, that retains 
receptors in intracellular pools that can recycle back to the synaptic membrane 
in an activity-dependent manner (Park et al., 2006). Indeed, the local recycling of 
receptors via the EZ is essential for synaptic plasticity as uncoupling the EZ from 
the PSD depletes synaptic AMPA receptors and aborts activity-induced trafficking of 
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receptors to the synaptic membrane during long-term potentiation (Lu et al., 2007; 
Petrini et al., 2009). Importantly, disruptions in EZ structure and function have been 
associated with the development of neuronal disorders such as autism spectrum 
disorder and Parkinson’s disease (Cortese et al., 2016; Scheefhals et al., 2019).
 Despite the clear functional importance of the EZ for synaptic transmission 
and plasticity in neurons, the molecular organization and how this organization 
contributes to its function is poorly understood. In electron microscopy studies, 
clathrin-coated structures have been observed within dendritic spines (Petralia et al., 
2003; Tao-Cheng et al., 2011) at an approximate distance of 100-600 nm from the 
PSD, coinciding with an enrichment of adaptor proteins such as dynamin2 and AP2 
(Rácz et al., 2004). However, fundamental information on the spatial distribution and 
dynamics of endocytic proteins relative to the EZ and how these proteins contribute to 
EZ organization is missing. Here, we resolved the spatial and temporal organization 
of clathrin-coated structures in dendrites and spines using live-cell imaging and 
super-resolution microscopy. We found that the postsynaptic EZ contains a unique 
and stable assembly of endocytic proteins, that is highly organized at the nanoscale 
level. Based on these findings, we propose that the EZ is a highly distinct clathrin-
coated structure that operates as a preassembled platform for endocytosis of 
synaptic components to sustain efficient synaptic transmission and plasticity.

RESULTS
Heterogenous morphology of clathrin-coated structures in dendrites
To visualize clathrin-coated structures in mature cultured hippocampal neurons 
(DIV16-21), GFP-clathrin light-chain-A (GFP-CLCa) was co-transfected with 
Homer1c-mCherry as a marker of excitatory synapses. We found a large variety 
of clathrin-coated structures distributed throughout the entire neuron (Figure 1A). 
In dendrites, a high density of clathrin structures was found in the shaft and the 
majority of dendritic spines contained a distinct EZ, defined as a clathrin puncta 
closely associated with the PSD (75 ± 5%), consistent with previous observations 
(Blanpied et al., 2002; Lu et al., 2007; Scheefhals et al., 2019). Importantly, labelling 
endogenous CLCa using a CRISPR/Cas9-based approach (Willems et al., 2020) 
resulted in comparable distribution of clathrin structures (Supplement Figure 1A-
C). To resolve clathrin-coated structures in dendrites at high spatial resolution, 
we used stimulated emission depletion (STED) microscopy, allowing quantitative 
analyses of clathrin structure morphology (Figure 1B). Notably, STED resolved 
individual structures at much higher resolution than confocal, often resolving 
distinct substructures within clathrin patches that appeared homogenous in 
confocal microscopy (Figure 1C). PSDs associated with more than one clathrin 
structure were also observed (Figure 1B, C). We found that 59 ± 5% of the 
PSDs were associated with one clathrin structure, while 14 ± 2% and 5.4 ± 0.8% 
were associated with two or three clathrin structures, respectively (Figure 1C).
Next, we analyzed the morphology of dendritic clathrin structures and found a large 
range of sizes from as small as 0.01 µm2 up to 0.43 µm2 (Figure 1E). On average, the 
area of PSD-associated clathrin structures was lower, albeit not statistically different 
from the average area of clathrin structures found in the shaft (area clathrin structures 
in shaft: 0.045 ± 0.003 µm2, spine: 0.038 µm2 ± 0.002, P > 0.1) . However, the 
variability in sizes of clathrin structures in the shaft, was much larger than in spines 
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(CV shaft: 1.3; spines: 0.84), with larger structures exclusively found in the shaft and 
not in spines (Figure 1D, E; range in width/length shaft: 0.15 µm to 1.7 µm, spine: 
0.084 µm to 0.78 µm). Indeed, large clathrin structures were regularly observed in 
the shaft, approximately ~3 per 20 µm of dendrite (data not shown). Thus, dendrites 
contain a large variation of clathrin-marked structures, with PSD-associated EZs 
being a distinct, homogenous sub-population of clathrin structures in dendritic spines.
Studies in non-neuronal cells often classify clathrin structures as flat lattices based 
on size and shape. Compared to small, circular clathrin structures, presumably 
representing endocytic pits or intracellular vesicles, lattices are defined as large 
and irregularly shaped clathrin structures (Grove et al., 2014; Leyton-Puig et al., 
2017; Saffarian et al., 2009). We generated scatterplots of the circularity and area of 
individual dendritic clathrin structures to test if we could find a similar classification 
(Figure 1E). However, there was no correlation between size and circularity 
in dendritic clathrin structures (R2 = 0.006). Also, we did not observe a clear 
differentiation in clathrin structures using this approach, suggesting that clathrin-
coated structures in dendrites form a highly heterogeneous population that cannot be 
classified based on these morphological parameters. Altogether, these data highlight 
the morphological heterogeneity of clathrin-coated structures in neuronal dendrites. 

Figure 1. Heterogenous morphology of clathrin-coated structures in dendrites. (A) Example image 
of neuron expressing Homer1c-mCherry and GFP-CLCa. Scale bar: 20 µm. (B) Comparison of confocal 
and gSTED images of dendrite expressing Homer1c-mCherry and GFP-CLCa. Scale bars dendrite: 2 µm, 
zooms: 500 nm. (C) Number of clathrin-coated structures per PSD per neuron, represented as mean ± 
SEM (N = 12 neurons). (D) Scatterplot of the length (µm) and width (µm) of clathrin-coated structures in 
the dendritic shaft and associated with Homer1c based on ferret dimensions (spine: n = 248, shaft: n = 
301). (E) Circularity ratio plotted against area (µm2) (spine: n = 248, shaft: n = 301).
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Clathrin dynamics at the EZ are distinct from clathrin-coated structures in the 
dendritic shaft
To study the dynamic properties of clathrin-coated structures in both spines and 
dendritic shaft we next performed live-cell imaging of GFP-CLCa in dendrites. 
We first investigated the dynamics of clathrin-coated structures on short time 
intervals by imaging at 0.2 Hz for 5 minutes. To differentiate stationary from moving 
particles we used a Fourier analysis-based filtering on kymographs (Mangeol et 
al., 2016). The dendritic shaft predominantly contained stationary clathrin-coated 
structures, however smaller anterograde and retrograde moving puncta were also 
observed (Figure 2A). Interestingly, these fast-moving particles were small (IQR: 
0.013 – 0.065 µm2) most likely reflecting intracellular vesicle transport. Within the 
stationary pool in the shaft, we observed a few distinct clathrin-coated structures. 
The two most frequently observed structures were larger, high-intensity structures 
that either remained fluorescently stable over the entire course of imaging 
(CV fluorescence intensity = 0.09, Figure 2B: upper panel), or 
showed large fluctuations in fluorescence intensity (CV = 0.16, Figure 
2B: lower panel), perhaps indicating a more dynamic structure. 
In rare cases transient budding of clathrin from these structures was observed, 
reminiscent of endocytic pit formation. In spines, the EZ appeared much more stable 
than dendritic clathrin structures, with little fluctuations in GFP-CLCa intensity (CV: 
0.02, Figure 2C: upper panel). Strikingly, we were able to pick up, what seemed 
to be the budding of individual vesicles from the EZ (Figure 2C, lower panel). On 
average, the fluctuations in intensity of clathrin structures in shaft and spines were 
significantly different, with much lower fluctuations found in spines (shaft CV: 0.06 
± 0.004, spine CV: 0.02 ± 0.001, p < 0.001) (Figure 2D). Longer acquisitions of 20 
minutes at 30-second intervals showed that the clathrin-coated structures in spines 
had a considerably higher average lifetime compared to clathrin-coated structures 
in the shaft (average lifetime spines: 10 ± 0.7 minutes, shaft: 6.0 ± 0.3 minutes, p < 
0.001) (Figure 2E). Indeed, 68.1 ± 6.0% of PSDs remained associated with at least 
one clathrin structure that was present for the entire 20 minutes, confirming that the 
EZ is stably coupled to the PSD (Blanpied et al., 2002; Lu et al., 2007; Scheefhals et 
al., 2019). In contrast, in the dendritic shaft, only a small fraction (~15%) of clathrin-
coated structures was long-lived (>17.5 minutes) and the median lifetime of all 
events was ~2.5 minutes, indicating that the majority of clathrin structures in the 
dendritic shaft are transient structures (Figure 2E). 
 The relatively long lifetime and small fluctuations in intensity of clathrin at 
the EZ might suggest a considerably lower turnover of clathrin at the EZ compared 
to shaft structures. To determine the turnover of clathrin at stable dendritic structures 
we used fluorescence recovery after photobleaching (FRAP) of GFP-CLCa (Figure 
2F). A relatively long baseline of two minutes was acquired to make sure that only 
stationary structures would be included in the analysis. We determined that in stable 
shaft structures GFP-CLCa recovered relatively fast (tau: 13.0 min) to 75.8 ± 10% 
in 20 minutes (Figure 2G, H), indicating a high level of clathrin exchange at these 
structures. In contrast to the high turnover of stationary structures in the shaft, the 
EZ showed relatively low levels of turnover (tau: 36.2 min) and total recovery (38.2 
± 5.2% after 20 minutes) (Figure 2G, H), suggesting little exchange of clathrin at the 
EZ. Taken together, these live-cell imaging experiments show that clathrin-coated
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Figure 2. The EZ is dynamically distinct from shaft clathrin-coated structures. (A) Representative 
dendrite expressing GFP-CLCa, scale bar: 5 µm, and kymographs of clathrin-coated structures in the 
dendritic shaft only, separated in stationary (upper panel), retrograde (middle panel) and anterograde 
(lower panel) particles. Scale: time t, on the y-axis is 5 minutes, and distance d on x-axis is 20 µm. (B) 
Two examples of intensity fluctuations in stationary dendritic shaft structures. Scale bar: 1 µm. (C) Two 
examples of intensity fluctuations in spine structures. Scale bar: 1 µm. (D) Fluctuations in intensity plotted 
as the coefficient of variance (CV) between shaft and spine (spine: n = 48, shaft: n = 49, p < 0.001). 
Data represented at mean ± SEM. (E) Histogram of the lifetime of clathrin-coated structures in shaft 
and spine (spine: n = 171, shaft n = 769), data represented as fraction. (F) Example images of GFP-
CLCa before (left panel), directly after FRAP (middle panel) and recovery (right panel), scale bar: 5 µm. 
Grey arrow indicates control, unbleached region, blue indicated bleached EZ, orange indicates bleached 
stationary dendritic shaft structures. (G) Kymograph and example images of the structures indicated in F. 
Kymograph shows 22-minute acquisition, scale bar: 1 µm. (H) Percentage of recovery in shaft (orange, n 
= 14) and spine (blue, n= 30).
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 structures in the dendritic shaft are morphologically and dynamically highly diverse, 
and that the EZ in dendritic spines contains a stable accumulation of clathrin that is 
very similar from spine to spine, thereby differentiating itself from all other clathrin-
coated structures.  

Nanoscale organization of the endocytic zone in dendritic spines
To further resolve the spatial organization of the EZ, we next used single-molecule 
localization microscopy (SMLM). Homer1c-mCherry and GFP-CLCa were co-
transfected as before and labelled with primary and secondary antibodies to 
perform two-color dSTORM imaging and reconstruct high-density localization 
maps of the distribution of clathrin molecules within the EZ and relative to the PSD 
(Figure 3A). We used DBScan to define clusters of Homer1c molecules, outlining 
the PSD and the associated clathrin clusters, marking the EZ (Figure 3B). We 
found that the centroid of the EZ was generally located within 100 nm from the 
border of the PSD (Figure 3C) with an average border-to-centroid distance from 
PSD to EZ of 10.6 ± 7.8 nm, confirming that the EZ is closely linked to the PSD 
and well within a distance that can be linked by scaffold proteins (Lu et al., 2007).
On average the area of the EZ was 35.0 ± 2.0 x103 nm2 (Figure 3E), and 224.6 ± 10.4 
nm in length and 146.5 ± 5.2 nm in width (Figure 3D). Moreover, the dimensions (length 
and width) of individual structures were positively correlated (R2 = 0.58). Interestingly, 
we often found that PSDs were associated with multiple clathrin structures, similar 
as to what we observed with gSTED imaging (Figure 1B, D). We noted that two 
distinct populations could be observed based on morphological characteristics 
anddistinguished between the primary and secondary clathrin structure based on 
size. The largest was classified as the primary structure and we found that this 
structure most likely corresponds to the EZ, as these were also the most closely 
linked to the PSD (Supplement Figure 2A, B). The secondary, smaller structures were 
between 50 and 100 nm in diameter (Supplement Figure 2C), similar to the reported 
size of endocytic vesicles (Kirchhausen and Harrison, 1981; Pearse and Crowther, 
1987). These smaller structures also appeared more circular and further away from 
the PSD (Supplement figure 2B, D), further suggesting that these smaller secondary 
structures are endocytic vesicles that perhaps budded off from the edge of the EZ. 

Endocytic proteins are differentially retained at perisynaptic sites
Apart from clathrin, only a few other endocytic components have been suggested to 
be part of the EZ. Among these proteins are synaptotagmin-3 (Awasthi et al., 2018), 
PICK1 (Maria Fiuza et al., 2017) and CPG2 (Cottrell et al., 2004). Moreover, the 
presence of dynamin2 and AP2 at the site of clathrin-coated pits in spines suggest 
that these proteins could also be part of the EZ (Rácz et al., 2004). However, it 
remains unknown whether these and other endocytic proteins are stably accumulated 
at the EZ, or whether these are perhaps transiently recruited only during endocytic 
events. To begin to address this, we first determined the localization of 12 well-known 
endocytic proteins using confocal microscopy and live-cell imaging. Among these 
proteins are the well-known F-BAR and N-BAR proteins like FCHO1, syndapin-1 
(Sdp1), syndapin- 2 (Sdp2) and amphiphysin (Amph), ꞵ2-adaptin, a subunit of 
the membrane proteins AP2, scission protein dynamin2 (Dyn2) and other adaptor 
proteins like Eps15, PICALM, intersectin-1 long (Itsn1L) and epsin-2 (Epsn2). In 
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addition, we included HIP1R and CPG2 that can couple the endocytic machinery 
to the actin cytoskeleton (Chen and Brodsky, 2005; Engqvist-Goldstein et al., 2001; 
Loebrich et al., 2016; Wilbur et al., 2008). We found that most of these proteins 
localized at perisynaptic sites in a punctate manner, similar to clathrin (Figure 
4B). Sdp1, Sdp2 and Amph showed a more diffuse signal within the spine and 
dendritic shaft. For Amph, clear puncta associated with the PSD could be detected 
occasionally, however Sdp1 and Sdp2 did not seem to be enriched in distinct puncta 
and were not further analyzed. In this experiment we found that 66.8 ± 6.9% of PSDs 
was associated with GFP-CLCa (Figure 4A, C). We found that the fraction of PSDs 
associated with HIP1R, ꞵ2-adaptin, Dyn2, CPG2, Eps15, and Itsn1L was similar to 
the percentage of clathrin-associated PSDs. In contrast, PICALM, Epsn2, Amph and 
FCHO1 were less frequently found in association with the PSD (Figure 4B, C).Thus, 
HIP1R, ꞵ2-adaptin, Dyn2, CPG2, Eps15 and Itsn1L appear associated with the PSD 
and could be intrinsic components of the EZ. To validate that the localization of 
the stable proteins was not the result of overexpression, we endogenously tagged 
Eps15, Itsn1 and Dyn2 using the CRISPR/Cas9 based approach (Willems et al., 
2020). We attempted to generate a KI for multiple AP2 subunits, but were not able to 
get a proper KI. We found similar distribution and perisynaptic localization of these 

Figure 3. Nanoscale organization of the endocytic zone. (A) SMLM image of dendrite expressing 
Homer1c-mCherry and GFP-CLCa labelled with CF568 and A647 respectively and zooms of individual 
EZs. Scale bar upper panel: 2 µm, zooms: 250 nm. (B) Individual molecules of Homer1c (magenta) and 
CLCa (orange) are outlined using DBScan. Black dot and line indicate center of the EZ (dot) and distance 
to the border of the PSD (line). Scale bar: 500 nm. (C) Histogram of the border (Homer1c) to center 
(CLCa) distance in nm. (D) Scatterplot of the FWTM length (nm) and FWTM width (nm) of the EZ. (E) 
Histogram of the area of the EZ plotted as x103 nm2. (C-E) n = 107.
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Figure 4. Endocytic accessory proteins localize to the perisynapse. (A) Example images of dendrites 
expressing Homer1c-mCherry and GFP-CLCa visualized as black and white images (left, middle panel), 
and merge (right panel). (B) Example images of neurons co-expressing tagged endocytic proteins relative 
to Homer1c. (A-B) Scale bars: 5 µm, zoom dimensions: 1 µm. (C) Percentage of synapses associated 
with endocytic proteins, represented as mean ± SEM. Relative to Homer1c-CLCa association (n = 8), 
PICALM-mCherry (n = 6, p < 0.05), FCHO1-mCherry (n = 6, p < 0.001), Epsn2-mCherry (n = 9, p < 
0.01) and Amph-mCherry (n = 6, p < 0.01) were significantly less often associated with the PSD, while 
ꞵ2-adaptin- GFP (n = 6), GFP-Eps15 (n = 5), GFP-Itsn1L (n = 5), HIP1R-GFP (n = 9), GFP-CPG2 (n = 
5), Dyn2-GFP (n = 5) were not different from GFP-CLCa. (D) Example images of neurons expressing 
Homer1c-ALFA labelled with Cy3 (magenta) and endogenously GFP-tagged endocytic proteins using KI 
(green). Scale bar: 5 µm, zoom: 500 nm. (E) Data represented as mean ± SEM.
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proteins compared to overexpression (Figure 4D, Supplement Figure 3A). Similarly, 
endogenous labelling using antibodies showed that Eps15, Itsn1 and Dyn2 are 
indeed located at the perisynapse (Supplement Figure 3B). Next, to test whether 

Figure 5. Endocytic proteins are differentially associated with the PSD. (A) Example image of 
FCHO1 (green) that is transiently associated with Homer1c (magenta). Zooms show temporal recruitment 
of FCHO1. Scale bar: 5 µm, zoom: 500 nm. (B) Example image of CPG2 that is stably associated with 
Homer1c. Zooms show temporal dynamics of CPG2. Scale bar: 5 µm, zoom: 500 nm. (C) Percentage of 
synapses that contain at least one stable structure (persisting for >9 minutes). Only PICALM-mCherry (n 
= 5, p < 0.01) was significantly less often stably associated with the PSD compared to GFP-CLCa (N = 
6). ꞵ2-adaptin-GFP (N = 6), GFP-Eps15 (N = 6), GFP-Itsn1L (N = 6), FCHO1-mCherry (N = 5), Epsn2-
mCherry (N = 5), HIP1R-GFP (N = 6), GFP-CPG2 (N = 8), Amph-mCherry (N = 5), Dyn2-GFP (N = 7), 
were not different from GFP-CLCa. (D) Heatmap visualizing the frequency distribution of the lifetime of 
endocytic proteins associated with the PSD. The histogram on top is an example of FCHO1 (orange) that 
is mostly short-lived, and CPG2 (blue) that is mostly stable, plotted as relative frequency. (E) Summary 
graph of the recovery 10 minutes after FRAP for GFP-Eps15 (n = 23 , p < 0.001 ), GFP-Itsn1L (n = 20, p 
< 0.001), HIP1R-GFP (n = 44, p < 0.01), Dyn2-GFP (n = 51, p < 0.001) had significantly higher turnover 
compared to GFP-CLCa (n = 32). GFP-CPG2 (n = 22) and ꞵ2-adaptin GFP (n = 13) were not different 
compared to GFP-CLCa. Data plotted as mean ± SEM.  
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these endocytic proteins were stably associated with the PSD we performed time-
lapse experiments on neurons co-expressing Homer1c and a fluorophore-tagged 
endocytic protein. Neurons were imaged for 10 minutes at 20-second time intervals. 
We found very distinct behaviors in the dynamics of endocytic proteins. While some 
proteins only transiently occurred at perisynaptic sites (e.g., FCHO1; Figure 5A), 
other proteins appeared stable over the entire duration of the acquisition (e.g., 
CPG2; Figure 5B). Consistent with our previous observations in fixed neurons 
(Figure 4C), the percentage of PSDs associated with a clear endocytic protein 
structure for the entire duration of the acquisition was high for HIP1R, ꞵ2-adaptin, 
Dyn2, CPG2, Eps15 and Itsn1L, and much lower for PICALM, FCHO1, Epsn2 and 
Amph (Figure 5C). From these live-cell acquisitions we determined the lifetime of 
events where these proteins were enriched at perisynaptic sites. Interestingly, when 
plotted as histograms, a clear bimodal distribution of lifetimes was observed (Figure 
5D). Endocytic proteins accumulated either briefly (<3 min) or appeared persistent 
(>9 minutes) at perisynaptic sites (Figure 5D). These data also indicated that 
HIP1R, ꞵ2-adaptin, Dyn2, CPG2, Eps15 and Itsn1L are stable components that are 
generally long-lived (Figure 5D). In contrast, the average lifetimes of FCHO1 (2.74 
± 1.7 min), PICALM (1.73 ± 0.2 min), Epsn2 (3.00. ± 0.2 min), and Amph (2.73 ± 1.7 
min) at perisynaptic sites were significantly lower compared to the average lifetime of 
CLCa. Notably, the lifetime of these short-lived events is comparable to the duration 
of endocytic events (~2 minutes), suggesting that these proteins are transiently 
recruited upon the induction of endocytosis. To determine the turnover of the long-
lived endocytic proteins at perisynaptic sites we performed FRAP experiments. 
Except for CPG2, all endocytic proteins showed considerably higher turnover than 
clathrin (percentage of recovery after 10 minutes CPG2: 29.4 ± 3.7%, HIP1R: 59.2 
± 5.2%, ꞵ2-adaptin: 56.7 ± 3.8%, Eps15: 88.1 ± 3.8, Itsn1L: 93.9 ± 8.7) (Figure 
5E, Supplement Figure 4A-F). Taken together, these experiments reveal that apart 
from clathrin, HIP1R, ꞵ2-adaptin, Dyn2, CPG2, Eps15, and Itsn1L are also integral 
components of the perisynaptic EZ, while PICALM, FCHO1, Epsn2 and Amph only 
appear transiently at perisynaptic sites, perhaps to initiate or facilitate endocytosis. 

Endocytic proteins have distinct spatial organization relative to the clathrin 
coat at the EZ
The presence of multiple endocytic adaptor proteins and their stable retention at 
perisynaptic sites suggests that these proteins might be an integral part of the EZ.  
First, we applied two-color gSTED on Halo-CLCa co-transfected with the stably 
retained endocytic proteins fused to GFP and stained for endogenous Homer1b/c to 
localize the PSD. We indeed found that Eps15, Itsn1L, Dyn2, ꞵ2-adaptin and HIP1R 
all colocalize with clathrin next to the PSD (Supplement Figure 5A-C). Next, to 
dissect the spatial organization of endocytic proteins relative to the clathrin structure 
at the EZ we used two-color SMLM. Halo-CLCa was co-transfected with a GFP-
tagged endocytic protein to efficiently label and acquire high-density localization 
maps in two channels. Strikingly, we found that ꞵ2-adaptin, Eps15, and Itsn1L were 
often distributed in smaller patches around and sometimes within the EZ marked 
by CLCa (Figure 6A-C). HIP1R showed a more homogenous distribution and often 
colocalized with the EZ entirely and even surrounding the EZ (Figure 6D). Dyn2 
showed an overall more homogenous distribution, similar to HIP1R (Figure 6E).
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However, we also found examples where Dyn2 localized in small clusters at the edge 
of the EZ. To analyze these distributions quantitatively, we manually selected regions 
around clathrin structures in dendritic spines for further analysis. We then used 

Figure 6. Endocytic proteins have distinct spatial organization relative to the clathrin structure 
marking the EZ (A-E) High resolution example images of Halo-CLCa labelled with JF647 (orange) co-
expressed with endocytic proteins fused to GFP labelled with CF568 (cyan). Scale bar: 500 nm. (F) 
Histogram  visualizing the relative frequency of the distance of individual localizations relative to the 
border of CLCa. (G) Example plots of CLCa with rings based on the size of the structure (left panel), 
and example plots of individual CLCa and Homer1c localization. Scale bar: 500 nm. (F) Fraction of 
localizations per ring. Dotted line depicts the border of CLCa (Homer1c n = 65, CLCa n = 66). (I) Fraction 
of localizations per ring. Dotted line depicts the border of CLCa. ꞵ2-adaptin (n = 87), GFP-Eps15 (n = 
126), GFP-Itsn1L (n = 58), GFP-HIP1R (n = 72), GFP-Dyn2 (n = 82).
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DBScan to determine the outline of the EZ marked by CLCa. We first mapped the 
absolute distance of localizations to the border of the EZ averaged over a population 
of EZs and found that all the endocytic proteins analyzed here peaked within 25 nm 
from the edge of the clathrin structure (Figure 6F). However, since individual EZs can 
vary in size, we next mapped the density of endocytic proteins in rings that were set 
in size relative to the clathrin structure. For each EZ, we defined 8 incremental rings 
that were scaled with proportion to the outline of the EZ and binned the density of 
localizations within each of these rings (Figure 6G). 
 As expected, when plotting the relative fraction of Halo-CLCa localization 
within the rings, we found that the density of clathrin molecules was highest in 
the center (0-20% ring), gradually decreased towards the outer ring (80-100%) 
and dropped to close to zero in the rings surrounding the EZ (100-160% rings) . 
In contrast, when we plotted the relative density of Homer1c localizations relative 
to CLCa, we found a clear separation of these distributions (Figure 6H), further 
validating the analysis. When analyzing the endocytic adaptor proteins relative to 
the EZ, we again found that the relative density of Eps15, ꞵ2-adaptin and Itsn1L 
peaked within the EZ, but close to the edge of the EZ (Figure 6I). The profiles of 
HIP1R and Dyn2 localizations (Figure 6G) showed less clear peaks, indicating a 
more homogenous distribution of these proteins within the EZ. 

Interactions with the PSD, but not with the membrane or actin cytoskeleton are 
required for the perisynaptic localization of the EZ
The differential dynamics and nanoscale organization of endocytic proteins at 
perisynaptic clathrin structures suggests that the EZ is a highly organized structure 
where several endocytic proteins are assembled. The mechanisms that retain the 
EZ at this particular position, however, are not fully understood. The EZ is coupled 
to the PSD via Shank-Homer-Dyn3 interactions (Lu et al., 2007; Petrini et al., 2009; 
Scheefhals et al., 2019). In addition, we now identified several new EZ components 
that can couple to the plasma membrane, e.g., via AP2, or the actin cytoskeleton, 
e.g., via CPG2 and HIP1R (Loebrich et al., 2016; Saffarian et al., 2009), suggesting 
that these modes of interaction could also contribute to the positioning of the EZ. To 
test this, we interfered with several of these connections. First, we tested whether 
Shank knockdown (KD), which we showed previously uncouples the EZ from the 
PSD (Scheefhals et al., 2019), also leads to the loss of these newly identified EZ 
components (Figure 7A, B). Indeed, we found that Shank-KD did not only reduce 
the number of clathrin-positive PSDs as found before (0.5 ± 0.1 relative to control), 
but also reduced the association of the PSD with other endocytic proteins (Figure 
7B). We found that Shank-KD significantly reduced Homer1c-Eps15 (0.63 ± 0.1), 
Homer1c-Itsn1L (0.6 ± 0.1) and Homer1c-ꞵ2-adaptin (0.55 ± 0.1) coupling compared 
to control (Figure 7B). Interestingly, HIP1R (0.89 ± 0.04), Dyn2 (0.91 ± 0.1) and 
CPG2 (0.86 ± 0.1) were not uncoupled from the PSD (Figure 7B). Together, these 
findings show that PSD-EZ coupling via Shank proteins is necessary for the integrity 
of the EZ. Next, to test if other mechanisms contribute to EZ maintenance we tested 
whether alterations in actin dynamics, membrane binding capacity or depleting 
specific EZ components would lead to a reduction of EZs (Figure 7C). Interestingly, 
we found that disrupting the integrity of the actin cytoskeleton did not result in a clear 
reduction of the PSD-EZ association. The actin depolymerization drug Latrunculin B
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4slightly decreased the PSD-EZ association (0.81 ± 0.1), but this was not statistically 
significant. The Arp2/3 inhibitor CK-666 (0.98 ± 0.1) also did not significantly alter 
PSD-EZ association (Figure 7D, F), suggesting that disrupting actin dynamics 
does not disrupt positioning of the EZ. Jasplakinolide, an F-actin stabilizing drug, 
resulted in significantly more PSD-EZ association compared to control (1.27 ± 0.04, 
p<0.05). To test specific EZ-actin interactions, we assessed whether the binding of 
clathrin to HIP1R is necessary for EZ maintenance. Overexpression of a clathrin-
light chain mutant that is unable to bind HIP1R (GFP-CLCb-EED/QQN) (Chen and 
Brodsky, 2005; Poupon et al., 2008), did not affect the localization of the EZ (Figure 
7E, F), further indicating that coupling to the actin cytoskeleton is not a primary 
mechanism for maintaining the EZ. The third mechanism that could allow the 
perisynaptic localization of the EZ involves interactions with the plasma membrane.  
To address this, we overexpressed an AP2m1 mutant that is unable to interact with 
PIP2 and was shown to hamper receptor internalization (Raman et al., 2014), but 
we found no change in the fraction of EZ-positive PSDs (1.1 ± 0.1), suggesting that 
coupling to the membrane via AP2 does not affect EZ maintenance (Figure 7E, F). 
Lastly, we checked if removing specific stable endocytic components would affect 
EZ positioning. Itsn1L is multi-domain scaffold protein that interacts with several 
endocytic proteins to orchestrate endocytosis and could thus have a central role 
as scaffold in the EZ. However, Itsn1L knockdown did not alter the fraction of EZ-
positive PSDs (Figure 7E, F). In addition, CPG2 that couples the actin cytoskeleton 
to the membrane, does not actively maintain the EZ near the PSD, as shCPG2 did 
not affect PSD-EZ coupling (Figure 7E). Altogether, based on these mechanistic 
experiments, we conclude that the EZ is assembled from a distinct set of endocytic 
proteins and is maintained and positioned primarily by interactions with the PSD.

DISCUSSION
Neurons contain a large variety of clathrin structures. A particularly important 
clathrin structure in neurons, the postsynaptic EZ, is characterized by the stable 
accumulation of clathrin associated with the PSD. Localized endocytosis of synaptic 
receptors at the EZ is essential for the maintenance and activity-directed changes in 
the composition of the synaptic membrane. However, despite vigorous investigation 
of clathrin-coated structures in various cell types, the molecular composition and 
organization of the EZ has remained largely elusive. Here, we present evidence 

Figure 7.  Interactions with the PSD, but not with the membrane or actin cytoskeleton are required 
for positioning of the EZ.  (A) Example images of dendrites expressing Homer1c-ALFA and endocytic 
proteins fused to GFP co-expressed with control or mirShank-mCherry construct. Scale bar: 2 µm. (B) 
Fraction of PSDs associated with an EZ after Shank-KD relative to control plotted as mean ± SEM. 
GFP-CLCa (N = 8, p < 0.001), ꞵ2-adaptin (N = 10, p < 0.01), Eps15 (N = 12, p < 0.05), Itsn1L (N = 10, 
p < 0.05), HIP1R (N = 11 p >0.05), Dyn2 (N = 12, p > 0.05), CPG2 (N = 13, p > 0.05). (C) Illustration of 
possible mechanisms that could maintain the EZ adjacent to the PSD.  (D) Example images of dendrites 
co-expressing Homer1c-ALFA and GFP-CLCa in dendrites treated with LatB, CK666 or Jasp. Scale bar: 
2 µm. (E) Example images of dendrites expressing control constructs, CLCb-EED/QQN (left panel) and 
AP2m1-P1 (middle panel), or Itsn1 KD construct (mirItsn1; right panel). Scale bar: 2 µm. (F) Fraction of 
EZ-associated PSDs relative to control, plotted as mean ± SEM. Jasp (N = 4), LatB (N = 8), CK666 (N = 
12), CLCb-EED/QQN (N = 7), AP2m1-P1 (N = 5), mirItsn1 (N = 11), shCPG2 (N = 8).  
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that the EZ is a highly unique clathrin structure. We found that a defined arsenal 
of endocytic proteins is differentially retained at the EZ and highly organized at the 
nanoscale level with respect to the clathrin assembly.
 Our data show that the postsynaptic EZ can be clearly distinguished from 
other dendritic clathrin assemblies. Clathrin-coated structures in the dendritic shaft 
form a highly heterogenous population, including small, fast-moving particles, as 
well as larger stationary structures. This heterogeneity in clathrin-coated structures 
resembles those found in other cell types, where a large variety of clathrin assemblies 
have been identified. Often, small clathrin structures represent transient endocytic 
pits or intracellular vesicles while the large patches are stable, membrane-attached 
structures (Grove et al., 2014; Leyton-Puig et al., 2017; Saffarian et al., 2009). Indeed, 
we found that the small structures in the dendritic shaft are often transient or moving, 
most likely representing endocytic pits or cargo vesicles, while the larger assemblies 
are stationary but still undergo dynamic exchange of clathrin. The function of these 
larger dendritic patches remains unknown. In dendritic spines, we found that the 
morphological characteristics of the EZ are highly similar from spine to spine, with 
much less variation in size and dynamics than observed for clathrin structures in the 
dendritic shaft. Moreover, the EZ appeared as a long-lived and fluorescently stable 
clathrin structure with relatively low exchange of clathrin, in line with previous studies 
(Blanpied et al., 2002; Petrini et al., 2009; Rosendale et al., 2017; Scheefhals et al., 
2019). Together, these results indicate that based on the morphological and dynamic 
behavior of clathrin, the EZ can be distinguished from other clathrin assemblies 
found in the dendritic shaft. 
 The EZ has been postulated as a primary site for endocytosis of synaptic 
membrane proteins to sort these components in the local recycling machinery 
and effectively retain these at the synaptic membrane (Blanpied et al., 2002). 
Indeed, several studies have unequivocally demonstrated that in the absence of 
the EZ endocytic trafficking of glutamate receptors is severely affected, leading 
to the net loss of membrane-expressed receptors and consequential deregulated 
glutamatergic signaling (Cortese et al., 2016; Lu et al., 2007; Nakano-Kobayashi 
et al., 2014; Petrini et al., 2009; Scheefhals et al., 2019). Formation of endocytic 
vesicles containing synaptic receptors has also been directly visualized in close 
proximity to the PSD (Rosendale et al., 2017), supporting the endocytic capacity 
of the EZ. In our live-cell experiments, we occasionally observed the formation of 
a secondary clathrin structure from the larger, primary clathrin structure. Further, 
super-resolution imaging allowed us to resolve the EZ at higher resolution and we 
often found that PSDs were associated with more than one clathrin structure, with 
the secondary, smaller structure often having a size similar to those described for 
clathrin-coated vesicles (Kirchhausen et al., 2014). These secondary structures 
were often 200 - 250 nm away from the border of the PSD, i.e., more distant from the 
PSD than the EZ that was closely (within ~30 nm) associated. Similarly, EM studies 
showed that clathrin coated vesicles bud off from the membrane preferentially at 100 
- 600 nm from the PSD (Rácz et al., 2004). Thus, although we did not reach sufficient 
resolution to unequivocally resolve clathrin-coated pits associated with the EZ, our 
data is consistent with the idea that endocytic pits bud off at the edge of the EZ.  
 Importantly, our findings significantly expand on the notion that the EZ is a 
perisynaptic site of endocytosis by identifying several key endocytic proteins that 
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reside at the EZ. Based on our live-cell imaging, quantitative super-resolution imaging 
and mechanistic studies we conclude that the early-phase endocytic proteins ꞵ2-
adaptin, Eps15, and Itsn1L are stable EZ residents that localize preferentially at 
the edge of the EZ, which is surprisingly similar to findings on flat clathrin lattices in 
non-neuronal cells (Sochacki et al., 2017). The accumulation of the AP-2 complex 
and its binding partner Eps15 at the periphery of the EZ likely contributes to the 
efficient capture of cargoes, i.e., synaptic membrane proteins, and their local uptake 
via endocytosis. Itsn1 is a multi-domain scaffold protein that coordinates different 
aspects of endocytosis(Pechstein et al., 2010) (Hussain et al., 2001)(Evergren et 
al., 2007). Thus, Itsn1 could have a central organizing role at the EZ. Consistently, 
we recently reported that Itsn1 knockdown abrogates mGluR-mediated AMPAR 
trafficking (van Gelder et al., 2020). The results presented here show that Itsn1 
knockdown does not alter the location or overall morphology of the EZ indicating 
that while Itsn1 has likely an important role in coordinating endocytosis at the EZ, 
Itsn1 does not seem to directly support the maintenance of this clathrin structure. 
Furthermore, removing Shank proteins, which has been shown before to uncouple 
clathrin from the PSD (Lu et al., 2007; Scheefhals et al., 2019), specifically uncoupled 
these early-phase proteins, further indicating that these proteins are indeed stable 
residents and coupled to the EZ, likely to facilitate endocytosis .
 The later-phase proteins HIP1R,Dyn2 and CPG2 were also stably associated 
with the EZ, but this association seemed independent of PSD-EZ coupling via 
Shank. Interestingly, both Dyn2 and HIP1R were more widely distributed, indicating 
that they are not directly coupled to the EZ . Indeed, in most cases, we found that 
the distribution of Dyn2 at the EZ was diffuse, but the clear differential localization 
patterns between different EZs may indicate that dynamin relocates to the EZ upon 
endocytosis as has been suggested before (Rosendale et al., 2017). Unfortunately 
for CPG2, we were not able to obtain sufficient localization maps and cannot draw 
any conclusions about the nanoscale organization of CPG2 at the EZ. Although, 
previous studies have shown that CPG2 couples the actin cytoskeleton to the 
membrane upon endocytosis. Together with our findings that HIP1R and Dyn2 are 
more homogenously distributed relative to the EZ suggests that these later-phase 
proteins are not directly coupled to the EZ under basal conditions but rather reside 
in close proximity, likely via other interactions.
 Finally, we found that PICALM, FCHO1, Epsn2 and Amph were associated 
with the EZ to a much lesser extent and appeared only transiently at perisynaptic 
sites. Interestingly, Amph, Epsn2 and FCHO1 are BAR proteins, and preferentially 
bind curved membranes. Thus, perhaps these proteins are only transiently recruited 
to the EZ upon induction of endocytosis and the associated increase in membrane 
curvature. Taken together, we show that different classes of endocytic proteins, both 
early- and late-phase proteins are associated with the EZ. 
 We and other have consistently found that the EZ is coupled to the PSD via 
a Shank-Homer1c-Dynamin-3 interaction (Lu et al., 2007; Scheefhals et al., 2019). 
However, it is likely that other mechanisms are in place to stabilize the EZ, but how 
this association is established remains unknown.  Several proteins that we identified 
here as EZ components could couple the EZ to the membrane. For example, the AP2 
complex directly binds clathrin heavy chain and phosphatidylinositol 4,5-biphosphate 
(PIP2) (Beacham et al., 2019; Gaidarov and Keen, 1999; Kadlecova et al., 2017; 
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Mettlen et al., 2018; Owen et al., 2000; Shih et al., 1995; Traub et al., 1999) and we 
found that ꞵ2-adaptin was stably associated with the EZ. However, we found that 
expression of a dominant-negative form of AP2mu2 that cannot bind PIP2 did not 
abrogate EZ positioning. Another candidate, PICALM can also simultaneously bind 
PIP2 and clathrin (Ford et al., 2001), but we found that PICALM was only transiently 
associated with the PSD and is thus unlikely to form a stable intermediate between 
the EZ and the membrane. Thus, either these components are not involved in 
coupling the EZ to the membrane or membrane anchoring is not a prerequisite for 
EZ positioning. 
 The actin cytoskeleton is prominent in dendritic spines and supports many 
aspects of synaptic transmission and plasticity. Several endocytic proteins that we 
found enriched at the EZ could link the EZ to the actin cytoskeleton. For instance, 
both HIP1R and CPG2 are actin-binding proteins, and were enriched in dendritic 
spines and associated with the PSD. Notably, these results are consistent with 
previous studies that found that CPG2 localizes to the EZ (Cottrell et al., 2004; 
Nedivi, 1999) and is essential for glutamate receptor trafficking (Loebrich et al., 
2016; Loebrich et al., 2013). In fact, of all the proteins that we analyzed in the current 
study, CPG2 was the most persistently associated with the PSD, and appeared to 
be even more stable than clathrin, suggesting that CPG2 could have a function in 
stabilizing and maintaining the EZ. However, removing CPG2 did not disrupt PSD-
EZ positioning, suggesting that the potential role of CPG2 in stabilizing the EZ is 
perhaps secondary to PSD-EZ coupling via Shank, or that CPG2 is not involved in 
EZ maintenance.HIP1R directly binds clathrin light-chain and physically links clathrin 
to F-actin (Chen and Brodsky, 2005; Engqvist-Goldstein et al., 2001; Wilbur et al., 
2008), to promote actin polymerization at endocytic sites. Moreover, HIP1R has 
been shown before to be involved in maintaining stable clathrin structures (Grove et 
al., 2014; Saffarian et al., 2009). Surprisingly however, neither disruption of the actin 
cytoskeleton with pharmacological compounds, nor interfering with the HIP1R-CLC 
association significantly disrupted the localization or integrity of the EZ. Thus, the 
actin cytoskeleton is most likely involved in facilitating endocytosis at the EZ, but 
does not seem to have a prime structural role in maintaining or positioning the EZ.
 Taken all together, we found that the EZ is a highly organized clathrin 
structure where endocytic proteins are differentially retained and stabilized. This 
distinct organization likely facilitates the efficient capture and endocytosis of synaptic 
membrane proteins close to the PSD. These findings motivate further investigation 
into the molecular composition, the mechanisms that control the recruitment and 
activation of individual EZ components and the coupling of the EZ to the intracellular 
endosomal system. Elucidating these aspects of the EZ will contribute to a better 
understanding of this subcellular structure in neurons that is so critical for the 
maintenance and activity-dependent modulation of neuronal synapses.

MATERIALS AND METHODS
Animals
All animal experiments were performed in compliance with the guidelines for the 
welfare of experimental animals issued by the Government of the Netherlands 
(Wet op de Dierproeven, 1996) and European regulations (Guideline 86/609/EEC). 
All animal experiments were approved by the Dutch Animal Experiments Review 
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Committee (Dier Experimenten Commissie; DEC), performed in line with the 
institutional guidelines of Utrecht University.

Primary hippocampal cultures and transfection
Hippocampal cultures were prepared from brain of embryonic day 18 (E18) Wistar 
rats (both genders) as described before (Scheefhals et al., 2019). Dissociated 
hippocampal neurons were plated on coverslips coated with poly-L-lysine (37.5 µg/ml, 
Sigma-Aldrich) and laminin (1.25 µg/ml, Roche Diagnostics) at a density of 100,000 
neurons per well of a 12-well plate. Cultures were allowed to settle in Neurobasal 
medium (NB) supplemented with 2% B27 (GIBCO), 0.5 mM glutamine (GIBCO), 
15.6 mM glutamate (Sigma-Aldrich), and 1% penicillin/streptomycin at 37ºC in 5% 
CO2. After 24 hours halve of the NB medium was refreshed with BrainPhys medium 
(BP) supplemented with SM1 supplement (Stemcell Technologies) and 1% penicillin/
streptomycin, and kept at 37ºC in 5% CO2. Refreshment were done weekly replacing 
halve of the medium with fresh supplemented BP medium. At DIV11-16 neurons 
were transfected with indicated constructs using Lipofectamine 2000 (Invitrogen). 
Before transfection 300 µl conditioned medium was transferred to a new culture 
plate. For each well, 1.8 µg DNA was mixed with 3.3 µl Lipofectamine 2000 in 200 µl 
BP, incubated for 30 minutes at room temperature and added to the neurons. After 
1 to 1.5 hours, neurons were briefly washed with BP and transferred to the new 
culture plate with conditioned medium with an additional 500 µl supplemented BP 
and kept at 37ºC in 5% CO2 for 4-6 days. For the knock-ins, transfection was done at 
DIV 3 using the Homer-ALFA CamKII construct together with 200 ng of the indicated 
knock-ins.  

DNA constructs
GFP-CLCa was a gift from Dr. Blanpied. Halo-CLCa was obtained by replacing 
the GFP from GFP-CLCa for a Halo-tag using Gibson assembly (NEBbuilder HiFi 
DNA assembly cloning kit). GFP-CPG2 was obtained by replacing the HA-tag in the 
HA-CPG2 construct (gift from Dr. Nedivi) using Gibson assembly. GFP-Intersectin 
Long (Addgene plasmid # 47395) and GFP-CLCb (EED/QQN) (Addgene plasmid # 
47422) were a gift from Peter McPherson. FCHO1-pmCherryC1 (Addgene plasmid 
# 27690), Epsin2-pmCherryC1 (Addgene plasmid # 27673), CALM-pmCherryN1 
(Addgene plasmid # 27691), Amph1-pmCherryN1 (Addgene plasmid # 27692) and 
Syndapin2-pmCherryC1 (Addgene plasmid # 27681) were a gift from Christien 
Merrifield. FKBP-ꞵ2-adaptin-GFP (Wood et al., 2017) and HIP1R-GFP-FKBP 
(Addgene plasmid # 100752) were a gift from Stephen Royle. The AP2m1 patch 1 
mutant (AP2m1-P1-HA) was a gift from Dr. Richmond (Raman et al., 2014). GFP-
Syndapin I was a gift from Dr. Robinson. GFP-Eps15 was a gift from Dr. Van Bergen 
en Henegouwen. shCPG2 was a gift from Dr. Nedivi. The following constructs 
have been described before: Homer1c-mCherry, Homer1c-GFP, Dynamin2-GFP 
(Scheefhals et al., 2019), pSM155-mirItsn-GFP (van Gelder et al., 2020) , GFP-
CLCa knock-in construct (Willems et al., 2020). Homer-ALFA construct was cloned 
by replacing mCherry for the ALFA tag (Gotzke et al., 2019) and the CMV promotor 
was replaced by a CamKII promotor using Gibson assembly. The knock-ins for GFP-
Eps15, GFP-Itsn1 and GFP-Dyn2 were cloned as described previously Willems et 
al., 2020).
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Immunocytochemistry and HaloTag labelling
Neurons were fixed between DIV16-21 with 4% paraformaldehyde (PFA, EM 
grade) diluted in PEM buffer (80 mM PIPES, 5 mM EGTA, 2 mM MgCl2, pH 7.4) 
for 10 minutes at 37ºC and washed three times with PBS supplemented with 100 
mM glycine (PBS-gly). Then, neurons were permeabilized and blocked with 10% 
normal goat serum (NGS) and 0.01% Triton X-100 (TX) in PBS-gly for 30 minutes at 
37ºC. For STED imaging, GFP and mCherry containing constructs were enhanced 
with corresponding polyclonal anti-GFP (1:2000, MBL) and anti-mCherry (1:1000, 
Clonetech) antibodies diluted in PBS-gly supplemented with 5% NGS and 0.01% 
TX, for an overnight at 4ºC. The next day, coverslips were washed three times in 
PBS-gly and anti-GFP was further labelled with ATTO647N (1:500, Sigma) and anti-
mCherry was labelled with CF568 (1:500, Sigma) for 2 hours at room temperature 
(RT), washed and mounted in Mowiol (Sigma). For SMLM on Homer-mCherry and 
GFP-CLCa the same procedure was used as described above, but anti-GFP was 
labelled with Alexa-647-conjugated secondary antibodies (Life Technologies). After 
two hours, coverslips were washed three times and kept in PBS until further use. 
For SMLM on Halo-CLCa combined with various endocytic proteins fused to GFP, 
we first performed live-labeling with Halo-JF646 (1:1000, Promega) for 15 minutes 
at RT. To label endocytic proteins, GFP was labelled with a monoclonal anti-GFP 
(1:1000, Thermo Fisher) and labelled with a corresponding CF568-conjugated 
secondary antibody (1:500, Sigma). Although the localization density obtained for 
Halo-CLCa labelled with JF646 was lower compared to GFP-CLCa labelled with 
primary and secondary antibodies, no difference in CLCa morphology was observed 
(Supplement Figure 2). For the KIs, the GFP tagged proteins were enhanced using 
polyclonal GFP antibody described above and further labelled with Alexa488 (1:500, 
Life Technologies). During the incubation of the secondary antibody Homer1c-
ALFA was labelled with Cy3-conjugated FluoTAG X4 anti-ALFA (1:500 Fluotag X4, 
Nanotag). For the endogenous antibody labelling the same protocol was used as 
described above, using anti-Eps15 (1:400,Cell Technologies), anti-Itsn1 (1:400) and 
anti-Dyn2 (1:400, BD transduction), further labelled with Alexa488. Homer1c-ALFA 
was labelled with Cy3 during the secondary antibody labelling. 

Confocal imaging
Confocal images were acquired with a Zeiss LSM 700 confocal laser-scanning 
microscope using a Plan-Apochromat 63x NA 1.40 oil objective. Images consist of 
a z-stack of 5-9 planes at 0.37-µm interval, and maximum intensity projections were 
generated in Fiji (Schindelin et al., 2012) for analysis and display. 

STED imaging
Gated STED (gSTED) images were taken with the Leica TCS SP83x microscope 
using a HC PL APO 100x/NA 1.4 oil immersion STED WHITE objective. The 488 
nm pulsed white laser (80 MHz) was used to excite Alexa-488, 561 nm to excite 
CF568, and the 647 nm to excite JF646 and ATTO647N labeled proteins. JF646 and 
ATTO647N were depleted with the 775-nm pulsed depletion laser, and for depleting 
CF568 the 660-nm pulsed depletion laser was used. The internal Leica HyD hybrid 
detector was set at time gate between 0.3 and 6 ns. Images were taken with a pixel 
size lower than 40 nm, and Z-stacks were acquired. Maximum intensity projections 
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were generated in Fiji (Schindelin et al., 2012) for analysis and display.

Live-cell imaging
Live-cell imaging was performed on a spinning disk confocal system (CSU-X1-A1; 
Yokogawa) mounted on a Nikon Eclipse Ti microscope (Nikon) with Plan Apo 
VC 100x 1.40 NA with excitation from Cobolt Calyspso (491 nm), and Jive (561 
nm) lasers, and emission filters (Chroma). The microscope was equipped with a 
motorized XYZ stage (ASI; MS-2000), Perfect Focus System (Nikon), Evolve 512 
EM-CCD camera (Photometrics), and was controlled by MetaMorph 7.7.6 software 
(Molecular Devices). Neurons were maintained in a closed incubation chamber 
(Tokai hit: INUBG2E-ZILCS) at 37ºC in extracellular imaging buffer. For high 
frequency live-cell imaging (Figure 2A-D) images of GFP-CLCa were taken every 5 
seconds for 5 minutes. For long-term live-cell imaging of Homer1c and CLCa (Figure 
2E), images were taken every 30 seconds for 20 minutes. Lastly, imaging Homer1c 
and endocytic proteins fused to either mCherry or GFP was done taking images 
every 20 seconds for 10 minutes. In all the above-mentioned experiments Z-stacks 
of 5-9 planes were acquired, with varying step sizes per neuron. Also Homer1c-
mCherry was only imaged in the first and last frame. Maximum intensity images 
were analyzed in Fiji, by manually drawing same-size ROIs around individual puncta 
associated with PSDs. To measure lifetimes of clathrin and endocytic proteins we 
used the TrackMate plugin (Tinevez et al., 2017). 

Fluorescence recovery after photobleaching
FRAP experiments were performed on the spinning disk confocal system as 
described above, using the ILas2 system (Roche scientific). A baseline of 2 minutes 
with a 20-second interval was taken, followed by photobleaching of individual puncta 
with a targeted laser. The recovery of fluorescence of GFP-CLCa was imaged for 3 
minutes with 20-second interval, followed by 12 minutes with 60-second interval, and 
4 minutes with 120-second interval, resulting in a total recovery time of 19 minutes. 
For imaging the recovery of the endocytic proteins an acquisition of 10 minutes 
was taken (2-minute baseline, 3 minutes with 20-second interval and 7 minutes 
with 60-second interval). For acquiring FRAP images, a single Z-plane was taken. 
Fluorescence intensity was measured in Fiji, by manually drawing same-size ROIs 
around puncta. For analysis, acquisitions were corrected for drift. For each ROI, the 
mean intensity was measured for every time point and corrected for background 
and bleaching. Normalized intensities were plotted over time. Individual curves were 
fitted with a single-exponential function I = A(1 – exp(-Kt)) to estimate the mobile 
fraction (A) and time constant tau.

Single-molecule localization microscopy and analysis
dSTORM data was acquired on the Nanoimager S from ONI (Oxford Nanoimaging 
Ltd.), equipped with a 100x, 1.4NA oil immersion objective, an XYZ closed-loop piezo 
stage, and four laser lines: 405-nm, 471-nm, 561-nm and 640-nm. Fluorescence 
emission was detected using a sCMOS camera (ORCA Flash 4, Hamamatsu). Stacks 
of 10,000 images were acquired at 20 Hz in TIRF mode. Samples were imaged in 
PBS containing 10 - 50 mM MEA, 5% w/v glucose, 700 μg/ml glucose oxidase, 
and 40 μg/ml catalase. Data was processed in NimOS software from ONI. Before 
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each imaging session, a bead sample calibration was performed to align the two 
channels, achieving a channel mapping precision smaller than 8 nm. Images were 
rendered in ONI software and loaded into Fiji. Here, ROIs of 1 x 1 µm were drawn 
around individual EZ. The ROI sets were imported in Matlab (2018b) for analysis.
First, tracking was performed on the localization data to merge localizations that 
were detected in more than two consecutive frames as described in (Willems et 
al., 2020) . Next, a localization cutoff of 15 nm was taken to further analyze the 
localization data. A DBScan was performed to define the borders of Homer1c and 
CLCa in figure 4, using an epsilon of 0.2 and minimum number of localizations of 
100. For figure 6, an epsilon of 0.35 and minimum number of localizations of 50 was 
used. For figure 6, rings were applied to reveal the relative distribution of endocytic 
proteins to the EZ. Rings were calculated as a percentage of the 100% polyshape 
given by the DBScan. Inwards, 5 rings were created: 0-20, 20-40, 40-60, 60-80, 
80-100; and outwards 3 rings were created: 100-120, 120-140, 140-160. Then, the 
number of localizations for each of the endocytic proteins were calculated per ring. 
The fraction of these localizations per EZ, were plotted against the fraction of the 
area of the ring and normalized to 1.  

Pharmacology
For all the following experiments DIV15-16 neurons were used. Latruncalin B (20 
µM, Bioconnect), Jasplakinolide (20µM, Tocris) and CK-666 (400µM, Sigma), were 
incubated in preheated extracellular imaging buffer for 30 minutes at 37ºC. After 
incubation, the neurons were immediately fixed as described before. 

Quantification of EZ-associated synapses
For the Shank knockdown experiments DIV14 neurons were transfected with 
pSM155-mCherry or pSM155-mirShank-mCherry together with Homer1c-ALFA and 
indicated construct. Homer1c-ALFA was labelled with JF646-conjugated FluoTAG 
X4 anti-ALFA (1:500 Fluotag X4, Nanotag). In the experiments manipulating actin 
dynamics, Homer-mCherry and GFP-CLCa expressing neurons were incubated with 
Latrunculin B (20 µM, Bioconnect), CK666 (400 µM, Tocris) or Jasplakinolide (20 
µM, Tocris) in E4 for 30 minutes at 37˚C and fixed immediately after. As a control 
E4 containing DMSO was used. GFP-CLCa or GFP-CLCb-EED/QQN were co-
expressed with Homer1c-mCherry. pSM155-mirItsn and shCPG2 were co-expressed 
with Homer1c-mCherry and Halo-CLCa labelled with JF646. AP2m1-WT or AP2m1-
P1-HA was co-expressed with Homer1c-mCherry and GFP-CLCa. To quantify the 
fraction of synapses with an associated EZ or puncta of endocytic protein, circular 
regions with a fixed diameter (0.69-0.89 µm) were centered on the Homer1c signal 
to outline synaptic regions. These regions were then transferred to the GFP-CLC or 
tagged endocytic protein channel. A synapse was classified positive if the endocytic 
protein cluster overlapped partially or completely with the circular region. The fraction 
of positive synapses was calculated per cell and averaged per condition over the 
total population of neurons. Data plotted is normalized to the average of the control.

Statistical analysis 
Statistical significance was tested using a student’s t-test when comparing two 
groups. When comparing multiple groups statistical significance was tested using 
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a one-way ANOVA followed by a Tukey or Dunnett’s multiple comparison post-hoc 
test. All the statistical tests with a p-value below 0.05 were considered significant. 
In all figures, significance is indicated as follows: p < 0.05 is indicated by *, p < 
0.01 by **, and p < 0.001 by ***. Analysis was performed on neurons originating 
from at least two individual batches of hippocampal neurons. Number of neurons 
used for analysis is indicated as N, number of spines or clathrin-coated structures is 
represented as n.     
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Supplementary Figure 1. Distribution of endogenously tagged CLCa in neurons. (A) Example 
image of neuron expressing Homer1c-mCherry and GFP-CLCa knock-in construct. Scale bar: 20 µm. 
(B) Example image of clathrin-coated structures in the dendrite (upper panel) and zooms of individual 
synapses associated with an EZ (lower panel). Scale bars: 2 µm, zooms: 500 nm. (C) Quantification of the 
average number of clathrin-coated structures per synapse, plotted as mean ± SEM (n = 6).
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Supplementary Figure 2. SMLM reveals nanoscale scale architecture of PSD-associated CLCa 
structures. (A) Example plots visualizing the individual localizations obtained for Homer1c (magenta) 
and CLCa (orange). Two or more individual CLCa structures can be observed per PSD. Scale bar: 500 
nm. (B-D) Data visualized in these plots is the same data represented in Figure 3, but here a distinction 
was made between PSDs containing one (blue) or two (green) CLCa structures is made. (B) Histogram 
of the distance from the border of the PSD to the border of CLCa structures. (C) Scatterplot showing 
the dimensions of larger (blue) CLCa structures, most likely representing the EZ, and smaller CLCa 
structures (green) (big structures: n = 92, small structures: n = 13). (D) Histogram showing circularity ratio 
of CLCa structures. (E) Comparison of the average area of CLCa puncta labelled with different strategies 
(GFP-CLCa labelled with monoclonal GFP and CF568, Halo-CLCa labelled with halo-JF646), plotted as 
mean ± SEM (GFP-CF568: n = 103, Halo-JF646: n = 50).
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Supplementary Figure 3. Endogenously labeling of endocytic proteins in neurons. (A) Quantification 
of the average number of EZ proteins puncta per synapse after overexpression (OE) or knock-in (KI). OE 
data represented is a copy from the data shown in figure 4C. KI Eps15 (N = 8), KI Itsn1 (N = 9), KI Dyn2 
(N = 7). Data is plotted as mean ± SEM. (B) Example images (confocal) of Homer1c-ALFA labelled with 
Cy3 and endogenous labelling of EZ proteins using antibodies. Scalebar: 5µm, zoom: 500 nm. 
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Supplementary Figure 4. FRAP curves of endocytic proteins compared to CLCa. (A-G) FRAP 
curves of endocytic proteins (grey) and CLCa (blue) after bleaching on t = 0 for (A) ꞵ2-adaptin (n = 13), 
(B) Eps15 (n = 23), (C) Itsn1L (n = 20), (D) CPG2 (n = 22), (E) HIP1R (n = 44 ) and (F) Dyn2 (n = 51). All 
graphs show the same CLCa (n = 32) data for comparison. All data is plotted as mean ± SEM.
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Supplementary Figure 5. Endocytic proteins colocalize with the EZ. (A) Examples of endogenous 
Homer1b/c (eHomer1b/c) labelled with anti-Homer1 antibody (magenta), combined with Halo-CLCa 
labelled with JF646 (orange) and co-expressed with endocytic proteins fused to GFP labelled with CF568 
(cyan). eHomer1b/c was imaged using confocal, for CLCa and endocytic proteins gSTED was applied. 
Scale bar: 500 nm. (B) Percentage of eHomer1c-associated CLCa puncta overlapping with endocytic 
protein signal. (C) Percentage of eHomer1c-associated endocytic protein puncta overlapping with CLCa 
signal. Bar graphs show mean ± SEM, normalized to the average of the representative controls described 
in method section.
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ABSTRACT
At excitatory synapses, the postsynaptic endocytic zone (EZ) regulates the local 
internalization of glutamate receptors and is vital for synaptic plasticity. Uncoupling 
of the EZ from the postsynaptic density (PSD) blocks receptor recycling and impairs 
the induction of long-term potentiation (LTP). However, while activity-dependent 
alterations in synaptic structure are well studied, whether the EZ undergoes 
reorganization in response to changes in synaptic activity remains unknown. Here, 
we found that in hippocampal neurons PSD-EZ coupling is correlated to spine 
morphology. Mature, mushroom spines more often contained a PSD associated with 
an EZ  than immature thin spines, suggesting that PSD-EZ coupling is connected to 
maturation or activity history of individual synapses. Indeed, we found that chemical 
LTP (cLTP) induced long-lasting reorganization of the EZ. In contrast, long-term 
depression (LTD) induced by activation of group I mGluRs (mGluR-LTD) induced a 
rapid, transient increase in the number of clathrin-coated structures per PSD, while 
NMDA receptor-dependent cLTD (NMDA-LTD) did not. Interestingly, also chronic 
changes in network activity did not affect EZ organization. The mechanisms and 
functional implications underlying the structural reorganization of the EZ upon 
synaptic plasticity have yet to be determined, but we propose that activity-directed 
plasticity of the EZ tunes the endocytic capacity of individual synapses.

INTRODUCTION
At glutamatergic synapses, activity-dependent alterations in synaptic strength are 
accompanied by changes in size, shape and synaptic content (Matsuzaki et al., 
2001; Meyer et al., 2014; Nusser et al., 1998). Long-term potentiation (LTP) induces 
rapid spine expansion followed by synaptic growth, while long-term depression 
(LTD) is associated with spine shrinkage (Straub and Sabatini, 2014). Apart from 
synaptic growth, LTP induces dramatic changes in molecular composition of the 
postsynaptic density (PSD) to facilitate the expression of synaptic plasticity (Bosch 
et al., 2014; Meyer et al., 2014). While spine volume and structural changes are 
important effectors of synaptic plasticity, ultimately the density of AMPA receptors 
in the PSD determines synaptic strength. During LTP, AMPA receptors are recruited 
to the PSD, while LTD is associated with the removal and internalization of AMPA 
receptors (Anggono and Huganir, 2012; Bredt and Nicoll, 2003; Malinow and 
Malenka, 2002; Shepherd and Huganir, 2007). Understanding the mechanisms that 
regulate activity-dependent membrane trafficking of AMPA receptors has therefore 
been subject of intense investigation.
 The endocytic zone (EZ) is a clathrin-marked structure that is physically 
coupled to PSD and facilitates local endocytosis of postsynaptic AMPA receptors 
(Blanpied et al., 2002; Lu et al., 2007; Rosendale et al., 2017). Receptors that are 
internalized via the EZ, enter a local recycling compartment that allows receptors to 
recycle back to the PSD, for example during LTP (Petrini et al., 2009). The localized 
endocytosis via the EZ is therefore critical for synaptic transmission, and uncoupling 
of the EZ from the PSD results in the loss of synaptic AMPA receptors and impaired 
LTP (Lu et al., 2007; Petrini et al., 2009). While changes in spine morphology, 
synapse structure and AMPA receptor trafficking during synaptic plasticity are 
extensively studied, whether the EZ itself undergoes activity-dependent alterations 
is not known. Early studies on the EZ showed that several LTD protocols did not lead 
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to disappearance of the EZ, suggesting that clathrin remains tightly associated to the 
EZ after LTD (Blanpied et al., 2002). However, whether reorganization within the EZ 
occurred, could not be determined due to the use of diffraction-limited microscopy 
techniques. Here, we used super-resolution microscopy to resolve the EZ at high 
spatial resolution in hippocampal neurons. We found that the association of the EZ 
with the PSD was already apparent during early development but steadily increased 
and most prevalent in mushroom-type spines. For the first time we show that the EZ 
is subjected to molecular reorganization during synaptic activity. While,  chemical 
LTP (cLTP) resulted in long-lasting reorganization of the EZ, mGluR receptor  LTD 
led to a transient reorganization. Interestingly, NMDA receptor LTD did not affect 
EZ organization. .Similarly, we show that homeostatic plasticity does not affect EZ 
organization.Based on these findings, we propose that EZ appearance during early 
development is coupled to PSD maturation. At mature neurons, the is EZ reorganized 
in response to synaptic activation.

RESULTS
The appearance of PSD-associated CCS is coupled to PSD formation
To visualize the distribution and appearance of endogenous clathrin-coated structures 
(CCS) during development we generated a GFP-CLCa knock-in at DIV3 and fixed 
the neurons at different timepoints. We co-expressed Homer1c-mCherry to visualize 
the PSD. From DIV7 to DIV11 the dendritic shaft primarily contained small circular 
CCS, and CLCa appeared relatively diffuse compared to later timepoints (Figure 
1A). From DIV14 to DIV18 large dendritic CLCa assemblies started to appear and 
seemed to gradually increase in number over time (Figure 1A, data not shown). 
Next, to see the appearance of PSD-associated CCS, we quantified the number of 
Homer1c puncta associated with a CCS (Figure 1A). Interestingly, while the number 
of PSDs per 20 µm increased five-fold from DIV7 to DIV16 (DIV7: 5.2 ± 1.2 %, DIV16: 
26 ± 2%) (Figure 1B), the percentage of PSDs associated with a CCS only increased 
by 28% during the same period (DIV7: 55 ± 8%, DIV16: 83.1 ± 4.5%) (Figure 1C). 
Nevertheless, the PSD-CCS association significantly increased from DIV7 to DIV14 
and DIV16, with over 80% of PSD associated with a CCS from DIV14 onwards. 
Thus, synaptogenesis seems to be accompanied with the formation of the EZ.   

PSD-EZ association is most prevalent in mushroom spines
During development newly formed spines are thought to develop from immature, 
thin spines to mature mushroom spines (Runge et al., 2020; Sala et al., 2008). To 
test if PSD-CCS association is correlated with spine morphology, we expressed 
GFP as a cell fill together with Homer1c-mCherry and CLCa-Halo labelled with 
JF646. First, we classified spines in four different groups: filopodia-like spines that 
are characterized by long thin protrusions; thin spines characterized by a long thin 
neck with slight thickening at the top; stubby spines that have no discernable spine 
neck and mushroom spines characterized by a short thin neck and a large spine 
head (Figure 1D, E). At DIV16, thin (35.4 ± 3.8%) and mushroom-type  spines (39.5 
± 0.6%) were the most prevalent in our dissociated hippocampal neurons, while 
stubby spines were less prevalent (21.8 ± 3.3%) and filopodia-like spines were 
nearly absent (2.1 ± 0.7%). Next, we quantified the percentage of spines containing 
Homer1c, CLCa or both. We found that thin, stubby and mushroom spines all 
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contained a clear Homer1c puncta, indicating the presence of a PSD within these 
spines (Figure 1G). Interestingly, approximately half of the thin (39.9 ± 16.6%) and 
stubby (55.8 ± 5.2%) spines contained a CLCa puncta. Similarly, half of the thin (40.7 
± 16.5%) and stubby (56.6 ± 5.4%) spines were marked by both Homer1c and CLCa, 
showing that CLCa in spines is always associated with a PSD.In mushroom spines, 
that are thought to represent mature and active synapses, the presence of CLCa 

Figure 1. The appearance of PSD-associated CCS is associated with PSD formation, and most 
prevalent in mushroom-type spines. (A) Example confocal images of neurons expressing Homer1c-
mCherry (red) together with GFP-CLCa-KI (cyan) over time. Scale bar: 5 µm. (B) Density of PSDs at 
different timepoints during development (N = 4-9). (C) PSD-CCS association at different timepoints during 
development. PSD-CCS association significantly increased from DIV7 till DIV14 and DIV16 (N = 4-8, p 
< 0.01). (D) Illustration of different spine morphologies. (E) Example image of a neuron expressing GFP 
as a cell fill at DIV16. Zooms represent the different spine types analyzed. Scale bar: 5 µm, zoom: 1 µm. 
(F) Percentage of spines classified in the different spine morphology groups in DIV16 neurons (N = 9). 
(G) Percentage of spines containing a Homer1c puncta (dark grey), a CLCa puncta (middle grey) and 
Homer1c-CLCa (light grey) (N = 5).  
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and Homer1c-CLCa association was most frequently observed, with 84.2 ± 7.3% of 
PSDs containing CLCa puncta.   

cLTP induces splitting of the EZ at mature synapses
To test if synaptic activity leads to changes in PSD-EZ coupling we induced chemical 
LTP (cLTP) at DIV16, in neurons co-expressing Homer1c-mCherry and GFP-CLCa. 
Neurons were stimulated for 5 minutes with 200 mM glycine in Mg2+-free buffer, and 
allowed to recover for 25 minutes, after which neurons were fixed and GFP-CLCa 
was labelled with Atto647N for gSTED imaging. Interestingly, we found that not the 
number of PSDs containing an EZ increased but that the number of PSDs associated 
with two or more CCSs significantly increased (control: 17.6 ± 2.8%, cLTP: 29.1 ± 
2.7%, p < 0.01) (Figure 2A, B). This effect was completely blocked by AP5, an NMDA 
receptor antagonist, suggesting that the appearance of multiple CCSs associated 
with PSDs after cLTP was triggered by NMDA receptor activation. Moreover, the size 
of the PSD correlated to the number of associated CCSs under basal conditions, 
with larger PSDs more frequently associated with multiple CCSs than smaller PSDs 
(Figure 2C). To see whether the presence of multiple CCSs per PSD was transient or 
was a long-lasting effect we fixed neurons at different timepoints, and observed that 
the increase in the number of CCSs per PSD was stable, even up to 120 minutes 
after induction of cLTP (Figure 2D). 
 The increase in CCSs associated with PSDs could be due to recruitment of 
new clathrin or due to the splitting of the pre-exisiting CCS. To differentiate between 
these possibilities, we used live-cell gSTED to observe changes over time within 
individual synapses after cLTP (Figure 2E). Indeed, we found that cLTP induced 
structural alterations of the EZ (Figure 2E). In some cases multiple CCSs could 
be observed 5 minutes after cLTP, however these structures rapidly disappeared, 
perhaps indicating the formation of transient endocytic vesicles. Other examples 
clearly showed more structural reorganization of the EZ 5 minutes after cLTP, that 
resulted in multiple CCSs associated with the PSD after 30 minutes. Interestingly, 
this seemingly splitting of the PSD was associated with an increase in PSD area. 
PSDs that were not associated with multiple CCSs after 30 minutes remained the 
same size (Figure 2F). These results suggest that splitting of the EZ preferentially 
occurs in PSDs that are strongly potentiated by the cLTP protocol. Finally, to further 
test that the observed effect was due to splitting and not due to new recruitment of 
CLCa, we used confocal imaging and analyzed the intensity and total area of CLCa 
per spine after cLTP induction. Indeed, we found that CLCa area was not different 
between control and cLTP (Control: 0.06 ± 0.007, cLTP: 0.05 ± 0.009). Similarly, 
live-cell confocal imaging showed that CLCa intensity was not changed after cLTP 
(Figure 2G, E), indicating that there is no recruitment of new clathrin molecules to the 
EZ. Interestingly, we found under basal conditions that when PSDs were associated 
with multiple CCSs, both these CCSs were associated with other endocytic proteins, 
including ß2-adaptin, Eps15, Hip1R, Intersectin (Itsn1L) and dynamin2 (Dyn2) 
(Supplement figure 1A, B). 

mGluR-LTD but not NMDA-LTD transiently increases the number of CCS per 
PSD
Next, we tested whether apart from protocols that potentiate synapses, long-term 
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Figure 2: cLTP induced multiple CCSs per PSD. (A) Example images of Homer1c-mCherry (red, 
confocal) and GFP-CLCa labelled with Atto647N (cyan, gSTED) under basal conditions (upper panel) 
and 25 minutes after cLTP induction (lower panel). Scale bar: 5 µm, zoom: 500 nm. (B) Quantification 
of the number of CCSs per PSD under basal control conditions (grey), after cLTP (orange) and cLTP in 
the presence of AP5 (blue) (Control: 17.6 ± 2.8%, LTP: 29.1 ± 2.7%, p < 0.05) (N = 8-11). (C) Bar graph 
with individual values showing the correlation between PSD area and the number of CCS per PSD (n 
= 26-36). (D) Timeline showing the relative number of PSDs associated with multiple CCS normalized 
to timepoint 0 (n = 8-13). (E) Example image of live-cell gSTED on GFP-CLCa-JF646 overlayed with 
confocal image of Homer1c-mCherry. Zooms show examples of morphological alterations of the EZ after 
cLTP induction. Scale bar: 5 µm, zoom: 500 nm. (F) PSD area before (0’), directly after cLTP (5’) and after 
recovery (30’). The orange line shows individual PSDs that were associated with one CCS at timepoint 
0 and two at timepoint 30, the blue line shows PSD that have one CCS throughout the time of imaging. 
Area is normalized to timepoint 0 (n = 5). (G) CLCa area per spine, measured using confocal imaging (N 
= 6-8). (F) Relative intensity of CLCa per spine, before and after cLTP (n = 31).
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synaptic depression is also associated with structural changes in the EZ. We 
therefore compared two distinct paradigms to induce LTD: one triggered by NMDAR 
activation (NMDA-LTD) and one induced by activation of group I mGluRs (mGluR-
LTD). First, neurons were incubated with NMDA for 5 minutes or DHPG for 10 
minutes, and  were allowed to recover up to 30 minutes. We found no significant 
differences in the number of CCS associated with PSDs after 30 minutes with both 
protocols (Figure 3A, B). A slight reduction in PSD-EZ association and increase in 
the number of PSDs lacking an EZ was observed in both groups, however these 
results were not significant (Figure 3B). Thus, cLTD does not seem to induce long-
lasting structural alterations of the EZ as we observed for cLTP. However, since 
both forms of LTD rely on AMPAR endocytosis, we considered that perhaps the 
EZ undergoes transient alterations or alterations on a shorter timescale after the 
induction of cLTD. To test this, we fixed neurons at different timepoints: before, during 
and immediately after the induction of cLTD and after the recovery time. Surprisingly, 
we found that DHPG induced a transient, two-fold increase in the number of PSDs 
associated with multiple CCSs after 5 minutes (control: 0.95 ± 0.14, 5’ DHPG: 2.1 
± 0.35), that recovered to control levels after 10 minutes (Figure 3C, D).  However, 
this effect was not observed after NMDA application. Furthermore, we found that 
the mGluR5 antagonist MPEP effectively blocked the effect of DHPG, however, the 
protein translation inhibitor anisomycin did not block the increase in the number 
of CCS per PSD after 5 minutes DHPG, although the increase in the number of 
CCSs per PSDs after DHPG + anisomycin was not significant compared to control. 
Intriguingly, we did not find reorganization of other endocytic proteins after DHPG 
(supplement figure 2B, C). 

Forms of homeostatic plasticity does not alter the PSD-EZ association
To test if protocols that induce homeostatic plasticity change PSD-EZ association we 
incubated neurons with AP5 and CNQX to block NMDA and AMPA receptor mediated 
transmission, and TTX to block sodium channels for five days. Both paradigms result 
in homeostatic plasticity and synaptic upscaling (Chowdhury and Hell, 2018; Fong 
et al., 2015; Wang et al., 2012). We found that these chronic changes in network 
activity did not alter the number of CCSs per PSD. A slight increase in the number 
of PSDs lacking an EZ was observed after chronic TTX treatment, however these 
results were not significant. The size of the PSD was significantly increased after 
CNQX/AP5 and TTX compared to control, suggesting that synaptic upscaling did 
occur (control: 0.24 ± 0.013 µm2, CNQX/AP5: 0.35 ± 0.022 µm2, TTX: 0.34 ± 0.032 
µm2, p < 0.01). Thus, in contrast to LTP and LTD, homeostatic plasticity paradigms 
do not seem to alter PSD-EZ coupling. 

DISCUSSION
Changes in synaptic activity are associated with prominent alterations in spine 
morphology, synaptic content and synapse organization. While synaptic organization 
in developing and mature neurons has been studied in detail over the past decades, 
whether perisynaptic regions undergo alterations during activity is not known. In 
particular, the postsynaptic EZ, that is vital for proper synaptic function by facilitating 
local endocytosis and recycling of synaptic components is poorly understood. 
Although, the critical function of the EZ is broadly acknowledged, whether PSD-EZ 
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Figure 3: mGluR-LTD but not NMDA-LTD transiently increases the number of CCS per PSD. 
(A) Example images of Homer1c-mCherry (red, confocal) co-expressed with GFP-CLCa labelled with 
Atto647N (cyan, gSTED), under basal control conditions (upper panel), after NMDA application (middle 
panel) and after DHPG (lower panel). Scale bar: 5 µm, zoom: 500 nm. (B) Quantification of the number of 
CCS per PSD (N = 7-10). (C) Example images after 5 minutes DHPG (left) and NMDA (right). Scale bar: 
5 µm, zoom: 500 nm. (D) Relative number of PSDs associated with multiple CCS after DHPG (blue) and 
NMDA (orange). DHPG significantly increases the number of PSDs associated with multiple CCS after 
5 minutes (N = 11-19, p < 0.01), NMDA-LTD did not significantly affect PSD-CCS association (N = 5-13, 
p > 0.05). (E) Percentage of PSDs containing multiple CCS. 5 minutes DHPG significantly increased the 
number of PSDs containing multiple CCS (N = 9, p < 0.05). MPEP effectively blocked this effect (N = 10), 
while anisomycin did not completely block this effect (N = 11), however the data is not significant.  
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coupling is altered or whether the EZ undergoes structural alterations in response to 
synaptic activity has not been studied extensively. Here, we show that cLTP induces 
the appearance of multiple clathrin structures that remain closely associated to the 
PSD for up to 120 minutes after induction. In contrast, cLTD did not result in long-
lasting alterations, however mGluR-LTD, but not NMDA-LTD resulted in a transient 
two-fold increase in the number of CCSs per PSD.  
 Our data shows that CCSs are prevalent throughout development, however, 
the appearance and morphology changes over time. During early development CCSs 
appear as small circular structures in the dendritic shaft, most likely representing 
transient clathrin-coated pits (Blanpied et al., 2002), while in the later stages large 
CCSs dominate the dendritic shaft, likely representing stable membrane features 
(Blanpied et al., 2002; Grove et al., 2014; Saffarian et al., 2009). In spines, we 
found that the number of PSDs rapidly increases over time, however already early 
in development half of the PSDs were associated with clathrin. Moreover, we also 
found that PSD-CCS association was most prevalent in mushroom-type spines, 
suggesting that the appearance of PSD associated CCS is linked to synaptic activity 
and maturation stage. Whether these specific CCSs were stably associated with 
the PSD early in development was not determined, and live-cell imaging should 
determine whether these CCSs are indeed stable EZs. 
 We found that 5 minutes cLTP followed by 25 minutes recovery was 
sufficient to effectively increase the size of Homer1c puncta in a subset of PSDs. 
Homer1c was previously described to be rapidly recruited after LTP, indicating 
effective LTP induction in a subset of our PSDs (Meyer et al., 2014). This subset was 
specifically associated with multiple CCSs per PSD, that originate from EZ splitting. 
Interestingly, both CCSs obtained from EZ splitting remained close to the PSD up 
to 120 minutes after cLTP, suggesting that both structures are stable. Moreover, we 
found that PSDs associated with multiple CCS were often associated with multiple 
endocytic protein puncta. For example, ß2-adaptin, Eps15, Hip1R, Intersectin1-long 
and Dynamin2 were frequently observed at both CCSs, suggesting that the entire EZ 
was reorganized. However, whether the second structure is truly stable and coupled 
to the PSD, resembling the EZ, is yet to be determined. The novel observation 
of EZ splitting during cLTP raises many questions and potential targets for new 
research. A previous electron microscopy study showed that cLTP results in PSD 
perforation that results in the presence of multiple clathrin-coated pits associated 
with perforated PSDs (Puchkov et al., 2011), perhaps indicating increased endocytic 
capacity of potentiated synapses. Future studies should investigate whether LTP is 
accompanied by an increase in endocytic capacity to perhaps accompany enhanced 
receptor trafficking and recycling.
 Interestingly, we found that LTD did not lead to the disappearance of the 
EZ, but rather induced a transient increase in the number of CCSs per PSD. The 
transient nature of these CCSs might suggest that these structures represent 
endocytic vesicles. Interestingly, this effect was specificcaly observed after mGluR-
LTD, but not NMDA-LTD. Previous studies showed endocytosis in close proximity to 
the PSD after NMDA-LTD, however it was not determined whether the endocytosis 
took place at the EZ (Rosendale et al., 2017). Although, mGluR-LTD and NMDA-LTD 
are fundamentally distinct processes, and differences in underlying mechanisms 
might explain the differential findings. For instance, a recent study showed that 
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NMDA-

LTD results in significant spine shrinkage, while DHPG did not change spine volume 
(Thomazeau et al., 2020). Interestingly, even though chronic silencing of network 
activity increased PSD size, the number of PSDs associated with multiple CCSs was 
not increased. The mechanisms underlying the expression of homeostatic plasticity 
are fundamentally different from those of Hebbian plasticity (Turrigiano, 2012). For 
example, while both LTP and LTD depend on PICK1 to recruit AMPA receptors to 
the EZ and regulate recycling, homeostatic plasticity is unaffected by loss of PICK1 
(Anggono et al., 2011). Moreover, chronic blockage of activity reduces the levels of 
PICK1, while AMPA receptor recycling is enhanced, suggesting that AMPA receptor 
trafficking during homeostatic plasticity is not facilitated by the EZ. Therefore it is 
plausible that EZ organization is not altered during homeostatic plasticity and further 
highlights the specific role for the EZ during Hebbian forms of plasticity. 
 Interestingly, the fact that homeostatic plasticity does not lead to alterations 
in PSD-EZ association suggests that the absence of NMDA and AMPA receptor-
mediated transmission does not remove the EZ from the PSD. These observations 
might be contradicting our earlier hypothesis that EZ appearance is coupled to PSD 
formation, which highly depends on synaptic activity (De Roo et al., 2008). However, 
homeostatic plasticity was induced starting at DIV11. At that point already 60% 
of PSDs are associated with an EZ, suggesting that perhaps lack of NMDA and 
AMPA receptor-mediated transmission does not actively remove existing EZ, but 

Figure 4: Homeostatic plasticity does not alter PSD-EZ association. (A) Example images of 
Homer1c-mCherry (red, confocal) co-expressed with GFP-CLCa labelled with Atto647N (cyan, gSTED), 
under basal control conditions (upper panel), after CNQX+AP5 application (middle panel) and after TTX 
(lower panel). Scale bar: 5 µm, zoom: 500 nm. (B) Quantification of the number of CCS per PSD (N = 
9-13). (C) PSD area in the different conditions. CNQX+AP5 (0.35 ± 0.022 µm2, n = 76, p < 0.01) and TTX 
( 0.34 ± 0.032 µm2, n = 72, p < 0.01) significantly increased the size of the PSD compared to control (0.24 
± 0.013 µm2, n = 103).
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might affect the appearance of new EZ. Future research should determine whether 
absence of trafficking, for example by removing AMPA receptors using knock-down 
strategies leads to removal of the EZ.
 To conclude, in contrast to earlier findings that the EZ is optical stable, 
we found that synaptic activity induces structural reorganization of the EZ. These 
preliminary observations trigger many questions and open up many possibilities for 
future research. Gaining insight into the molecular mechanisms of EZ reorganization 
during LTP would greatly contribute to our understanding of synaptic plasticity.

MATERIALS AND METHODS
Animals
All animal experiments were performed in accordance to the guidelines for the welfare 
of experimental animals issued by the Government of the Netherlands (Wet op de 
Dierproeven, 1996) and European regulations (Guideline 86/609/EEC). All animal 
experiments were approved by the Dutch Animal Experiments Review Committee 
(Dier Experimenten Commissie; DEC), and performed in line with the institutional 
guidelines of Utrecht University. 

Primary hippocampal cultures and transfection
Hippocampal cultures were prepared from brain of embryonic day 18 (E18) Wistar 
rats (both genders) as described before (Scheefhals et al., 2019). Dissociated 
hippocampal neurons were plated on coverslips coated with poly-L-lysine (37.5 
µg/ml, Sigma-Aldrich) and laminin (1.25 µg/ml, Roche Diagnostics) at a density 
of 100,000 neurons per well of a 12-well plate. Cultures were allowed to settle in 
Neurobasal medium (NB) supplemented with 2% B27 (GIBCO), 0.5 mM glutamine 
(GIBCO), 15.6 mM glutamate (Sigma-Aldrich), and 1% penicillin/streptomycin at 37ºC 
in 5% CO2. After 24 hours halve of the NB medium was refreshed with BrainPhys 
medium (BP) supplemented with SM1 supplement (Stemcell Technologies) and 1% 
penicillin/streptomycin, and kept at 37ºC in 5% CO2. Refreshment were done weekly 
replacing halve of the medium with fresh supplemented BP medium. At DIV3 (for 
knock-in experiments) or DIV11 (overexpression) neurons were transfected with 
indicated constructs using Lipofectamine 2000 (Invitrogen). Before transfection 
300 µl conditioned medium was transferred to a new culture plate. For each well, 
1.8 µg DNA was mixed with 3.3 µl Lipofectamine 2000 in 200 µl BP, incubated for 
30 minutes at room temperature and added to the neurons. After 1 to 1.5 hours, 
neurons were briefly washed with BP and transferred to the new culture plate with 
conditioned medium with an additional 500 µl supplemented BP and kept at 37ºC in 
5% CO2 for 4-6 days.

DNA constructs
The following constructs were a gift: GFP-CLCa (Dr. Blanpied), FKBP-ꞵ2-adaptin-
GFP and HIP1R-GFP-FKBP (Dr. Royle) (Wood et al., 2017), GFP-Intersectin 
Long (Dr. McPherson), GFP-Eps15 (Dr. van Bergen Henegouwen). The following 
constructs have been described before: Homer1c-mCherry and Dynamin2-
GFP (Scheefhals et al., 2019), Halo-CLCa (Catsburg et al. 2021, preprint), GFP-
CLCa knock-in (Willems et al., 2020), Psm155-GFP (MacGillavry et al., 2013).
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Immunocytochemistry and HaloTag labelling
Neurons were fixed between DIV7-18 with 4% paraformaldehyde (PFA, EM grade) 
diluted in PEM buffer (80 mM PIPES, 5 mM EGTA, 2 mM MgCl2, pH 7.4) for 10 
minutes at 37ºC and washed three times with PBS supplemented with 100 mM 
glycine (PBS-gly). Then, neurons were permeabilized and blocked with 10% normal 
goat serum (NGS) and 0.01% Triton X-100 (TX) in PBS-gly for 20-30 minutes at 
37 ºC. The GFP-CLCa knock-in was enhanced with ATTO488-conjugated FluoTAG 
X4 anti-GFP (1:500 Fluotag X4, Nanotag). For gSTED imaging, GFP-CLCa was 
enhanced with monoclonal anti-GFP (1:1000, Thermo Fisher) and further labelled 
with ATTO647N (1:500, Sigma), or ATTO647N-conjugated FluoTAG X4 anti-GFP 
(1:500, Nanotag) was used. Antibodies and nanobodies were diluted in PBS-gly 
supplemented with 5% NGS and 0.01% TX, for an overnight at 4ºC or 1 hour at room 
temperature, respectively. Samples labelled with the nanobody were washed three 
times with PBS-gly and mounted in Mowiol (Sigma). Samples labelled with antibody 
were washed the next day as described for the nanobody, and further labelled with 
ATTO647N (1:500, Sigma) for 2 hours at room temperature, washed and mounted as 
described above. Endogenous Homer1c was labelled with anti-Homer1b/c (1:1000, 
MBL), using the same protocol as anti-GFP labelling. For the Halo labelling, neurons 
were live-labelled with Halo-JF646 (1:1000, Promega) in prewarmed extracellular 
imaging buffer (EB) for 15 minutes at 37 ºC. 

Confocal imaging
Confocal images were acquired with a Zeiss LSM 700 confocal laser-scanning 
microscope using a Plan-Apochromat 63x NA 1.40 oil objective. Images consist of 
a z-stack of 5-9 planes at 0.37-µm interval, and maximum intensity projections were 
generated in Fiji (Schindelin et al., 2012) for analysis and display. 

(Live-cell) gSTED imaging
Gated STED (gSTED) images were taken with the Leica TCS SP83x microscope 
using a HC PL APO 100x/NA 1.4 oil immersion gSTED WHITE objective. For live-
cell gSTED the neurons were kept in a prewarmed cabinet and imaged in EB. 
Three sequential gSTED images were taken, at the represented timepoints. For 
both fixed and live samples, the 488 nm pulsed white laser (80 MHz) was used to 
excite Alexa-488, 561 nm to excite mCherry, and the 647 nm to excite JF646 and 
ATTO647N labeled proteins. JF646 and ATTO647N were depleted with the 775-
nm pulsed depletion laser. The internal Leica HyD hybrid detector was set at time 
gate between 0.3 and 6 ns. Images were taken with a pixel size lower than 50 nm, 
and a z-stacks of 8-14 planes at 0.28-µm interval was acquired. Maximum intensity 
projections were generated in Fiji (Schindelin et al., 2012) for analysis and display.

Live-cell confocal imaging
Live-cell imaging was performed on a spinning disk confocal system (CSU-X1-A1; 
Yokogawa) mounted on a Nikon Eclipse Ti microscope (Nikon) with Plan Apo 
VC 100x 1.40 NA with excitation from Cobolt Calyspso (491 nm), and Jive (561 
nm) lasers, and emission filters (Chroma). The microscope was equipped with a 
motorized XYZ stage (ASI; MS-2000), Perfect Focus System (Nikon), Evolve 512 
EM-CCD camera (Photometrics), and was controlled by MetaMorph 7.7.6 software 
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(Molecular Devices). Neurons were maintained in a closed incubation chamber 
(Tokai hit: INUBG2E-ZILCS) at 37 ºC in EB. Images were taken every 30 seconds 
for 15 minutes, including 1 minute baseline, 5 minutes LTP and 9 minutes recovery. 
Z-stacks of 5-9 planes were acquired, with varying step sizes per neuron. Maximum 
intensity images were analyzed in Fiji. Analysis was done by manually drawing 
same-size ROIs around individual clathrin puncta associated with PSDs. Intensity 
and area of GFP-CLCa was measured using the integrated intensity and particle 
analysis respectively.

Plasticity experiments
All plasticity experiments were performed in prewarmed EB at 37 ºC. cLTP was 
induced with 300 µM glycine (Sigma) and 25 µM bicuculin (Tocris) in magnesium-free 
EB for 5 minutes. Neurons were allowed to recover in regular EB for the indicated 
timepoints before being fixed. For blocking cLTP, 300 µM AP5 was added during 
cLTP induction and the recovery period. NMDA-LTD was induced with 20 µM NMDA 
(Tocris) in EB for 5 minutes, followed by a recovery period as indicated in the figures. 
For mGluR-LTD, neurons were incubated with 100 µM DHPG for 10 minutes. For 
the timeline experiment DHPG remained on for the full 30 minutes or shorter when 
indicated. CNQX (Tocris), AP5 (Tocris) and TTX (Tocris) were used at 10, 300 and 1 
µM, respectively. The drugs were added to the medium directly after transfection and 
incubated for 5 days. The medium was refreshed after 72 hours with fresh drugs to 
account for the half-life of the drugs. 

Statistical analysis 
Statistical significance was tested using a student’s t-test when comparing two 
groups. When comparing multiple groups statistical significance was tested using 
a one-way ANOVA followed by a Tukey or Dunnett’s multiple comparison post-hoc 
test. All the statistical tests with a p-value below 0.05 were considered significant. 
In all figures, significance is indicated as follows: p < 0.05 is indicated by *, p < 0.01 
by **, and p < 0.001 by ***. Analysis was performed on neurons originating from at 
least two individual batches of hippocampal neurons. Number of neurons used for 
analysis is indicated as N, number of spines, PSDs or clathrin-coated structures is 
represented as n.     
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Endocytosis and recycling of glutamate receptors are critical for proper synaptic 
communication. At glutamatergic synapses, these processes are facilitated by the 
postsynaptic endocytic zone (EZ). Although the functional importance of the EZ is 
evident, fundamental insights about the EZ i.e. its components and organization 
and dynamics are lacking. Moreover, how the EZ is built to sustain endocytosis, 
is not known.  Therefore, the aim of this thesis was to uncover these fundamental 
properties of the EZ. To summarize, in Chapter 2 we reviewed our current 
understanding about the mechanisms of AMPA-type glutamate receptor trafficking. 
In Chapter 3 we showed that not only ionotropic glutamate receptors but also 
metabotropic glutamate receptors (mGluRs) undergo EZ-mediated endocytosis and 
recycling. In Chapter 4 novel components of the EZ were identified, and revealed 
their spatiotemporal organization that likely contributes to endocytic efficiency. In 
Chapter 5 preliminary work showed that these EZ components are reorganized is 
response to synaptic activity. In the current chapter, I discuss the key findings of this 
thesis, place them into a broader context, and provide recommendations for future 
research and perspectives.

Novel insights into endocytic zone-mediated receptor trafficking
Glutamate receptor trafficking is a highly coordinated and critical process for proper 
synaptic function. At glutamatergic synapses, the EZ plays a critical role in receptor 
trafficking as it facilitates local internalization via clathrin-mediated endocytosis 
(CME) and local recycling (Blanpied et al., 2002; Lu et al., 2007; Petrini et al., 
2009). However, what determines whether receptors are targeted for EZ-mediated 
endocytosis? Moreover, whether the EZ facilitates internalization of specific 
content, or is a general hub for endocytosis, is not fully understood. For example, 
the transferrin receptor, that controls AMPA receptor trafficking (Liu et al., 2016), 
is internalized via CME, but not specifically in the spine. While AMPA receptors, 
that are also internalized via CME, are internalized in close proximity to the PSD, 
most likely at the EZ (Rosendale et al., 2017). Similarly, NMDA receptor-containing 
clathrin-coated vesicles have been observed inside the spine, suggesting local 
endocytosis of glutamate receptors. (Cottrell et al., 2004; Rosendale et al., 2017; 
Wu et al., 2017). Moreover, in Chapter 3 we show that endocytosis of metabotropic 
glutamate receptor 5 (mGluR5) is facilitated by the EZ (Scheefhals et al., 2019). 
Together, this implies that specifically synaptic glutamate receptors traffic via the 
EZ. However, what mechanisms determine, where, when and how receptors are 
internalized have remained largely elusive. 
 Nevertheless, while internalization of AMPARs after NMDA application 
results in recycling, AMPA application targets AMPARs to lysosomal compartments 
(Ehlers, 2000), suggesting that the type of stimulus determines the trafficking 
pathway. Moreover, in the past decade several studies have found key proteins that 
regulate the specific internalization via the EZ. PICK1 was shown to competitively 
bind AMPARs and recruit them to the EZ (Anggono et al., 2013; Lin and Huganir, 
2007; Maria Fiuza et al., 2017). For mGluR5, ß-arrestin and Siah1 have been 
shown to target mGluR5 to AP2 enriched membranes, which we found in chapter 
4 to be located in the EZ (Dale et al., 2001; Ferguson et al., 1996; Ko et al., 2012; 
Moriyoshi et al., 2004; Pula et al., 2004). These observations suggest that receptors 
are specifically marked and targeted for EZ-mediated endocytosis, and it is likely 
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that different types of activation initiate the binding of specific proteins that facilitate 
EZ targeting. Interestingly, PICK1 binds AMPARs both after agonist stimulation and 
constitutively, which coincides with the general notion that AMPARs are targeted to 
the EZ after both agonist stimulation and constitutively (Anggono and Huganir, 2012; 
Carroll et al., 1999; Dale et al., 2001). In contrast, ß-arrestin and Siah1 only bind 
mGluR5 after agonist stimulation. Indeed, in Chapter 3 we found that EZ-mediated 
internalization of mGluR5 is mostly agonist-induced, and even though mGluR5 
traffics constitutively (Fourgeaud et al., 2003; Francesconi et al., 2009), this might 
not be facilitated by the EZ. 
 Remarkably, similar to AMPARs, mGluR5 endocytosed via the EZ is more 
likely to enter the recycling pathway rather than being sorted for degradation 
(Chapter 3). Moreover, we show that in the absence of an EZ, mGluR5 is lost from 
the perisynaptic region. These data highlight the importance of the EZ in facilitating 
recycling, and receptors endocytosed via the EZ are most likely recycled back the 
synaptic membrane and escape the degradation pathway. Such a local recycling 
mechanism of synaptic components is especially important in dendritic spines, that 
are isolated from the main dendritic branch and highly compartmentalized. Here, 
structures like the EZ are needed to facilitate compartmentalized recycling. 
 However, to date many questions remain. For example, what proportion of 
receptors is targeted for EZ-mediated endocytosis? It is estimated that under basal 
conditions approximately 60 AMPAR are located in the PSD (Cheng et al., 2006; 
Sheng and Hoogenraad, 2007). However, the number of receptors internalized 
during LTD and whether all of them are internalized at the EZ or only a few are 
targeted for recycling is not known. Finally, the EZ is crucial for synaptic function and 
facilitates local trafficking of specific receptors. However, to date mechanistic insights 
about the mechanisms that mediate receptor trafficking after CME is still lacking. 
For example, to what extent are receptors recycled after EZ-mediated endocytosis? 
More specifically, are all receptors internalized via de EZ recycled or is Is there still 
a pool degraded? Moreover, what regulates these specific processes remains to 
be solved. It would be interesting for future studies to address specific trafficking 
pathways and be able to map what stimuli or components regulate the targeting into 
a specific trafficking pathway. 

Does endocytosis take place at the endocytic zone?
Perhaps the most important and longstanding question in the field of the EZ that 
remains to be answered is: does endocytosis take place at the EZ? Because the 
EZ is marked by a stable accumulation of clathrin, it is assumed that the route for 
internalization via the EZ is CME. However, although it is generally acknowledged 
that the EZ facilitates endocytosis, whether the EZ is the key location for endocytosis 
or is merely a reservoir for endocytic components, is not clear. Nevertheless, several 
studies have shown that CME of glutamate receptors takes place in close proximity 
to the PSD  (Blanpied et al., 2002; Lu et al., 2007; Petrini et al., 2009; Rácz et al., 
2004; Rosendale et al., 2017). Moreover, we found that specifically proteins involved 
in the early phases of CME are stably enriched and coupled to the EZ (Chapter 4), 
suggesting that initiation of CME occurs at the EZ itself. However evidence for actual 
endocytosis at the EZ itself remains highly circumstantial. 
 We and others have tried to visualize endocytosis at the EZ, but this has been 
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proven challenging. Classically, CME is visualized by measuring the accumulation 
and disappearance of clathrin and other endocytic proteins such as dynamin-2 
at endocytic sites (Grove et al., 2014; Saffarian et al., 2009; Taylor et al., 2011). 
However, due to the uniquely stable characteristics of clathrin at the EZ (Chapter 
4) (Blanpied et al., 2002; Rosendale et al., 2017), visualizing disappearance of 
clathrin from the EZ is not possible. Similarly, in Chapter 4 we show that dynamin-2 
is stably enriched at the EZ and can therefore not be used to visualize endocytosis. 
Nevertheless, while disappearance of clathrin from the EZ could not be observed, 
using super-resolution we frequently found the presence of multiple clathrin 
structures associated with the PSD, indicating that clathrin-coated vesicles could 
have budded of from the EZ. Interestingly, cLTD transiently increased the number 
of these clathrin structures, indeed suggesting that these secondary structures 
could represent vesicle formation (Chapter 4). Moreover, the size of the secondary 
structures was often well within the range of sizes reported for synaptic vesicles and 
the dimensions of these structures are similar to the dimension of clathrin-coated pit 
formation observed with EM (Kirchhausen et al., 2014; Rácz et al., 2004). However, 
these observations were done using STED and SMLM microscopy that significantly 
increase spatial resolution but lack temporal resolution. Ideally, these experiments 
would be repeated using live-cell super-resolution imaging to obtain both high spatial 
and temporal resolution to observe whether those secondary clathrin structures after 
cLTD originate from the EZ, exhibit vesicle-like dynamics and contain internalized 
receptors. 
 Other methods to visualize endocytosis at the EZ could also be developed. 
To date, the closest study to answer whether endocytosis takes place at the EZ 
itself, elegantly combined pH-sensitive fluophores with acid washing to visualize 
endocytosis in close proximity to the PSD (Rosendale et al., 2017). Despite that 
this study demonstrated endocytosis in close proximity to the PSD, this study could 
not reveal the exact location of vesicle formation relative to the EZ. Therefore, novel 
approaches that allow high spatial and temporal resolution need to be developed, 
ideally in combination with pH-sensitive fluophores. Coupling pH-sensitive fluophores 
to different types of receptors would allow us to visualize the location of receptors as 
they pass through different cellular compartments e.g. membrane, endosomes and 
lysosomes. However, the current availability of pH-sensitive fluorophores is limited. 
Two types of pH-sensitive fluophores exist, the most well-known is superecliptic 
pHluorin (SEP), a GFP variant that is fluorescent at neutral pH conditions (pH 7.4) 
and quenched in low pH (< pH 6). The second type of fluophores are quenched at 
neutral pH, but fluorescent at low pH (e.g., the AcidiFluor probe used in Chapter 2). 
SEP is often used to study internalization of membrane components by measuring 
the disappearance of SEP fluorescence (Chapter 2). However, the downside is that 
the exact location of internalization cannot be observed. Similarly, AcidiFluor allows 
visualization of vesicle acidification, but at the time vesicles reach sufficiently low 
pH to increase the fluorescence of AcidiFluor, these vesicles are classified as a late 
endosome or lysosome, making it nearly impossible to visualize early and recycling 
endosomes. Thus, there is a great need for pH-sensitive fluophores that are able 
to detect small changes in pH in the range of pH 6.4-7.0, to visualize cargoes in 
early and recycling endosomes. Tagging glutamate receptors with such pH-sensitive 
fluophores, would then allow visualization of the exact localization of internalization 
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and the route these receptors take after endocytosis. Ideally, this would be done 
using super-resolution imaging, to exactly pinpoint the location of vesicle formation. 
However, it might take a long time to develop such fluophores, and other methods 
for visualizing endocytosis at the EZ should be thought of. For example, in Chapter 4 
we show that apart from stable proteins, several proteins are transiently recruited to 
perisynaptic sites. If these proteins are only recruited upon vesicle formation these 
could be used as a marker for endocytosis. However, initial experiments failed to 
show that these proteins are indeed recruited upon cLTD. Nevertheless, further 
optimization is required and it is still possible that these transient proteins can be 
used as marker for visualizing endocytosis.
 An alternative, intriguing model could be that endocytosis does not occur at 
the EZ, but that the EZ functions to retain receptors in the perisynaptic region. This 
notion would be in line with previous studies, showing that caveolae-type endocytosis 
might not actually induce endocytosis, but rather function to retain and immobilize 
receptors at specific locations (see chapter 1: general introduction) (Sinha et al., 
2011). Here, the EZ would trap receptors and initiate membrane curvature to restrict 
receptors from diffusing across the membrane, but vesicle formation is halted and 
cutting from the membrane is prevented. This intriguing hypothesis would explain 
some findings, like the optical stability of clathrin at the EZ. Moreover, a study 
showed that indeed glutamate receptors are rapidly immobilized and captured at 
the EZ (Petrini et al., 2009), and while clathrin pits are frequently observed with 
EM (Puchkov et al., 2011; Rácz et al., 2004), an actual accumulation of clathrin 
near the PSD has never been observed using EM. Nevertheless, several arguments 
contradict this hypothesis. For example, in Chapter 4 we show that not only clathrin 
but many other proteins critical for the initiation of CME are enriched in the EZ, highly 
suggesting that endocytosis takes place at the EZ. Moreover, removal of glutamate 
receptors from the membrane has been shown on multiple occasions, even in close 
proximity to the synapse, indicating endocytosis. Also, clathrin-coated vesicles 
containing glutamate receptors inside the spine have been observed (Cottrell et al., 
2004), however whether these vesicles actually originate from the EZ could not be 
determined. 
 In conclusion, while circumstantial evidence highly suggests that 
endocytosis takes place at the EZ itself, directly visualizing endocytosis at the EZ is 
impossible at this point, due to technical limitations. Future studies should focus on 
creating novel optical approaches that combine super-resolution imaging with pH-
sensitive molecules. These techniques would not only significantly contribute to our 
understanding about the EZ, but would aid the entire field of endocytosis. 

The spatiotemporal organization of the endocytic zone contributes to endocytic 
efficiency
Clathrin-coated structures come in all sizes, shapes and exhibit different dynamics. 
Most studies looking into the mechanisms of CME are performed in yeast or relatively 
flat mammalian cells. In yeast, only one type of CME exists, namely canonical-type 
endocytosis. Canonical CME is transient, meaning that components of the endocytic 
machinery are recruited to the membrane upon endocytosis (Taylor et al., 2011). In 
mammalian cells, a second type called non-canonical CME coexists and has been 
a topic of interest in the past decade. Non-canonical CME is characterized by large 
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flat clathrin-coated structures that are stably associated with the membrane (Grove 
et al., 2014; Leyton-Puig et al., 2017; Saffarian et al., 2009; Sochacki et al., 2017). 
Similar to clathrin, other endocytic components are stably enriched and have distinct 
localizations at these flat lattices. Here, receptors are recruited to -and captured 
by the flat lattice, where endocytosis is then initiated from the edge of the structure 
(Grove et al., 2014; Sochacki et al., 2017). Many of the characteristics described 
for flat clathrin lattices can be found in the EZ as well. For example, the clathrin 
structure at the EZ is remarkably stable (Chapter 4), as well as other endocytic 
components that are stably retained at the EZ (Chapter 4). Moreover, the enrichment 
of specific endocytic proteins at the edge of the clathrin structure is very similar to 
the localization of endocytic proteins described at flat clathrin lattices (Sochacki et 
al., 2017). Together, these observations suggest that the EZ is organized as a lattice-
like structure. However, whether the ultrastructure of the EZ is indeed similar to that 
of flat clathrin lattices can only be determined with electron microscopy (EM). Early 
studies show the presence of clathrin-coated vesicles and pits in close proximity to 
the PSD (Rácz et al., 2004), but an actual flat lattice has never been observed. To 
date, flat lattices can only be observed using a specific EM technique that requires 
unroofing of cells. While this has been done on immortalized cells such COS7 and 
HeLa cells, the three-dimensional structure of neurons makes unroofing challenging. 
Nevertheless, a recent paper described unroofing of axons and indeed found flat 
lattices, which might suggest that it would be possible to unroof dendrites as well 
(Vassilopous et al. 2019). 
 Nonetheless, it could be argued that a flat clathrin lattice would be the 
preferred type of clathrin structure at the perisynapse. A preassembled flat clathrin 
lattice could contribute to efficient endocytosis, by capturing receptors and allowing 
compartmentalized trafficking. Indeed, receptors that are uncoupled from the 
PSD rapidly diffuse across the membrane until they reach the EZ, where they are 
immobilized (Petrini et al., 2009). Endocytic proteins at the edge of the EZ likely 
facilitate this immobilization or capture. Moreover, the enrichment of endocytic 
proteins at the edge of the clathrin structure likely could contribute to clathrin-coated 
vesicles formation from the edge of the flat lattice. Indeed, in HeLa cells endocytic 
vesicles are formed from the edge of the flat lattice (Grove et al., 2014; Sochacki et 
al., 2017). Moreover, in neurons clathrin-coated pits have been observed within 600 
nm from the PSD (Rácz et al., 2004), which is in line with our measurements on the 
location of the EZ and its edge region.    
 However, some differences have been found as well. For example, 
the stability of flat lattices in cells like HeLa, is highly controlled by the actin 
cytoskeleton (Grove et al., 2014; Leyton-Puig et al., 2017; Saffarian et al., 2009), 
while interfering with the actin cytoskeleton does not affect the presence of the EZ 
(Chapter 4). However, in neurons, the EZ is tightly coupled to the PSD via a shank-
homer1c-dynamin-3 interaction. This PSD-EZ coupling appears to be the primary 
mechanism for retaining the EZ near the PSD, and could diminish the need for the 
actin cytoskeleton for maintenance. To further elucidate actin contribution, it would 
be necessary to determine whether altering actin dynamics affects EZ stability. 
Another, more physical concern could be raised as well. The energetically favored 
conformation of clathrin is a dome-like assembly. Therefore, flat clathrin lattices 
have to be actively kept in a flat conformation. If neither membrane interactions nor 
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actin cytoskeleton are involved in maintenance of the EZ (Chapter 4), how would 
clathrin be kept in a flat lattice-like structure at the EZ? Moreover, flat lattices require 
a flat membrane surface to form, but spines are highly curved, which would make 
a stable flat clathrin conformation physically impossible. Perhaps, this is the reason 
why clathrin structures in early development are transient, and are only stabilized 
at mature synapses (Blanpied et al., 2002). The early stages of development are 
characterized by immature filopodia and thin spines (Matsuzaki et al., 2001; Meyer 
et al., 2014; Nusser et al., 1998; Straub and Sabatini, 2014), that would physically 
not allow for a flat lattice to form and stabilize. As spines mature, they grow in size 
leaving enough space and perhaps a relatively flat surface for stable lattices to form. 

Emerging role for plasticity-induced changes in EZ organization
Synaptic plasticity is accompanied by structural changes in spine morphology and 
synapse organization (Biederer et al., 2017; MacGillavry et al., 2013; Matsuzaki et al., 
2001; Meyer et al., 2014; Nusser et al., 1998; Opazo et al., 2012; Tang et al., 2016). 
However, whether the EZ is subjected to organizational changes during plasticity 
has not been studied in detail. Early studies showed that cLTD did not affect the 
presence and stability of clathrin at the EZ, suggesting that clathrin remains tightly 
localized to the EZ during LTD (Blanpied et al., 2002). One study has shown that 
LTP induced reorganization of the PSD that was accompanied by the presence of 
multiple clathrin-coated pits per PSD (Puchkov et al., 2011), however whether this is 
the results of EZ splitting or new recruitment of clathrin was not determined.
 Interestingly, in Chapter 5 we show that cLTP induces splitting of clathrin 
at the EZ. Moreover, when multiple clathrin structures were observed both of these 
structures often associated with other endocytic proteins, suggesting that not only 
clathrin is reorganized, but rather the entire EZ. A similar observation for clathrin was 
done after mGluR-LTD, however the timescale of reorganization is different (Chapter 
4). While mGluR-LTD induces reorganization of clathrin within 5 minutes and 
appears to be back at baseline after 10 minutes, the effects of cLTP are long lasting. 
Moreover, cLTD did not alter the organization of endocytic proteins, suggesting that 
the mechanisms of reorganization are different during LTD and LTP. It is plausible 
that during LTD the reorganization observed represents vesicle formation, while 
the reorganization during LTP is an adaptive mechanism to accompany changes 
in endocytic rate. However, whether this means that during LTP endocytic rate is 
increased or whether it is an adaptive mechanism for future endocytosis is not 
known. 
 Based on our current understanding, it seems unlikely that LTP increases 
endocytic rate, as LTP is associated with an increase in the number of receptors at 
the synapse. However, a recent paper based on computational  modelling suggested 
that the endocytic flux during LTP is significantly higher compared to LTD, and the 
increase in the number of receptors can be explained by a high exocytic flux (Sumi 
and Harada, 2020). This intriguing hypothesis could explain why the EZ splits in two, 
as it would adjust to the increased endocytic rate. Moreover, as discussed before, at 
flat lattices, vesicles are formed at the edge region. Therefore, to accompany possible 
changes in endocytic rate the EZ might split to significantly increase its edge region 
thereby increasing endocytic capacity. It would be interesting to see whether LTP 
indeed induces internalization using a similar assay described in Chapter 3, figure 

Thesis V1.indd   155 19-10-2021   09:35:27



156156156

6

1. If there is indeed endocytosis during LTP, then what content is endocytosed? 
Sumi et al. proposes that AMPAR are endocytosed during LTP, but another study 
revealed that in response to LTP, calcium-activated potassium channels (SK2) are 
internalized, perhaps via the EZ (Lin et al., 2008; Sumi and Harada, 2020). 
Alternatively, EZ splitting could be the result of multi-synaptic spine formation. Multi-
synaptic spines are spines that contain multiple PSDs, and are often observed after 
LTP induction (Berry and Nedivi, 2017; Puchkov et al., 2011; Toni et al., 1999; Toni 
et al., 2001). This reformation of the PSD is associated with the presence of multiple 
CCS per spine (Puchkov et al., 2011). Future experiments, should reveal if in our 
model multi-synaptic spines appear after LTP by visualizing presynaptic sites and 
super-resolution imaging to resolve the PSD itself. 
 In conclusion, different plasticity paradigms seem to differentially affect the 
organization of the EZ. Future studies should look into the possibility that LTP is 
accompanied by EZ-mediated endocytosis, and should elucidate which components 
are internalized and how they are trafficked during LTP. 

Concluding remarks 
In the past decades the underlying mechanisms of receptor trafficking have emerged. 
While the critical function for the EZ in facilitating receptor trafficking is widely 
acknowledged, how the EZ is built to sustain endocytosis is not fully understood. 
In this thesis, we have used a multitude of advanced microscopy techniques and 
revealed the molecular architecture of the EZ and its functional processes. These 
novel fundamental insights greatly contribute to our understanding of how the EZ 
could facilitate local endocytosis and recycling of synaptic glutamate receptors. The 
current challenge lies within the development of new techniques that allow us to 
directly visualize endocytic processes in neurons. The ability to visualize endocytosis 
at the EZ or surrounding regions would provide exciting advances in the field of EZ 
research. These techniques would allow us to get an in depth understanding of what 
receptor is internalized via which mechanism after specific activity paradigms. This 
will be especially powerful in combination with high spatial -and temporal resolution 
imaging techniques to exactly pinpoint the location of internalization and recycling. 
Together, these advances would greatly contribute to our understanding of synapse 
biology and the mechanisms of neuronal communication, that are so important for 
all brain functions. 
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NEDERLANDSE SAMENVATTING

Neuronen communiceren door informatie te sturen via het axon en te ontvangen via 
de dendrieten. De plek waar neuronen contact met elkaar maken en communiceren, 
wordt een synaps genoemd. Hier communiceren neuronen met behulp van 
neurotransmitters, die vanuit presynaptische intracellulaire vesikels vrijkomen 
in de synaptische spleet. Neurotransmitters worden vervolgens gedetecteerd 
door postsynaptische receptoren die het signaal doorgeven. De efficiëntie van 
signaaloverdracht kan sterk variëren tussen synapsen en afhankelijk van de activiteit 
kan de sterkte van synapsen precies worden gemoduleerd. De mogelijkheid van 
synapsen om sterker en zwakker te worden heet synaptische plasticiteit en is 
belangrijk voor het vermogen van het brein om te leren en te onthouden. Verandering 
in synaptische sterkte worden onder andere gereguleerd door het aantal receptoren 
op het postsynaptische membraan aan te passen. De hoeveelheid receptoren 
in een postsynaps wordt bepaald door membraantransport processen, waarbij 
receptoren zich bewegen tussen het oppervlakte van het neuron en intracellulaire 
compartimenten.  
 Glutamaterge synapsen zijn geïsoleerd van de rest van de dendriet, 
waardoor membraantransport lokaal kan worden gereguleerd. Hierbij speelt de 
postsynaptische endocytic zone (EZ) een cruciale rol door lokaal endocytose van 
receptoren te faciliteren. De EZ is een structuur gevormd door clathrine eiwitten 
die stabiel gekoppeld is aan de postsynaptische dichtheid (PSD), een netwerk 
van eiwitten die nauw verbonden zijn met het postsynaptische membraan. Deze 
koppeling maakt lokale endocytose mogelijk en ontkoppeling resulteert in verlies van 
receptoren op het synaptische membraan, wat plasticiteit belemmert. Receptoren die 
via de EZ worden geïnternaliseerd, gaan een lokaal recyclingmechanisme binnen, 
waardoor zij terug gebracht kunnen worden naar het synaptische membraan. Hoewel 
de functie en cruciale rol van de EZ voor synaptische plasticiteit erkent worden, hoe 
de EZ is opgebouwd om lokale endocytose te kunnen faciliteren is niet bekend. 
 In het huidige proefschrift maken we gebruik van een groot aantal 
fluorescentie microscopietechnieken en visualiseren we hoe de EZ is opgebouwd 
om endocytose te faciliteren. In het eerste deel focussen wij ons op de functie van 
de EZ. In hoofdstuk 2 beschrijven wij onze huidige kennis over de mechanismen van 
glutamaatreceptor transport, specifiek de AMPA receptor. We beschrijven hoe AMPA 
receptoren door de ontwikkeling heen getransporteerd worden en hoe membraan 
transport in volwassen synapsen via de EZ wordt gereguleerd. In hoofdstuk 3 tonen wij 
aan dat niet alleen AMPA receptoren, maar ook een ander klasse glutamaatreceptor, 
namelijk mGluR5, via de EZ endocytose en recycling  ondergaat. We laten zien dat 
de lokale endocytose van mGluR5 mogelijk wordt gemaakt door Shank-eiwitten, 
die de EZ aan de PSD koppelen. Deze resultaten bieden inzicht in de functie van 
de EZ als middelpunt voor het reguleren van lokale endocytose en recyclen van 
glutamaatreceptoren.  
 In het tweede deel van het proefschrift richten wij ons op de architectuur 
en dynamiek van de EZ. Wij concentreren ons vooral op het eiwit clathrine, dat tot 
nu toe wordt beschreven als het belangrijkste eiwit van het EZ. Omdat clathrine de 
belangrijkste component is van clathrine-gemedieerde endocytose (CME), nemen 
wij aan dat dit het mechanisme is van endocytose in de EZ. Inderdaad, in hoofdstuk 
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4 laten wij zien dat eiwitten betrokken bij CME, stabiel verrijkt zijn in de EZ. Daarnaast 
zien wij dat de EZ zeer nauwkeurig is georganiseerd, waarbij endocytische eiwitten 
die betrokken zijn bij het initiëren van CME, zich aan de rand van de clathrin structuur 
bevinden. Deze typische organisatie is vergelijkbaar met bevindingen van clathrine 
structuren in niet-neuronale cellen. In deze cellen is aangetoond dat de lokalisatie 
aan de rand van de clathrine structuur ervoor zorgen dat receptor gevangen kunnen 
worden en endocytose aan de rand van de clathrin structuur wordt geïnitieerd. In 
hoofdstuk 5, laten we vervolgens zien dat synaptische activiteit de organisatie van 
de EZ verandert. Tijdens synaptische verzwakking zien wij twee clathrine structuren 
geassocieerd met de PSD. De aanwezigheid van twee structuren is echter van korte 
duur, wat mogelijk suggereert dat er endocytose plaats vindt en de tweede structuur 
een vesikel is. Echter, de meest verrassende bevinding is dat tijdens het sterker 
worden van een synaptische connectie de EZ zich lijkt te splitsen. Deze reorganisatie 
is van lange duur, wat suggereert dat beide structuren stabiel zijn. In recente 
literatuur wordt de hypothese gesteld dat tijdens het versterken van een synaptische 
connectie de hoeveelheid receptoren dat wordt geïnternaliseerd verhoogd is. Onze 
bevindingen zouden deze hypothese ondersteunen. Om de endocytische capaciteit 
te verhogen moet de EZ in twee splitsen om zo te kunnen voldoen aan de verhoogde 
hoeveelheid endocytose. 
 De bevindingen in dit proefschrift bieden nieuwe fundamentele inzichten in 
hoe de EZ is opgebouwd om endocytose van glutamaatreceptoren te faciliteren. 
Deze inzichten geven ons een breder begrip van synaps biologie en kunnen 
toekomstig onderzoek naar de mechanismen van receptor transport ondersteunen.    
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aangepakt. Je bent er zo creatief mee aan de slag gegaan en vind het knap hoe je 
de vaak toch lastige techniek heel duidelijk uit kunt leggen. Bedankt dat ik altijd bij je 
terecht kon met vragen over technieken en experimenten. Ook heb ik vaak met je, 
en ook om je kunnen lachen. 6 burrito’s! Heel veel succes met het afronden van de 
laatste dingen! Anna, thank you for your always critical view on my data. You were 
always able to quickly see the flaws in my experiments and were not shy to tell me 
that. I truly appreciate that, because it helped a lot with optimizing the experiments 
and shaping the story to what it is now! But most important, thank you for getting me 
familiar with the Polish kitchen! I still miss that potato dish (I forgot the name, but it is 
delicious!) and Polish chocolate. I wish you all the best in Germany and your future 
career! I am sure you will succeed in everything you are going to do! Arthur, ik heb veel 
bewondering voor je creativiteit. Je weet experimenten, technieken en presentaties 
altijd een hele leuke en ingenieuze twist te geven. Ook was jij altijd degene die de 
meest basale maar zeer belangrijke vragen stelde tijdens presentaties, zoals ‘maar 
wat is het doel van dit experiment’ of ‘wat verwacht je van hiervan’. Hoewel ik altijd 
een beetje zenuwachtig werd van deze vragen, hebben ze me erg geholpen met 
het structureren van het onderzoek en nadenken over de vervolg stappen. Ik wens 
je heel veel succes met de volgende stappen in je carrière. Yolanda, you are a very 
open and easy to talk to person and I really like that. You always made me feel like it 
was okay to ask questions that in my mind felt like a stupid one. I really admire how 
you try to embrace the Dutch culture and language and try new words every day. 
Your accent is really good by the way, keep it up! Also, I wish you all the best with the 
next steps in your career, and I hope we will see each other in the future! Wouter, wat 
een ambitie heb jij, het is echt bewonderingswaardig. Waar ik vaak denk ‘nee dit kan 
niet, of nee dit is te moeilijk’ zie jij oneindige mogelijkheden. Ik denk dat dit jou heel 
ver gaat brengen tijdens je PhD en je carrière daarna! Heel veel succes met alles dat 
je nog gaat ondernemen! Niels, ik vond het erg leuk dat jij je kennis vanuit alzheimer 
perspectief meenam naar het lab, dit zorgde vaak voor een ander soort discussie en 
heeft mij erg geholpen om wat meer translationeel na te denken over mijn project. Ik 
wens je heel veel succes met je onderzoek!    
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Thank you to all the members and group leaders of the Cellbiology, Neurobiology 
and Biophysics department that I haven’t mentioned yet. Casper, wij hebben elkaar 
in totaal 3 keer ontmoet de afgelopen 4 jaar. Tijdens mijn sollicitatie gesprek, de 
overname van de neuron culture en het gala. Toch wil ik jou ook bedanken voor het 
geven van deze kansen, en ik wens je heel veel plezier en succes verder in San 
Francisco. Ginny, thank you for your feedback on my projects during my committee 
meeting last year, and our conversations during the neuron culture. I wish you all the 
best and success with your fast growing lab!
Dieudonnée, Jessica, Feline, Xingxiu and Nazmiye, you were amazing office mates. 
Always in for a chat, office cleanup, and I loved our attempt to green up the office 
and grow our own food. Those moments I really missed while working at home! Most 
of us have moved on already and it is fun to see how everyone is doing something 
completely different now! I wish all of you a lot of luck with everything you are doing! 
Nazmiye, I really enjoyed our walks, diners and lunches, I hope we can keep doing 
those things and keep seeing each other! Good luck with all your projects, including 
your curtains, haha. Robbelien, dezelfde master, departement voor onze PhD en nu 
allebei in verwachting! Wat is het leuk om deze dingen met jou te kunnen delen. Ik 
wens je heel veel succes met de laatste lootjes en heel veel geluk in jullie nieuwe 
huis en met Poppy! Ik kan niet wachten om haar te ontmoeten! 
Anne, Roderick, Klara, Marijn, Daphne, Lotte, Carlijn, Dennis, Robin, Sybren, Peter-
Jan, Cyntha bedankt voor alle gezelligheid tijdens de wine en cheese avonden en in 
de Belgische bier bar tijdens de Dutch Biophysics en Dutch Neuroscience conferentie. 
Heel veel succes met het afronden van de projecten en jullie postdocs. PJ, bedankt 
voor de fijne samenwerking tijdens het MAP project, ik vond het samenwerken erg 
leuk en heb er een hoop van geleerd. Ik wens je heel veel plezier bij Jansen! Max, 
heel veel succes met al je projecten en je grootste project: de neuron culture (grapje, 
het valt reuze mee). Amélie, Martin, Eitan, Wilco, thank you for all the fun times 
during the lunches, borrels and many beers on conferences and your openness to 
discuss data. To all other members of the department: I wish all of you the best with 
your PhD’s or postdoc projects and good luck with all future endeavors. 

En degene die ik absoluut niet mag vergeten zijn zij die deze afdeling draaiende 
houden! Phebe, ik zie jou echt als het stabiele middelpunt van de afdeling. Het is zo 
fijn wat jij allemaal regelt, en ik hoop dat je weet hoeveel dit gewaardeerd wordt. Ook 
bedankt voor al je ah pannen en glazen zegels haha, ik heb er nog heel veel plezier 
van! Ik wens je heel veel plezier en ook succes in deze nog steeds gekke tijd op het 
lab. Ik hoop dat jullie snel weer terug mogen komen naar het lab en de gezelligheid 
weer als van oudst zal worden. Bart, het is verfrissend om iemand te hebben die van 
alles een flauwe grap probeert te maken. Jou flauwe grappen en serie/film ideeën 
op de vroege maandag ochtend maakte de neuron culture altijd iets om naar uit 
te kijken en ook tijdens de lockdown was het erg gewaardeerd. Ilya, thank you for 
everything you taught me about microscopes. Your expertise helped me lot with 
understanding those difficult setups. Eugene, thank you for our discussions on how 
to process data or which plugins to use to analyze very specific data.   
To the neuron culture team, thank you for being such an amazing team to work with. 
It was truly a pleasure to organize everything around the culture, but all of you made 
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it happen! To me it always felt like every Monday morning allowed for 3 hours quality 
time to get to know each other better and talk about so much random stuff. Thank 
you for that! A special thanks to Dieudonnée for teaching me everything regarding 
the culture, and good luck to Max with organizing the cultures in the future!   

Ook heel veel dank aan de mensen met wie ik heb mogen samenwerken van 
andere departementen. Charlotte, bedankt voor je inpunt en nieuwe inzichten over 
proteomics. Het is een prachtig paper geworden met veel waardevolle informatie, 
waar ik ook veel inzichten uit heb gehaald voor mijn project. Jan, ik vond het 
samenwerken met jou erg leuk. Nadenken hoe we twee technieken goed konden 
samen brengen was aan het begin een uitdaging. Maar het was ontzettend leuk 
om te zien dat het na wat trial en error toch gelukt is! Helaas kwam de lockdown 
en hebben het project niet af kunnen maken, maar ik heb er alsnog heel veel van 
geleerd en kijk er positief op terug.   

Ook wil even aandacht besteden aan de studenten die hard hebben meegeholpen. 
Annemarie, Julia, Laura, Tim, Asha, Daan en Luuk ontzettend bedankt voor jullie 
harde en goede inzet. Een groot deel van jullie werk is terug te vinden in dit 
proefschrift en word binnenkort zelfs gepubliceerd. Ik hoop dat ik jullie nieuwe dingen 
heb kunnen leren tijdens jullie stage en jullie een leuke tijd hebben gehad. Ik heb in 
ieder geval heel veel van jullie geleerd, heel erg bedankt daarvoor.

Margit, Jasper, Lars, Nielsiieeeh, Tim, Femke, Sterre en Bas, op jullie kan ik altijd 
rekenen voor een leuke, gezellige en gekke avond waar ik even niet aan het 
onderzoek hoefde te denken. Van spelletjes spelen en vals spelen tot weekendjes 
weg naar Ierland, Polen en Slovenië, ik zal ze nooit vergeten, en het zullen ook 
zeker niet de laatste zijn! Nog even extra aandacht voor Margit. We kennen elkaar 
inmiddels al 11 jaar! Samen begonnen aan onze bachelor, samen een master en 
PhD, nu beide bij NWO, en zijn we elkaars paranimf. Het lijkt wel alsof wij hetzelfde 
leven leiden en daar ben ik zo blij mee. Jij snapt altijd waar ik het over heb en begrijpt 
bepaalde frustratie en blijdschap als geen ander! Ik ga onze onze PPP (pizza w(h)
ine en PhD) avonden met whiteboard missen. Deze avonden hebben altijd weer 
bewezen dat wijn alles beter maakt! Cheers op onze volgende avonturen! Keshia 
en Arne, ook jou Keshia ken ik inmiddels 11 jaar. Onze vriendschap heeft z’n ups 
en down gekend maar we weten elkaar altijd weer te vinden, en ik ben heel erg blij 
met een vriendin als jij. Onze reizen, stap avonden en diner dates waren altijd een 
heerlijke afleiden van het werkende leven. Johanna, ik vind het echt jammer dat 
je nu al een lange tijd aan de andere kant van de wereld woont, maar ik snap het 
wel! Jij gaat altijd voor hetgeen dat je wilt en dat bewonder ik aan jou! We hebben 
veel meegemaakt, van studie en de vele feestjes, tot huisgenoten. Ik hoop dat we 
elkaar binnenkort weer kunnen zien en net zulke gezellige tijden kunnen beleven als 
vroeger. Evan, hoewel we elkaar niet heel vaak zien, wil ik ook jou bedanken voor 
de gezelligheid op de momenten dat we gaan lunchen, dineren of wandelen. Sofia, 
we hebben elkaar tijdens onze laatste master stage ontmoet en het klikte meteen. Ik 
ben heel blij met een vriendin als jij, altijd eerlijk, open en je staat altijd voor iedereen 
klaar. Ik ben heel trots op jou, en vind het zo knap dat je bij Philips aan de slag bent 
gegaan. Je gaat nooit een uitdaging uit de weg. Ik hoop dat wij nog een hoop wijn en 
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kaas avonden gaan hebben, proost! Céline, wij kennen elkaar al 16 jaar en hebben 
zoveel leuke momenten meegemaakt! Ik vind onze vriendschap heel bijzonder, want 
ookal zien we elkaar niet vaak, wanneer we elkaar zien is het weer als vroeger en 
altijd zo vertrouwd! Ik wens jou en Lisanne heel geluk samen! En Lisanne, bedankt 
dat je me tijdens mijn stress om de thesis cover hebt geholpen!  

Carla en Benno, bedankt dat jullie mij zo fijn hebben ontvangen in jullie familie. Jullie 
warmte en openheid liet mij meteen op mijn gemak voelen en ik wil jullie bedanken 
voor al jullie support de afgelopen jaren. 

Lieve papa, mama, Jesse en Caroline. Waar ik altijd erg veel plezier in heb gehad 
is het uitleggen wat ik aan het onderzoeken ben, en naarmate mijn uitleg vorderde 
ik jullie langzaam in gedachten zag afdwalen. Hoewel jullie nooit echt goed hebben 
begrepen wat ik nou precies doe (I don’t blame you) vond ik het erg leuk dat jullie het 
toch elke keer weer probeerde en er interesse in toonde. Heel erg bedankt voor alles 
dat jullie voor mij hebben gedaan en dat jullie er altijd voor mij zijn.  

De laatste maar misschien wel de belangrijkste, lieve Mitch. Ik krijg tranen in mijn 
ogen nu ik aan dit stukje begin. Dit zijn deels hormonen, maar ook omdat ik mij 
realiseer hoeveel wij hebben meegemaakt de afgelopen jaren en hoeveel mooie 
momenten er nog gaan komen. Ik ben je zo dankbaar dat je er de afgelopen jaren 
voor mij was. Je hebt me zien huilen van frustratie en zien lachen van enthousiasme. 
Ik wil je bedanken voor je eeuwige geduld en je altijd nuchtere kijk op dingen, dit 
laatste hielp mij altijd erg dingen te relativeren op de moeilijke momenten. Bedankt 
dat je het PhD avontuur samen met mij bent aangegaan, en ik kan niet wachten op 
het volgende avontuur dat wij samen met ons kleine meisje gaan beleven.

Lisa
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