
 
 

Recycling as a mechanism for extracellular matrix 

remodeling at the synapse 
 

 

 

Dissertation 

 

 
for the award of the degree 

Doctor rerum naturalium 

(Dr. rer. nat.) 

by the Georg-August-Universität Göttingen 

 

within the doctoral program IMPRS for Neuroscience 

of the Georg-August University School of Science (GAUSS) 

 

submitted by 

Tal M. Dankovich 

 

born in 

Givatayim, Israel 

 

 

Göttingen 2021 

  



1 

 

 

Members of the Thesis Advisory Committee 

 

 

Prof. Dr. Silvio O. Rizzoli 

(First referee)  

 

Dept. of Neuro- and Sensory Physiology, University Medical 

Center, Göttingen 

 

Prof. Dr. Dr. Oliver Schlüter  
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Summary 

 
In the adult brain, the extracellular matrix (ECM) forms lattices that sheath neurons and synapses. The 

exceptional longevity of ECM molecules lends these lattices a unique durability, and as such, they are 

deemed to stabilize neural circuits and restrict their plasticity. At the same time, the adult ECM retains the 

ability to be occasionally remodeled, in order to allow neural circuits to be altered throughout adulthood. 

According to the dominant paradigm in the current literature, this remodeling occurs through the transient 

release of proteolytic enzymes to cleave the ECM near synapses, followed by the secretion of newly-

synthesized molecules that embed into the ECM, thereby resulting in ECM changes that fit this structure 

to the needs of synaptic plasticity. A problem arises when considering that structural changes to synapses 

in vivo are surprisingly frequent (on a timescale of minutes to hours). Supporting such frequent remodeling 

through de novo synthesis of ECM molecules would be costly for the cell in metabolic terms. Importantly, 

such a view is not in line with the measured lifetimes of these molecules, of weeks to months. How, then, 

can the cell sustain a continual remodeling of the ECM at synapses? In this thesis, I propose the existence 

of an additional mechanism, whereby the ECM can be continually remodeled through a recycling of its 

components. This mechanism lends the ECM the flexibility that is necessary for frequent synaptic changes. 

I expect that such a mechanism would operate constitutively, but would also be intimately linked to synaptic 

activity. 

 

In Chapter 1, I summarize the existing knowledge on the configuration and function of the ECM in the 

adult brain, and discuss the potential interactions of ECM molecules with the pre- and postsynaptic 

machinery. After a brief discussion of the dominant paradigm for ECM remodeling through proteolytic 

cleavage, I present the body of literature to support the hypothesis of ECM recycling at synapses. 

Accordingly, I conclude that ECM molecules can be secreted in an activity-dependent manner from both 

the pre- and postsynaptic compartments. By contrast, I hypothesize that the locus of ECM entry into the 

recycling route is restricted to the postsynaptic side, where there is a considerably greater presence of local 

trafficking machinery. I remark, however, that it has not yet been established whether (and how) the 

presence of this local machinery is related to synaptic activity.  

 

In Chapter 2, I present a collaborative project that endeavored to bridge the knowledge gap described in 

Chapter 1, and establish a link between the amounts of postsynaptic trafficking machinery and local synaptic 

activity. This was accomplished through the use of super-resolution microscopy and automated quantitative 

image analysis to successfully correlate the local distribution and abundance of several postsynaptic 

trafficking elements to local synaptic activity.  

 

In Chapter 3, I present the primary investigation of this thesis, which directly tests the hypothesis of ECM 

recycling at synapses, using the glycoprotein TNR as an archetype. Here, we used an array of imaging assays, 

including super-resolution fluorescence imaging and nanoscale secondary ion mass spectrometry, to test 

the hypothesis that TNR molecules undergo continual recycling. We demonstrated the existence of a pool 

of mobile TNR molecules that are enriched at synapses, and cycle in and out of the perisynaptic ECM via 

a surprisingly long route (lasting approximately three days). Further investigation revealed that these 

molecules are trafficked as far as the Golgi apparatus in the neuronal soma, where they presumably undergo 

a re-glycosylation, and are then trafficked to synapses once again. Finally, we established a link between 

synaptic activity and the extent of TNR recycling. 

 

Lastly, in Chapter 4, I discuss the primary conclusions of this thesis, as well as existing caveats and 

outstanding unanswered questions. I present possible experiments that could address these in the future, 

and discuss new areas of research that warrant further investigation.      
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1: Introduction 

 

1.1. The brain extracellular matrix 

 

1.1.1. Overview 

 

Like any other tissue in the body, a large portion of the brain consists of space filled with extracellular 

matrix (ECM), but uniquely, it is mostly devoid of fibrous matrix proteins like collagen that are abundant 

in other tissues. These proteins appear transiently in the embryonic brain to guide migrating neurons, but 

once development has ended, they are mostly found surrounding the blood vessels that contribute to the 

blood-brain barrier (Baeten and Akassoglou, 2011; Ruoslahti, 1996; Syková and Nicholson, 2008). Rather, 

the immediate space surrounding the neurons becomes dominated by a more stabilizing presence of matrix, 

arising from a family of sulfated proteoglycans called lecticans and two molecules that they bind, hyaluronic 

acid and tenascin. Together, these molecules form a mesh-like coat that enwraps neurons very finely but 

leaves gaps where synaptic contacts can exist (Dityatev et al., 2010; Ruoslahti, 1996). On some neurons, the 

ECM coat is particularly dense around the soma, proximal dendrites, and axon initial segment. These dense 

structures, termed perineuronal nets (PNNs), were already observed by Camillo Golgi in 1893 through the 

use of his eponymous silver staining (Figure 1). He described these as “a delicate coating… mainly reticular 

in structure ...covering not only the cell body but also stretching along the protoplasmic extensions” (Golgi, 

1898). Several decades later, the function of the PNNs slowly began to be elucidated 1. It was discovered 

that PNNs are present in virtually all parts of the mammalian central nervous system, particularly (but not 

exclusively) around inhibitory neurons that express the calcium buffer parvalbumin (Härtig et al., 1992; 

Yamada and Jinno, 2013). The formation of PNNs is one of the final acts of neural development, coinciding 

with the closure of the critical period for plasticity 2 (around 2-5 weeks postnatally in rodents and around 

2-8 years postnatally in humans) (Fawcett et al., 2019). As a result, it is widely believed that the PNNs 

stabilize key neurons in circuits that encode sensory information and potent memories such as fear, and 

restrict further changes to these circuits. Indeed, if PNNs are broken down enzymatically, juvenile forms 

of plasticity can be restored, like the ability of neurons in the visual cortex to reduce their response to an 

eye that is deprived of light and increase their response to the non-deprived eye (known as ocular 

dominance plasticity) (Pizzorusso, 2002). Astonishingly, even drug addiction and early fear memories can 

be erased (Banerjee et al., 2017; Gogolla et al., 2009; Xue et al., 2014).  

 

Being so conspicuous, PNNs were a major focus of studies that investigated the neuronal ECM. With 

advances in immunostaining techniques and imaging resolution, it became apparent that the neuronal ECM 

is ubiquitous in the brain (albeit in a looser and more molecularly heterogeneous configuration), and that it 

can also be found in close proximity to synapses. It was soon recognized that this loose ECM plays an 

equally important role at synapses, performing a delicate balancing act of restricting and permitting synaptic 

 

1 It would be several decades before the function of these structures would be explored, due to Ramón y Cajal’s 

vehement claim that these observations were nothing more than fixation artifacts (Ramón y Cajal, 1909; Vitellaro-

Zuccarello et al., 1998). 

2 During development, the circuitry in different brain regions is highly sensitive to experience for a limited window of 

time. Once this window closes, these circuits become fixed, and plasticity declines to adult (mostly latent) levels.    
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plasticity, not only by acting as a physical barrier, but also by directly interacting with synaptic machinery 

(Dityatev and Schachner, 2003). This gradual understanding ultimately led to concept of the “tetrapartite 

synapse”, which upgraded the existing model (consisting of the pre- and postsynaptic compartments, and 

the nearby glial processes) to also include the surrounding ECM (Dityatev et al., 2006). Since then, the 

concept of the tetrapartite synapse has been substantiated by a wealth of evidence for the modulation of 

synaptic components (such as the actin cytoskeleton and local ion channels) by the perisynaptic ECM, as 

well as evidence that its removal is deleterious to both synaptic transmission plasticity. These studies, along 

with more speculative evidence of molecular interactions, will be reviewed in greater detail in Chapter 1.2. 

 

 
 

Figure 1 Perineuronal nets. a, A sketch by Camillo Golgi, showing the reticular covering on a neuron from the rat 

spinal cord (Golgi, 1898). b, A PNN-wrapped neuron in an organotypic hippocampal slice, imaged with confocal 

microscopy. Scale bar = 5 µm. 

 

1.1.2. Major molecular components 

 

As I stated in the overview, the neural ECM is mainly composed of a family of sulfated proteoglycans 

named lecticans, and their binding partners, hyaluronic acid and tenascin. Despite their association with 

neurons, many of these molecules are also produced and secreted by glial cells, and some might be 

exclusively produced by glia. One important quality that is highly relevant for this thesis is that all of these 

molecules are exceptionally long-lived as compared with intracellular proteins (e.g., months versus days in 

rodents in vivo) (Dörrbaum et al., 2018; Fornasiero et al., 2018; Heo et al., 2018; Toyama et al., 2014). 

Structurally, the ECM molecules form a lattice, where complexes of lectican-decorated hyaluronan 

molecules are extensively cross-linked by tenascins. These lattices are tethered to the neuronal surface 

through the hyaluronan molecules, which stay attached to their membrane-associated synthase (Figure 2) 

(Dityatev et al., 2010; Sorg et al., 2016). This general configuration holds true for all forms of neuronal 

ECM, and the variability (between loose ECM formations and PNNs, different brain regions and cell types) 

stems from differences in the types and amounts of the various proteoglycans (Zimmermann and Dours-

Zimmermann, 2008).  
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Figure 2 Lattice organization of the brain ECM. A model showing the organization of hyaluronan (linked to its 

membrane-bound synthase), lecticans, and tenascin R. The interactions between hyaluronan and lecticans are 

strengthened by hyaluronan and proteoglycans link proteins (Haplns). Reproduced with permission from (Djerbal et 

al., 2017) (http://creativecommons.org/licenses/by/4.0/). 

 

In the following section, I will briefly describe the major components of the ECM. These descriptions are 

primarily derived from studies of these molecules in rodents, but these show a close homology to humans. 

I will give special attention to the glycoprotein tenascin-R (TNR) since the experiments I present in Chapter 

3 focus specifically on this molecule. That being said, the hypotheses that drove these experiments pertain 

to other components of the neuronal ECM as well, though we have gathered far less evidence for these 

molecules at this stage.  

 

1.1.2.1. Lecticans, hyaluronan, and link proteins 

 

Lecticans, a sub-family of chondroitin sulfate proteoglycans (CSPGs), are the most abundant proteoglycans 

in the brain ECM (Djerbal et al., 2017). CSPGs comprise one or more unbranched glycosaminoglycan 

chains covalently bound to a protein core. As the name suggests, sulfation is one of the main modifications 

to these chains, and the diversity of sulfation patterns confers different biological functions to the molecules 

(Herndon and Lander, 1990). Nevertheless, the functions are (mostly) restrictive: to neuronal migration, 

neurite outgrowth, and to plasticity (Laabs et al., 2005). The major lecticans are aggrecan (>500 kDa), 

versican (~400 kDa), neurocan (~240 kDa), and brevican (~145 kDa) 3 (Deepa et al., 2006). All of these 

share a globular hyaluronan-binding domain at their amino-terminal, and a globular domain at their 

carboxyl-terminal that binds glycoproteins such as tenascins (Aspberg et al., 1997). The central region 

containing the glycosaminoglycan attachment sites is variable, with as few as three potential sites (brevican) 

and as many as 120 (aggrecan) (Yamaguchi, 2000). The cellular source of these molecules has been difficult 

to determine since they may be synthesized by more than one cell type. This is further complicated by the 

 

3 The molecular weights correspond to the full-length core proteins, derived from the bands detected in Western Blots 

of brain homogenates.  

http://creativecommons.org/licenses/by/4.0/
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fact that their expression can be transient (e.g., expressed at certain stages of development or in response to 

injury). To put it briefly, it appears that in vivo, both neurons and astrocytes have the capability of producing 

all lecticans. However, the evidence suggests that neurocan is derived exclusively from neurons in the 

healthy brain (Dzyubenko et al., 2016).  

 

Unlike the lecticans, hyaluronan (also known as hyaluronic acid; HA) is a pure glycosaminoglycan that is 

not covalently bound to a protein core. It is unbranched and can be extremely long (ranging from 2 µm up 

to 25 µm, and from 106 to 107 kDa). It is ubiquitously expressed in the ECM and, in fact, is expressed all 

tissues in vertebrates, and even in some types of bacteria. As I mentioned, HA is produced by synthases 

which are positioned on the inner face of the membrane (in contrast to all other glycans, whose production 

requires the endoplasmic reticulum (ER) and the Golgi apparatus. It exudes into the pericellular space while 

remaining attached to the enzyme (Fraser et al., 1997; Toole, 2004). Both neurons and astrocytes can 

produce HA. However, the formation of PNNs is dependent on neuronal HA (Miyata et al., 2005). In 

contrast to the lecticans, hyaluronan is believed to be a promoter of cell migration during development. It 

has a remarkable ability to become hydrated, which forces barriers away from the cell that extrudes it, 

creating a cell-free space for migration (Toole, 2004). It is, therefore, unsurprising that the amount of HA 

is significantly reduced in the adult brain (Jenkins and Bachelard, 1988; Margolis et al., 1975).  

 

The interaction between HA and lecticans is strengthened by a family of four ancillary glycoproteins 

collectively termed hyaluronan and proteoglycan link proteins (Haplns).  The structure of the link proteins 

strongly resembles the HA-binding domain of the lecticans, allowing them to interact with both molecules 

simultaneously to form ternary complexes. As a remarkable example of molecular evolution, the genes of 

the four Haplns are physically adjacent to the genes of the four lecticans (Spicer et al., 2003). Two of the 

Haplns (Hapln1 and Hapln4) are found exclusively in PNNs and are essential for their formation (Oohashi 

et al., 2015). It still remains to be determined, however, if and to what extent they are present in looser 

ECM formations. 

 

1.1.2.2. Tenascins 

 

Tenascins are a large family of multimeric glycoproteins that are unique to vertebrates. To date, four 

members have been identified in mammals, namely, tenascin-C, -R, -W/N, and -X. The members share 

common structural motifs, all arranged in the same sequence. The amino-terminal of the proteins is rich in 

cysteines, which mediates interactions between the monomers, allowing them to assemble into dimers, 

trimers, or hexamers. This is followed by a varying number of epidermal growth factor (EGF)-like repeats, 

and then a series of fibronectin type III-like domains. The latter mediates the interactions of tenascins with 

lecticans, among other binding partners (Hsia and Schwarzbauer, 2005; Jones and Jones, 2000; Midwood 

et al., 2016). I will not elaborate on TNW/N or TNX since their expression in the central nervous system 

is either controversial or does not reach significant levels (Matsumoto et al., 1994; Neidhardt et al., 2003; 

Scherberich et al., 2004). TNC was the first member to be discovered, and remains the most extensively 

studied 4. In the central nervous system, TNC is strongly expressed by glial cells as well as a limited number 

 

4 The family name “tenascin” reflects the tissue in which the founding member tenascin-C was found to be most 

abundant – the Latin verb tenere meaning “to hold” (tendons), and nasci meaning “to be born” (embryos).   
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of neurons during development. In the adult brain, its expression is significantly reduced and only persists 

in select regions (Bartsch, 1996; Ferhat et al., 1996; Oliet et al., 1997; Stamenkovic et al., 2017). However, 

it is transiently upregulated following injury and, interestingly, also during synaptic plasticity (Nakic et al., 

1998; Okada and Suzuki, 2021). Functionally, TNC appears to be a stress protein that modulates cell 

adhesion, proliferation, and migration (Midwood et al., 2016). 

 

Unlike TNC, the expression of TNR (also known as J1-160/180 or Janusin) begins late in development, and 

is restricted to the central nervous system (Kruse et al., 1985). It exists in two isoforms, with a weight of 

160 kDa and 180 kDa, generated by alternative splicing, though both the biochemical and functional 

differences between these remain to be determined (Carnemolla et al., 1996; Fuss et al., 1993). Electron 

microscopy of rotary shadowed molecules 5 revealed that these could build dimers (160) or trimers (180) 

(Pesheva et al., 1989). TNR is first detected around birth, expressed by oligodendrocyte precursors and 

type-2 astrocytes 6, and is highly abundant during myelination. When myelination has ceased, it is 

downregulated to adult levels and localizes to the outer parts of the myelin sheaths and the nodes of Ranvier 

(Bartsch et al., 1993; Wintergerst et al., 1993). In the adult brain (starting from about 2-3 weeks after birth), 

TNR is also consistently expressed by a subpopulation of neurons in the hippocampus, cortex, cerebellum, 

and olfactory bulb, and contributes to the formation of their PNNs (Fuss et al., 1993; Wintergerst et al., 

1993, 2001). The interaction of TNR with lecticans has been demonstrated in vitro to occur through 

fibronectin type III domains 3 through 5. In particular, the affinity for brevican was found to be over 10-

fold higher than for any of the other lecticans. In addition, TNR co-precipitates with brevican from the 

adult brain, and the two colocalize immunohistochemically, strengthening the claim that these molecules 

interact in vivo (Aspberg et al., 1997; Hagihara et al., 1999; Lundell et al., 2004). Functionally, TNR has 

seemingly contradicting effects in vitro 7. It can both promote and inhibit neurite outgrowth depending on 

the type of cell it is presented to, and on how it is presented (arranged as a boundary or uniformly). 

Depending on the developmental stage and the cell type, it can also be either adhesive to the cells or anti-

adhesive (Becker et al., 2000; Faissner, 1997; Morganti et al., 1990; Pesheva et al., 1993). One function is 

coherent with its apparent involvement in myelination: it supports the adhesion of oligodendrocyte 

progenitors and promotes their maturation (Pesheva et al., 1997). This is further strengthened by the finding 

that TNR can interact with the β2-subunit of voltage-gated sodium channels, which are known to be present 

at the nodes of Ranvier (Srinivasan et al., 1988; Xiao et al., 1999). An additional function of TNR is the 

inhibition of axon outgrowth through its interaction with the adhesion molecule F3/F11/Contactin, which 

is expressed on axonal growth cones during development (Bartsch et al., 1993; Pesheva et al., 1993; Xiao 

et al., 1996). It is likely that the interaction of contactins present in the growth cone membrane with 

extracellular TNR steers it away from off-target regions during development. Considering these seemingly 

important functions, it is surprising to learn that TNR-knockout mice are both viable and fertile and that 

brain regions expressing TNR appear to develop normally. They do, however, have slower axonal 

 

5 In rotary shadowing electron microscopy, a heavy metal is evaporated onto the sample at an oblique angle. The 

surfaces that are facing away from the source are shielded from the metal deposits, creating a “shadow”.   

6 Oligodendrocytes and type-2 astrocytes develop from the same bi-potential precursor cells (ffrench-Constant and 

Raff, 1986). 

7 The name Janusin was chosen due to the duality of its functions (depending on the cell type and the developmental 

age). It is derived from Janus, who was the Roman god of dualities (usually depicted as having two faces).  
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conduction velocities, further reinforcing the assumption that TNR is a modulator of voltage-gated sodium 

channels at the nodes of Ranvier (Weber et al., 1999). Another prominent phenotype of these mice is an 

abnormal morphology of the PNNs (Brückner et al., 2000; Haunsoø et al., 2000; Morawski et al., 2014). 

Over time, more subtle phenotypes were discovered, and it was understood that TNR deficiency leads to 

broad changes in the electrophysiological properties of neurons. This is due to its important role as a 

modulator of synaptic function, as I will describe in greater detail in Chapter 1.2. 

 

1.1.2.3. Integrins: extracellular matrix receptors 

 

Many transmembrane proteins are known to act as receptors for ECM molecules. Through these receptors, 

mechanical or biochemical changes to the ECM can initiate intracellular signaling cascades that affect the 

cell’s differentiation, migration, survival and proliferation (Kim et al., 2011). The best-studied ECM 

receptors are integrins, which are relevant here due to the presumed interaction of TNR with integrin 

receptors containing the β1 subunit (from hereon referred to as β1-integrins) (Liao et al., 2008). Integrins 

are heterodimers consisting of α and β subunits, which bind non-covalently to form 24 known 

combinations (Takada et al., 2007). Among the ECM ligands for integrins are those that contain a specific 

motif consisting of Arg-Gly-Asp (known as the RGD motif). This was first discovered in fibronectin but 

was later found in additional ECM proteins, including laminin and tenascin (Aumailley et al., 1990; Bourdon 

and Ruoslahti, 1989). The intracellular tail of the receptors binds to various signaling molecules, and 

importantly, the β subunit interacts with actin-associated proteins such as talin and kindlin, which effectively 

links the ECM to the cell’s cytoskeleton (Kerrisk et al., 2014). This allows integrins to mediate the 

attachment of cells to the ECM and promote or inhibit their migration. Expectedly, integrins expressed in 

the brain play an essential role in neuronal migration during development and mediate neurite outgrowth 

(Gupton and Gertler, 2010; McCarty et al., 2005; Rehberg et al., 2014). Integrins are also abundantly 

expressed in the adult brain (both in neurons and glial cells), and are particularly enriched at synapses. Here 

they have been shown to play an important role both in pre- and postsynaptic functions (Park and Goda, 

2016; Shi and Ethell, 2006). 

 

1.2. The “tetrapartite synapse” 

 

The concept of the tri-partite synapse was introduced over two decades ago when it was understood that 

glial cells in close proximity to synapses are integral to their function, and that the existing model (which 

included only the pre and postsynaptic elements of two communicating neurons) is incomplete (Araque et 

al., 1999). Several years later, the tripartite model was upgraded to also include the extracellular molecules 

that are secreted by the cells into the perisynaptic space, giving rise to the concept of the tetra-partite synapse 

(Dityatev et al., 2006). A focus of research that led to this understanding is the vertebrate neuromuscular 

junction, where the presynaptic bouton of the motoneuron is enwrapped by Schwann cells, and the synaptic 

cleft between the bouton and the postsynaptic membrane of the muscle is filled with a basal lamina 8 

 

8 The basal lamina is a thin network of extracellular matrix forming a sheet under epithelial cells (to separate them 

from the underlying connective tissue), and enwraps muscle and fat tissues. Major components of the basal lamina 

are laminin and collagen. In the brain, basal laminae are present on the epithelial cells that line the ventricles and the 

endothelial cells of the vessels that form the blood-brain-barrier (Benarroch, 2015; Timpl, 1996).   
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(Faissner et al., 2010). Despite many similarities between the neuromuscular junction and central nervous 

system synapses, the latter have no basal lamina, and their synaptic cleft is significantly smaller (~20 nm 

versus ~50 nm). Due to the minute size of the synaptic cleft, it was once presumed that the formation, 

differentiation, and maintenance of new synapses occurs through a direct interaction between pre- and 

postsynaptic transmembrane adhesion proteins (Giagtzoglou et al., 2009). However, studies now show that 

the ECM in the synaptic cleft and in the perisynaptic region is equally important for these functions. As I 

explained in the overview, the ECM can be permissive or restrictive, largely depending on the 

developmental age of the brain. This is also the case at synapses: during development, the ECM contributes 

to the formation of new synapses, and in the mature brain, it contributes to their stabilization, while still 

allowing for occasional synaptic plasticity. Here, I will focus on the role of the perisynaptic ECM in the 

maintenance of mature synapses and in synaptic plasticity. In addition, I will limit my discussion to the 

secreted extracellular molecules of the perisynaptic ECM and their receptors, though it should be 

mentioned that trans-synaptic interactions between transmembrane pre- and postsynaptic adhesion 

molecules, such as neurexins and neuroligins, are also crucial for the stabilization of synapses (Dalva et al., 

2007). As a note, I will refer to the molecules of the hyaluronan-based ECM collectively as the ‘perisynaptic 

ECM’, though as the studies I present suggest, it is likely that they also exude into the synaptic cleft, where 

they potentially interact with synaptic proteins. 

 

1.2.1. Interaction of the extracellular matrix with postsynaptic machinery 

 

Stabilization and maintenance of synapses: Expectedly, the perisynaptic ECM acts as a physical barrier that 

prevents transmembrane molecules from diffusing away from the synaptic area. When a synapse is first 

formed, neurotransmitter receptors accumulate at the postsynaptic membrane by interacting with local 

scaffolding proteins (this process is well-documented in excitatory glutamatergic synapses, where glutamate 

receptors become anchored by scaffolds at the postsynaptic density (PSD) 9; Li and Sheng, 2003) 10. 

Nevertheless, these receptors retain a degree of lateral mobility in the membrane, despite their association 

with scaffolding proteins (Triller and Choquet, 2008). In cultured hippocampal neurons, the mobility of 

AMPA receptors significantly decreases after 2-3 weeks in vitro, around the same time that the neuronal 

ECM begins to form (Borgdorff and Choquet, 2002; John et al., 2006). This heightened mobility can be 

restored by enzymatically cleaving hyaluronan to disrupt the ECM. This holds true not only for AMPA 

receptors but also for an artificially-introduced transmembrane protein, which indicates that the 

perisynaptic ECM stands as an unspecific physical block to all transmembrane proteins at the synapse 

(Frischknecht et al., 2009). On a larger scale, it appears that the ECM stabilizes the entire synaptic structure. 

 

9 Seen by electron microscopy, the PSD is an electron-dense region in the membrane of excitatory postsynapses. The 

PSD contains neurotransmitter receptors and associated signaling molecules, as well as scaffolding proteins that hold 

these in place (Sheng and Kim, 2011). 

10 A caveat to the hypothesis that glutamate receptors are anchored at the PSD by scaffolding proteins such as the 

post-synaptic density protein PSD95 (e.g., Schnell et al., 2002) should be noted: mice deficient in PSD95 have enhanced 

long-term potentiation, a process which is dependent on glutamate receptor signaling (see subsection ‘Long-term 

potentiation’ below) (Migaud et al., 1998). Therefore, an alternative view is that PSD95 serves as a scaffold for a variety 

of post-synaptic signaling proteins (including glutamate receptors), rather than a bona fide anchor for these receptors 

(Xu et al., 2008).  
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In most excitatory synapses in the brain, the postsynaptic compartments are in the form of conspicuous 

membrane protrusions called dendritic ‘spines’ (Gray, 1959). Enzymatic cleavage of CSPGs in the adult 

visual cortex in vivo and in organotypic hippocampal slices in vitro leads to an increase in dendritic spine 

motility and in spine head outgrowth (Orlando et al., 2012; de Vivo et al., 2013). Beyond relieving the 

physical barrier imposed by the ECM, this treatment might also breach direct interactions between 

transmembrane proteins in the spine and the ECM. In support of this claim, it was found that the 

hyaluronan receptor CD44 contributes to the maintenance of spine morphology by modulating the activity 

of actin cytoskeleton regulators (Roszkowska et al., 2016). This was similarly shown for β1 integrins, which 

are known to interact with both CSPGs and TNR (Liao et al., 2008; Sloan Warren et al., 2012; Tan et al., 

2011). This latter finding may offer an explanation as to why mice deficient in TNR have a reduced spine 

density in the olfactory bulb (David et al., 2013).  

 

Long-term potentiation 11: In many types of synapses, activity-dependent changes are instigated when the 

intracellular concentration of calcium at the postsynapse exceeds a critical threshold. This is typically 

achieved through the opening of postsynaptic calcium-permeable NMDA receptors, whose activation may 

result in long-term potentiation (LTP) of synapses (Herring and Nicoll, 2016). The results from several 

studies point to an essential role for β1-integrins in producing LTP: their activation increases the amplitude 

and duration of NMDA-mediated currents, and promotes polymerization and subsequent stabilization of 

the actin cytoskeleton (which enlarges the spine head) (Bernard-Trifilo et al., 2005; Kramar et al., 2006; Rex 

et al., 2009). These observations are further supported by the finding that a neuron-specific knockout of 

β1-integrins in the hippocampus results in impaired LTP (Chan et al., 2006; Huang et al., 2006). 

 

Another ECM molecule known to modulate LTP is reelin, a secreted glycoprotein that is well-studied as a 

regulator of neuronal migration during brain development (D’Arcangelo, 2014; Tissir and Goffinet, 2003). 

In the adult, it is now fairly well-established that reelin is an important modulator of synaptic plasticity. It 

was shown that reduced levels of reelin lead to impairments in LTP (Qiu et al., 2006), while reelin 

supplementation enhances LTP (Beffert et al., 2005; Pujadas et al., 2010; Rogers et al., 2011). This is likely 

to occur through its ability to enhance the activation of NMDA receptors (Weeber et al., 2002).  

 

Besides NMDA receptors, postsynaptic L-type voltage-gated calcium channels (LVGCC) can also 

contribute to the influx of calcium ions, and in this way, promote some forms of LTP (Herring and Nicoll, 

2016). Interestingly, TNC was found to be necessary for LVGCC-dependent LTP in the hippocampus  (as 

mentioned in the previous section, despite its prominent expression during development, this molecule was 

shown to be upregulated during synaptic plasticity events in the adult), although it remains to be determined 

whether it interacts with the channels directly (Evers et al., 2002). Similarly, hyaluronan was shown to 

 

11 Long-term potentiation (LTP) is an activity-driven long-lasting strengthening of synaptic responses, and thus a 

presumed mechanism for memory storage. It is divided into an early phase, during which calcium influx into the spine 

leads to an insertion of AMPA receptors in the synaptic membrane and an enlargement of the spine head, and a late 

phase, in which gene transcription and protein synthesis in the postsynaptic cell allow for the maintenance of the 

memory (Herring and Nicoll, 2016). 
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modulate LGVCCs in the hippocampus, though proof of a direct interaction is also still lacking 

(Kochlamazashvili et al., 2010). 

 

Metaplasticity: Synapses also have the capacity to adjust their predisposition to undergo plastic changes 

(Abraham and Bear, 1996). Typically, this is achieved by modifying the basal excitatory activity of the 

neuron, which then increases or decreases the threshold stimulation required for LTP induction. TNR is 

highly relevant in this regard since it has been extensively shown to regulate GABA-mediated inhibition, 

which determines the level of basal excitatory transmission (Nikonenko et al., 2003; Saghatelyan et al., 2001, 

2003). Mice deficient in TNR have increased basal excitatory transmission and, as expected, an increased 

threshold for LTP induction (Bukalo et al., 2007; Saghatelyan et al., 2001). One possible explanation is a 

loss of the direct interaction of specific oligosaccharide structures on the TNR molecules called human 

natural killer 1 (HNK1) with GABAB
 receptors, which inhibits their activity (Kruse et al., 1985; Saghatelyan 

et al., 2001, 2003). Interestingly, this reduction in perisomatic GABAergic signaling is specific to the CA1 

region of the hippocampus, and inhibition is actually increased in the dentate gyrus. This is in line with 

observations that behaviorally, mice deficient in TNR have faster reversal learning and increased reactivity 

to novelty, which are both correlated to activity in the dentate gyrus (Morellini et al., 2010).  

 

1.2.2. Interaction of the extracellular matrix with presynaptic machinery 

 

Since studies of ECM interactions at presynapses in the central nervous system are relatively scarce, this 

section will be considerably more speculative in nature. I mentioned before that hyaluronan was shown to 

restrict the lateral diffusion of postsynaptic AMPA receptors. However, the observation that the mobility 

of an artificially introduced transmembrane protein is also reduced suggests that it may generally restrict 

receptor mobility, including at the presynapse (Frischknecht et al., 2009). Evidence of a direct influence of 

hyaluronan comes from the observation that a knockdown of the hyaluronan receptor CD44 (shown to be 

present at hippocampal presynapses) reduced the number of presynapses (identified by a labeling of the 

active zone 12 marker bassoon) (Roszkowska et al., 2016). Nevertheless, evidence that hyaluronan may 

interact directly with presynaptic receptors does not preclude the possibility that it also stabilizes the synapse 

by acting as a bona fide physical barrier.  

 

Additional evidence for the interaction of the ECM with presynaptic machinery comes from cochlear inner 

hair cell synapses, where the tight clustering of presynaptic calcium channels in front of PSD is necessary 

for fast synaptic transmission (Fell et al., 2016). It was discovered that mice deficient in brevican experience 

a mild hearing loss due to the misalignment of these channels (Sonntag et al., 2018). A possible explanation 

is that the calcium channels are clustered through an interaction of the α2δ2 subunit with brevican, since a 

similar phenotype was observed for mice deficient in this subunit (Fell et al., 2016). The absence of brevican 

was also shown to affect synaptic transmission in a central auditory synapse, the calyx of Held. Though the 

mechanism was not described, the change in the dynamics of synaptic transmission was also congruent 

with a change in the distribution of presynaptic calcium channels (Blosa et al., 2015).  

 

 

12 The active zone is a specialized region in the presynaptic plasma membrane where synaptic vesicle exocytosis takes 

place (Südhof, 2012). 
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Additional ECM molecules known to modulate presynaptic function are laminins. These are large, secreted 

glycoproteins (~400 to ~900 kDa) that form heterotrimers consisting of α, β and 𝛾 subunits. Laminins are 

a major component of the basal lamina which, as I mentioned, is lacking in central nervous system synapses. 

Nevertheless, subtypes of laminins are found in the brain, and recent evidence suggests that they play an 

essential role in the organization of presynaptic machinery (Nirwane and Yao, 2019). In mice deficient in 

laminin β2, the anchoring of active zone proteins at presynaptic membranes in the retina is disrupted, 

resulting in a spatial disorganization of the presynapse (Hunter et al., 2019). This may be due to a direct 

interaction between laminin β2 chains and presynaptic calcium channels since these are known to interact 

at the neuromuscular junction synapse (Nishimune et al., 2004). Laminin α5 chains also play an important 

role at the neuromuscular junction synapse by interacting with synaptic vesicle protein 2 (SV2), which is 

required for the activity-dependent release of synaptic vesicles (Chang and Sudhof, 2009; Son et al., 2000). 

Recently, laminin α5 was also shown to be present at central nervous system synapses, raising the possibility 

that this mechanism might also occur in the brain (Omar et al., 2017). It is also worth mentioning that 

laminins could exert some effects through their interaction with integrins, which are widely known to be 

receptors for these molecules (Nirwane and Yao, 2019).  

 

As for the postsynapse, it appears that integrins also have important functions at the presynapse, and here 

also, β1 integrins stand out as a focus of research. Though less abundant than at the postsynaptic side, β1 

integrins were shown to be present at hippocampal presynapses (Mortillo et al., 2012). Mice in which β1 

integrins were knocked out in hippocampal neurons, have modified synaptic responses indicative of a 

smaller reserve pool of synaptic vesicles 13 or a defect in their mobilization (Huang et al., 2006). In addition, 

at the neuromuscular junction, α3-containing integrins are known to be complexed with presynaptic calcium 

channels, though it remains to be determined whether this is also the case in the central nervous system 

(Carlson et al., 2010). 

 

Presynaptic vesicle release also appears to be modulated by reelin (previously introduced for its role in 

postsynaptic LTP). The application of exogenous reelin to mature hippocampal neurons was shown to 

significantly enhance spontaneous vesicle release. This was suggested to occur through the interaction of 

reelin with its canonical receptors VLDLR and ApoER2 at the presynapse, which results in an increase of 

presynaptic calcium levels. Interestingly, reelin treatment was also shown to specifically mobilize reserve 

pool vesicles that are enriched in the vesicular protein VAMP7, suggesting that the reelin receptors might 

additionally function as modulators of these vesicles (Bal et al., 2013).  

 

TNR is also likely to be involved in presynaptic function, since mice deficient in TNR show a 

disorganization in perisomatic synapses in the CA1 pyramidal layer of the hippocampus. Among other 

findings, it was observed that synaptic vesicles have a reduced tendency to cluster (a property which is 

known to be necessary for functional transmission; Fletcher et al., 1994), and that fewer vesicles are found 

 

13 The reserve pool contains synaptic vesicles that are only released during an intense electrical stimulation and are 

believed to be only rarely released under physiological conditions. The pool is thought to act as a buffer for synaptic 

vesicles proteins, to prevent them from escaping into the axon (Denker et al., 2011). 
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in proximity to the active zone (indicating a smaller readily-releasable pool 14). The study did not examine 

excitatory dendritic synapses in detail, and it is possible that TNR could exert similar effects at these 

synapses (Nikonenko et al., 2003). 

 

 

Figure 3 Presumed interactions and functions of ECM at the tetrapartite synapse. Postsynapse: a, The 

hyaluronan receptor CD44 was shown to support spine stabilization by modulating actin cytoskeleton regulating 

proteins (Roszkowska et al., 2016). b, β1 integrins stabilize spines and promote LTP by modulating NMDARs and 

the actin cytoskeleton. They have been shown to interact with TNR in vitro (Bernard-Trifilo et al., 2005; Liao et al., 

2008; Sloan Warren et al., 2012; Tan et al., 2011). c, Reelin promotes LTP by enhancing the activity of NMDARs 

(Weeber et al., 2002). d, The lateral diffusion of AMPARs is restricted by the perisynaptic ECM (Frischknecht et al., 

2009). e, VGCCs, which are known to promote certain forms of LTP, are modulated by hyaluronan (Kochlamazashvili 

et al., 2010). Presynapse: f, β1 integrins may be necessary for maintaining the synaptic vesicle reserve pool (Huang et 

al., 2006). g, Reelin interacts with VLDLR and ApoER2 to modulate the release of reserve pool vesicles (Bal et al., 

2013). h, β2 laminins are necessary for anchoring active zone proteins at the presynaptic membrane. This could 

hypothetically occur through an interaction with VGCCs. (Hunter et al., 2019; Nishimune et al., 2004). i, Brevican is 

necessary for aligning VGCCs in front of the PSD (Sonntag et al., 2018). j, The hyaluronan receptor CD44 is present 

at presynapses, and is necessary for their stabilization (Roszkowska et al., 2016).  

*Note: The major findings are merged here in a single scheme, though the studies were performed in different models, 

and it is therefore likely that these interactions differ across brain regions and different types of synapses. 

 

 

14 The readily-releasable pool contains synaptic vesicles which are docked at the active zone of the presynaptic 

membrane and primed for release, and are therefore released immediately upon stimulation. (Rosenmund and Stevens, 

1996) 
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1.3. ECM remodeling at the synapse 

 

Many of the studies reviewed in the previous section indicate that the principal role of the perisynaptic 

ECM is to maintain the status quo of the synapse. However, synapses continue to be plastic throughout 

adulthood, and it therefore stands to reason that they should be capable of transiently remodeling their 

surrounding ECM. Much like the intracellular changes that a synapse undergoes during plasticity, the 

changes to the ECM should likewise be driven by its activity level. The current paradigm, whereby ECM 

remodeling occurs through proteolytic cleavage of its molecules, fulfills this criterion. Nevertheless, it is 

possible that additional mechanisms exist that do not involve the destruction of ECM molecules. In this 

section, I will describe the best-studied mechanisms of ECM proteolytic cleavage at the synapse in response 

to changes in synaptic activity levels. Then, I will call attention to a dilemma that arises when considering 

this to be the sole mechanism for ECM remodeling at synapses, thus laying the groundwork for this thesis. 

 

1.3.1. Proteolytic cleavage of synaptic ECM: the dominant paradigm 

 

Structural synaptic plasticity has primarily been studied in dendritic spines, where the mechanism is broadly 

described as follows: (1) the increase in synaptic activity leads to the local activation of ECM-cleaving 

enzymes, (2) cleavage of the ECM at the synapse allows the activity-dependent elongation and enlargement 

of the spine, and may also unmask latent sequences in the ECM molecules that bind receptors at the synapse 

and promote plasticity-related changes, (3) the activity of the enzymes is inhibited, and newly-synthesized 

ECM molecules are secreted, which allows the plasticity-induced changes to persist. In the following 

section, I will review the major enzymes involved in ECM proteolysis and potential mechanisms for their 

activity-dependent activation. 

 

Matrix metalloproteinases (MMPs) are a large family of zinc-binding endopeptidases (i.e., break peptide 

bonds within the molecule) consisting of over 20 members (Löffek et al., 2011). MMPs can be secreted or 

membrane-associated, and target a variety of molecules, including ECM proteins, signaling molecules, and 

membrane-associated receptors (Visse and Nagase, 2003). In the central nervous system, both neurons and 

glia synthesize MMPs whose functions have, in the past, primarily been associated with roles in brain 

development. Nevertheless, it has now become clear that MMPs play an equally important role in the adult 

synapse (Huntley, 2012). By far the best-studied member in the brain is MMP9, which is known to be 

abundant at excitatory hippocampal synapses (its protein as well as its mRNA) (Bozdagi et al., 2007; 

Dziembowska et al., 2012; Konopacki et al., 2007). An increase in neuronal activity leads to the transport 

of MMP9 mRNA to synapses, where it undergoes local translation (Dziembowska et al., 2012; Zagulska-

Szymczak et al., 2001). Furthermore, it was shown that the expression level of MMP9 increases during LTP 

in the CA1 region of the hippocampus, and that a decrease in its amount (either through genetic knockout 

or pharmacological inhibition) precludes LTP maintenance (Nagy et al., 2006; Wang et al., 2008). 

Mechanistically, it appears that MMP9 activity leads to an increase in the motility of dendritic spines and to 

an enlargement of the spine head (processes which are both known to accompany LTP). Evidence suggests 

that these are realized through two effects of the enzyme: the cleavage of perisynaptic ECM molecules such 

as aggrecan to make room for spine growth (Mercuri et al., 2000), and the activation of β1-integrin receptors 

on the spines which initiate a downstream signaling cascade, resulting in a remodeling of the actin 

cytoskeleton (Michaluk et al., 2011; Wang et al., 2008). For the latter mechanism, it is still not known how 



19 

 

MMP9 activity leads to the activation of β1-integrins, but one possibility is that its activity leads to the 

exposure of previously hidden regions in ECM molecules that can function as ligands for the receptors (e.g., 

Giannelli, 1997). A possible target of MMP9 cleavage is ICAM5, whose soluble form increases following 

LTP induction, and promotes spine elongation (Conant et al., 2011; Tian et al., 2007). Another target may 

be the hyaluronan receptor CD44, whose cleavage following the stimulation of serotonin receptors was 

also shown to result in spine elongation (Bijata et al., 2017). Besides LTP in the hippocampus, roles for 

MMP9 in plasticity have also been described in other brain regions, including the prefrontal cortex (Okulski 

et al., 2007) and the amygdala (Stefaniuk et al., 2017). Lastly, it is worth mentioning that two additional 

MMPs, MMP3 and MMP7, also appear to play a role in synaptic plasticity by driving changes in dendritic 

spine structure that are dependent on NMDAR activation (Aerts et al., 2015; Bilousova et al., 2006; Brzdąk 

et al., 2017; Wójtowicz and Mozrzymas, 2014). 

 

Another important family of ECM-cleaving proteases is ‘‘a disintegrin and metalloproteinase with TSP 

motifs’’ (ADAMTS), which comprises 19 members (Apte, 2004). ADAMTSs are expressed throughout the 

brain, where they are produced by astrocytes, and to a lesser extent, by neurons and microglia (Lemarchant 

et al., 2013). ADAMTSs have the ability to cleave both lecticans (Stanton et al., 2011) and reelin (Hisanaga 

et al., 2012), making them likely contributors to synaptic plasticity. Two family members with evident roles 

in the adult brain are ADAMTS1 and ADAMTS4 which, in contrast to other ADAMTSs, are also are 

abundant post-development (Gottschall and Howell, 2015). Both were shown to be upregulated following 

kainic acid-induced seizures in rats, resulting in a cleavage of brevican and a reduction in synapse density in 

the dentate gyrus (Yuan et al., 2002). In addition, the overexpression of ADAMTS4 in vitro leads to an 

elongation of neurites (Hamel et al., 2008). Nevertheless, further studies which block specific ADAMTS 

activity with inhibitors or siRNA are needed to verify the causality between the activity of these enzymes 

and synaptic remodeling. 

 

Despite being less extensively studied, the protease neurotrypsin is also briefly worth mentioning. 

Neurotrypsin is predominantly secreted by neurons in the hippocampus, cortex, and amygdala (Gschwend 

et al., 1997). Currently, the only known substrate of neurotrypsin is agrin, a protein that is best known for 

its role in the development of the neuromuscular junction synapse (Gautam et al., 1996; Glass et al., 1996). 

Agrin has also been shown to promote spine formation in the central nervous system, including at mature 

neurons (Annies et al., 2006; McCroskery et al., 2006). At hippocampal synapses, neurotrypsin cleaves agrin 

locally in response to NMDAR activation (Frischknecht et al., 2008; Stephan et al., 2008), which presumably 

liberates cleavage fragments of agrin that induce the formation of new spines. This notion is supported by 

the finding that mice deficient in neurotrypsin do not form dendritic filopodia (spine precursors) in 

response to LTP-inducing stimuli, and that this can be rescued by the addition of soluble cleavage fragments 

of agrin, produced by neurotrypsin treatment (Matsumoto-Miyai et al., 2009).  

 

Besides activity-dependent activation, an essential quality of ECM-cleaving proteases is they operate 

transiently (i.e., be inhibited in a timely manner) in order for plasticity-induced changes to cease. Among 

other proteins, this is achieved by a family of four tissue inhibitors of metalloproteinases (TIMPs) that act 

in concert with MMPs and ADAMTSs (Arpino et al., 2015; Murphy, 2011). As of yet, few studies elucidate 

the role of TIMPs in plasticity. However, one highly relevant example is the inhibition of MMP9 by TIMP1, 

which is as necessary for LTP as the initial activation of the protease (Magnowska et al., 2016). Similar to 
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MMP9, the expression of TIMP1 can be activity-dependent (Okulski et al., 2007), and it is therefore possible 

that its activity is slower than that of MMP9, allowing its delayed inhibition. 

 

As a final point, it is likely that newly-synthesized ECM molecules are secreted following proteolytic 

cleavage to stabilize the structural changes to the synapse. Indeed, several studies have shown that an 

increase in activity leads to a transient upregulation in the expression of ECM (Heck et al., 2004; Niekisch 

et al., 2019; Rao-Ruiz et al., 2019). It remains to be determined whether this expression takes place locally 

at active synapses, or if (and how) these molecules are trafficked to their synaptic destinations. 

1.3.2. A flaw in the proteolysis paradigm 

 

ECM remodeling through its proteolysis meets the necessary criteria for mediating synaptic plasticity: it can 

be initiated as a result of changes in synaptic activity levels, and it is transient. A problem arises, however, 

when considering that structural changes to synapses are remarkably frequent. Super-resolution imaging of 

dendritic spines and the PSD in vitro and in vivo have shown that their morphology can fluctuate on a 

timescale of minutes to hours (Berning et al., 2012; Fischer et al., 1998; Testa et al., 2012; Wegner et al., 

2018; Willig et al., 2014) (Figure 4).  

 

 
Figure 4 Fast dynamics of dendritic spines. The morphology of the PSD was tracked in knock-in mice whose 

endogenous postsynaptic density protein 95 (PSD95) is fused to a fluorescent protein. Live super-resolution 

Stimulated Emission Depletion (STED) imaging was performed in the visual cortex through a cranial window to 

follow individual PSD assemblies for up to 6 hours. a, When imaging at a time interval of 1 minute, few morphological 

changes are observed. b-c, 0.5 to 2 hours from the start of imaging, some assemblies remain stable (B1, C1), while 

others undergo significant changes (B2, C2). d, When imaging for up to 6 hours, some assemblies may change and 

then revert to their original morphology (D1), remain stable for several hours but change morphology towards the 

end of the imaging period (D2), or change morphology multiple times (D3, D4). Scale bars = 500 nm. e, A histogram 

showing the frequency of strong, subtle or no morphological changes to PSD95 assemblies. N = 18 (1, 2 minutes), 



21 

 

13 (3 minutes), 43 (0.5, 1 hours), 35 (1.5-2 hours), 19 (3-4 hours), 10 (5-6 hours) assemblies from 4 mice. Reproduced 

with permission from (Wegner et al., 2018) (http://creativecommons.org/licenses/by/4.0/). 

 

If we are to assume that a local remodeling of the ECM is necessary for realizing these fluctuations, 

achieving this through proteolytic cleavage of ECM followed, presumably, by the secretion of newly-

synthesized replacements, would entail a very fast turnover of these molecules. This would be highly 

metabolically costly for the cell, but more importantly, this is not in line with the existing measurements of 

the lifetimes of these molecules. As I mentioned previously (Chapter 1.1.2), the components of the ECM 

are some of the most long-lived molecules in the brain (and, for that matter, in the entire body; Truscott et 

al., 2016). The half-life of our protagonist TNR was measured at ~7 days in vitro (hippocampal cultures; 

Dörrbaum et al., 2018) and ~40 days in vivo (cortex and cerebellum; Fornasiero et al., 2018). With the 

exception of brevican, whose half-life was measured at ~5 days in vitro and ~ 17 days in vivo, all of the ECM 

proteins mentioned previously were even longer-lived than TNR. It is therefore extremely unlikely these 

molecules are destroyed and synthesized de novo with every morphological change to the spine. So, while 

the proteolysis paradigm may be adequate to describe events of infrequent ECM remodeling, it is 

insufficient for describing continual changes to the ECM.  

 

At the basis of this thesis is the hypothesis that an additional mechanism should exist that allows a continual 

remodeling of the ECM without the need for its proteolysis and de novo synthesis. Rather than being cleaved, 

an attractive possibility is that ECM molecules can be internalized into the cell without being targeted for 

degradation. Later on, these same molecules can be exocytosed to re-integrate back into the ECM. In the 

following section, I will discuss the plausibility of this proposed mechanism, whereby the ECM is 

‘reshuffled’ through the continual recycling of its molecules. 

 

1.4. The plausibility of ECM recycling as a remodeling mechanism 

 

In order for ECM recycling to be a feasible mechanism for ongoing synaptic changes, synapses should 

contain the machinery to both internalize and secrete ECM locally. This mechanism should also be 

correlated to synaptic activity, which is a strong influencer of the degree of morphological fluctuations 

(Hazan and Ziv, 2020). In the following section, I will review existing studies that support these premises. 

 

1.4.1. Can synapses internalize ECM molecules? 

 

Besides acting as a scaffold for the synapse, many ECM molecules can initiate intracellular signaling 

cascades by interacting (either as a whole molecule or as a cleaved fragment) with synaptic transmembrane 

receptors. The question then arises whether these receptors can mediate the internalization of their ligands. 

Outside the brain, ECM molecules have been shown to readily undergo receptor-mediated endocytosis 15. 

Though it is farfetched to claim that ECM molecules will necessarily undergo endocytosis with any receptor 

 

15 Most research has focused on the internalization of ECM molecules for the purpose of degradation as a process to 

maintain ECM homeostasis. Specifically, many studies assessed the dysregulation of this process in diseases such as 

cardiomyopathy, osteoarthritis, fibrosis and cancer (Rainero, 2016).  

http://creativecommons.org/licenses/by/4.0/
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with which they interact, I will give several examples from the literature where this was shown to be the 

case (see Table 1 below). 

 

ECM 

molecule / 

receptor 

Evidence for internalization 
Are receptors present at central 

nervous system synapses? 

Other known ECM 

ligands 

Laminin / 

dystroglycan 

Fluorescently labeled laminin was 

endocytosed in mammary epithelial 

cells over the course of ~8 hours. 

The internalization was strongly 

reduced in a cell line deficient in 

dystroglycan (Leonoudakis et al., 

2014) 

Dystroglycan is present at mature 

inhibitory synapses in the forebrain and 

cerebellum, preferentially at the 

postsynaptic side (Briatore et al., 2020; 

Lévi et al., 2002; Zaccaria et al., 2001). 

Agrin (the substrate of the 

protease neurotrypsin; see 

Chapter 1.3.1) (Gesemann 

et al., 1998). 

Laminin /  

α3β1 integrin 

Laminin peptides were 

endocytosed into acidified vesicles 

by α3β1 integrin in human breast 

cancer cells (Coopman et al., 1996) 

(to my knowledge, it has not been 

explored whether this also occurs 

in healthy cells). 

Integrins are enriched at pre- and 

postsynapses (see Chapter 1.2), 

including both the α3 and β1 subunits 

(e.g., Huang et al., 2006; Kramár et al., 

2002). 

α3β1 specifically was shown to be 

present at cerebellar (mostly 

GABAergic) postsynapses (Kawaguchi 

and Hirano, 2006). 

Reelin (Dulabon et al., 

2000). 

 

TNR and TNC were 

shown to bind β1-

containing integrins (Liao 

et al., 2008; Probstmeier 

and Pesheva, 1999). 

Hyaluronan / 

CD44 

 

 

Fluorescently labeled HA was 

internalized together with CD44 

into acidified vesicles in 

chondrocytes (cartilage cells) and 

keratinocytes (epidermal skin cells) 

(Aguiar et al., 1999; Knudson et al., 

2002; Tammi et al., 2001). 

Present at hippocampal synapses 

(Roszkowska et al., 2016) and mossy 

fiber synapses (Apóstolo et al., 2020).  

Versican (Kawashima et 

al., 2002). 

Aggrecan (Fujimoto et al., 

2001) (in fact, aggrecan 

was shown to co-

internalize with 

hyaluronan into 

intracellular 

compartments; Embry 

and Knudson, 2003) 16 

Fibronectin / 

α5β1 integrin 

Exogenous fibronectin (either 

fluorescently labeled or detected by 

antibodies) was internalized 

together with α5β1 integrins in 

fibroblasts and myofibroblasts 

(Lobert et al., 2010; Shi and Sottile, 

2008). 

Both β1 and α5 integrins are enriched 

at synapses (see above and Izumi et al., 

2017; Marchetti et al., 2010; Webb et 

al., 2007).  

TNR and TNC (see 

above). 

Table 1 Exemplary studies showing receptor-mediated internalization of ECM molecules. 

 

The studies described above almost entirely focused on the internalization of ECM for the purpose of its 

degradation, and the majority did not continue to explore whether a portion of these molecules eventually 

recycled back to the plasma membrane. Nevertheless, this demonstrates that, in many cases, ECM 

molecules are internalized by their receptors. It is also noteworthy that many of the ECM receptors are 

known to undergo constitutive recycling (a prominent example being integrins; Bridgewater et al., 2012). It 

remains to be determined whether this could also be a mechanism for the recycling of their ECM ligands.   

 

16 In theory, lecticans could also undergo CD44-mediated internalization by remaining attached to hyaluronan (to 

which they have a strong affinity; see Chapter 1.1.2.1).  
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1.4.2. Do synapses contain the machinery required for ECM release? 

 

As a matter of course, the presynapse is well-equipped for exocytosis. Synaptic vesicles and their associated 

proteins are generated in the ER and then traffic through the Golgi apparatus and possibly endosomes 

before interacting with motor proteins on the axonal microtubules. These lead them via anterograde 

transport to eventually be picked off at individual presynapses. At the synapse, the vesicles undergo further 

maturation steps and are ultimately pumped with neurotransmitter. The vesicles fuse with the plasma 

membrane to release their neurotransmitter content through the interaction of soluble NSF-attachment 

protein receptor (SNARE) proteins on the vesicles and on the plasma membrane. This fusion is triggered 

by calcium levels by virtue of the vesicular protein synaptotagmin, which functions as a calcium sensor. It 

can be triggered by an action potential that induces calcium influx (synchronous release) or can be 

spontaneous. Following the fusion of the vesicles with the plasma membrane and the release of their 

contents, they may undergo endocytosis and recycle to be reused locally (Rizzoli, 2014). All of these qualities 

make synaptic vesicles an attractive mechanism for the local release of ECM molecules. These may be 

packaged inside the vesicles during their formation in the soma and be released alongside neurotransmitter 

or independent of neurotransmitter release. Perhaps fused vesicles also retrieve ECM molecules from the 

extracellular space as they endocytose to undergo recycling. Although these scenarios are plausible, I would 

believe that this is unlikely to be the case, since synaptic vesicles, being ~40 nm in diameter (Qu et al., 

2009), appear too small to house large ECM molecules (TNR trimers, for example, were shown to have 

dimensions of ~100 nm in vitro; Pesheva et al., 1989). It is quite surprising then, that proteomic mappings 

of synaptic vesicles also report a wide variety of ECM components. However, in all probability, these 

findings reflect a contamination of the samples from other synaptic compartments, as is inevitably the case 

in these types of studies. This is bolstered by the fact that a component of myelin can be found among the 

70 most abundant proteins in these samples (Taoufiq et al., 2020). 

 

Larger vesicles that exocytose at the presynapse are dense-core vesicles (~100 nm in diameter; Merighi, 

2018) 17, which are known to carry neuropeptides such as dopamine as well as various substances that 

modulate neuronal activity (De Camilli and Jahn, 1990). Unlike synaptic vesicles, which recycle locally and 

can be reloaded with neurotransmitter, dense-core vesicles are released in a single-shot manner, and must 

be formed de novo in the Golgi apparatus (Bharat et al., 2017; Kim et al., 2006; Wong et al., 2012). Though 

much less is known about the specific events that lead to the exocytosis of dense-core vesicles (as compared 

with synaptic vesicles), their fusion is also dependent on calcium influx and the action of SNAREs. 

Interestingly, despite being associated with fairly low molecular weight cargos, dense-core vesicles have also 

been shown to carry larger molecules such as bassoon and piccolo (~530 and 420 kDa, respectively), which 

are part of the synaptic vesicle release machinery (Zhai et al., 2001). However, to the best of my knowledge, 

there are no proteomics data from neuronal dense-core vesicles that will allow us to assess  if they also 

contain ECM molecules. Some clues can be obtained from dense-core vesicles derived from adrenal 

chromaffin cells, which are a well-known model for neuronal vesicle release. Proteomic mapping of these 

vesicles has revealed that they carry a variety of ECM molecules, eluding to the possibility that this might 

 

17 The name “dense-core vesicle” stems from the observation that their cargo is electron-dense when observed with 

electron microscopy in most preparations. 
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also be the case in neurons (Wegrzyn et al., 2010). However, as was already mentioned above, one cannot 

rule out the possibility that the presence of this molecules merely reflects a contamination of the samples. 

 

Another possible means of ECM release is via exosomes (up to ~150 nm) (Tkach and Théry, 2016), which 

are derived from invaginations of endosomal membranes that seal to generate intraluminal vesicles 

(Colombo et al., 2014). It was only recently discovered that exosomes are an important form of inter-

neuronal communication, and are able to transport cargo such as RNA, neurotransmitter receptors, and 

synaptic vesicle proteins (Budnik et al., 2016; Fauré et al., 2006; Pastuzyn et al., 2018; Vilcaes et al., 2021). 

Notably, it was also shown that exosome release could be modulated by calcium and by synaptic activity  

(Lachenal et al., 2011), making it reasonable to assume that exosomes can be released locally at synapses. A 

recent proteomics analysis of exosomes derived from hippocampal neuron cultures (the same one that 

demonstrated the presence of synaptic vesicle proteins) identified a large number of ECM molecules 

(Vilcaes et al., 2021). However, the abundance of these molecules in the exosome was not quantified, 

making it difficult to determine if these results are accurate or whether they represent impurities in the 

samples. It is interesting to note that outside the brain, exosomes are well-known to be carriers of ECM 

molecules (www.vesiclepedia.org, www.exocarta.org), and it has been suggested that exosome-mediated 

trafficking may coexist with the canonical secretion pathways. 

 

At the postsynapse, local exocytosis is also well-established, the most obvious example being the exocytosis 

of AMPA receptors during LTP. This is believed to be achieved, in part, by the fusion of local AMPAR-

containing intracellular organelles (recycling endosomes) at or near the postsynaptic membrane through the 

activity of SNARE proteins. In a study by Jurado and colleagues, it was proposed that this fusion is rapidly 

induced by an increase in synaptic activity, namely, the influx of calcium through open NMDARs (Jurado, 

2014). Besides their induced fusion during LTP, recycling endosomes also constitutively fuse at the synapse 

to replenish local AMPARs (since these are also regularly internalized) (Parkinson and Hanley, 2018). Using 

the activity-dependent and constitutive fusion of AMPARs as a paradigm, it is also possible to imagine that 

ECM-containing endosomes are located in the vicinity of synapses and support their rapid activity-

dependent and independent delivery to the membrane.  

 

Apart from the existence of endosomes at the postsynapse, it has also become apparent that dendrites have 

an extensive local secretory capacity. This includes extensions of the ER, satellite ER-to-Golgi intermediate 

compartments (ERGIC) and Golgi ‘outposts’ (Tang, 2008). What is more, we recently demonstrated that 

trafficking proteins are also present within spines. In a collaborative study I took part in, led by M. Helm, 

we mapped over 100 proteins in dendritic spines using a combination of super resolution microscopy, 

quantitative biochemistry and electron microscopy. We found that both the ER marker calreticulin and the 

trans-Golgi network marker TGN38 could be found in spine heads and in extrasynaptic regions (calreticulin 

in particular was found to be among the more abundant proteins in the spine) (Helm et al., 2021). This on-

site satellite secretory system is believed to support the local synthesis and modification of proteins in situ, 

which is believed to occur at synapses (Holt et al., 2019). However, such a system would naturally also allow 

for the fast and specific delivery of recycled ECM molecules to the synapse to be locally secreted. On a 

different note, it is also possible to imagine that the presence of local trafficking machinery would allow 

any endocytosed molecules to be rapidly entered into the recycling route. This suggests that besides local 
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secretion, the postsynapse is also competent to endocytose ECM molecules and traffic these towards 

recycling (as I explore in greater detail in the following section). 

 

1.4.3. Do synapses contain the machinery required for recycling-targeted ECM endocytosis? 

 

As I discussed previously (Chapter 1.4.1), it is plausible that ECM molecules are endocytosed through their 

interaction with receptors at the synapse. Typically, this occurs through clathrin-mediated endocytosis 

(hence, historically referred to as “receptor-mediated endocytosis”), whereby a clathrin coat assembles 

around the cargo as the membrane on which it rests invaginates. Ultimately, the invaginating membrane 

undergoes fission, mediated by the GTPase dynamin, to become a clathrin-coated vesicle. Alternatively, 

receptors can be internalized via clathrin-independent routes mediated, for example, by invaginations in the 

plasma membrane called caveolae or the scaffolding protein flotillin (Kumari et al., 2010). All of these forms 

of endocytosis are known to take place at synapses. At the presynapse, clathrin-mediated endocytosis is 

thought to be the major pathway for the local retrieval of synaptic vesicle membranes, although caveolae 

were also shown to be involved in this process (Jung and Haucke, 2007; Koh et al., 2021). At the 

postsynapse, AMPARs undergo both activity-induced and constitutive endocytosis via clathrin-dependent 

and independent pathways (Bodrikov et al., 2017; Ehlers, 2000; Glebov et al., 2015; Man et al., 2000). Any 

one of these mechanisms could accommodate the endocytosis of ECM molecules locally at the synapse.  

 

Following their endocytosis, molecules are trafficked to early endosomes where their cellular destination is 

determined: they may be delivered to the lysosome (via a late endosome) (Gruenberg and Stenmark, 2004), 

recycled back to the plasma membrane (via a recycling endosome), or undergo further retrograde trafficking 

to the trans-Golgi network (TGN) and, in some cases, the ER (Johannes and Popoff, 2008). Both 

endosomes and ER are known to be present in presynapses. However, the existing evidence suggests that 

the presynaptic ER functions to support local calcium signaling (Collin et al., 2005; McGraw et al., 1980). 

Furthermore, presynaptic endosomes are known to exist, but these are mostly believed to support the 

sorting and recycling of synaptic vesicle proteins (Jähne et al., 2015; Rizzoli, 2014). With this in mind, the 

presynapse does not seem to have extensive capabilities for the local recycling of non-synaptic-vesicle 

proteins, nor for the retrograde trafficking of molecules.  

 

In contrast, the postsynapse and its vicinity in the dendrite are equipped with endosomes, ER, and Golgi 

outposts. Importantly, it was found that these Golgi outposts are endowed with TGN-associated proteins 

(Chua and Tang, 2008; Pierce et al., 2001). Since the TGN functions in both exocytic and endocytic 

pathways, this further supports the premise that this machinery is involved not only in local synthesis but 

also in local recycling. Nevertheless, for this to be a feasible mechanism for local secretion or recycling-

targeted endocytosis of ECM molecules, it should presumably be linked to local synaptic activity. Unlike 

the activity-dependent trafficking of AMPAR to and from local endosomes, the activity-dependent 

dynamics of other components of the satellite secretory machinery have not yet been explored. 

Understanding this link is pertinent to our hypothesis of local ECM remodeling at synapses, and so, the 

first part of this thesis was dedicated to this investigation. To answer this, we used super-resolution imaging 

to quantify the abundance and the distribution of trafficking elements in and around dendritic spines, and 

determine if these correlate to synaptic activity. Predictably, we found that local synaptic activity strongly 

influences the distribution of these elements, presumably leading to their recruitment to synaptic regions 
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(Chapter 2). This finding lead us to believe that the postsynapse is an ideal locus for activity-dependent 

local recycling, and strengthens the plausibility of synaptic ECM recycling as a remodeling mechanism.  

 

1.4.4. Unexpectedly, a longer-loop mechanism is necessary 

 

The second part of this thesis was dedicated to directly assessing whether ECM recycling takes place at 

synapses. To do so, we focused on TNR, which is present at mature synapses (e.g., Apóstolo et al., 2020) 

and is necessary for synaptic plasticity (see Chapter 1.2.1). To assess whether TNR recycles at synapses, we 

used a simple experimental design to label actively recycling molecules in live cells. In the first step, we 

exposed live cultured neurons to an excess of unlabeled antibodies against TNR in order to tag all of the 

TNR molecules present at the surface of the neurons (the ‘surface-blocking’ step). Since antibodies are 

unable to penetrate the plasma membrane, the intracellular TNRs remained untagged. After a period of 

time, we exposed the neurons to the same antibodies linked to fluorescent molecules (the labeling step). 

These labeled antibodies are unable to bind the TNR molecules that were exposed at the neuronal surface 

during the previous step, since their epitopes are still blocked by unlabeled antibodies. Thus, the only 

molecules that will become fluorescently labeled are those that were previously inside the cell, and only 

recently emerged at the surface. Inevitably, some of these ‘newly-emerged’ molecules will be freshly 

synthesized molecules that are surfacing for the first time. In the case of ECM molecules, however, if the 

time period between the blocking and labeling steps is sufficiently short (e.g., several hours), the amount of 

de novo synthesis should be minimal, since the turnover of these molecules is exceptionally slow. 

 

As we speculated, this assay revealed a large amount of TNR molecules that continually recycle in neurons. 

Using super-resolution fluorescence microscopy, we also confirmed that these recycling TNR molecules 

are released at synapses, and that their appearance is correlated to local synaptic activity. However, when 

continuing to follow the recycling TNRs, we also met an unexpected observation: while most known 

recycling pathways last minutes to hours (e.g., Bretscher, 1989; Bridgewater et al., 2012; Koenig and 

Edwardson, 1997), the cycle for TNR lasted approximately 3 days. Inside the cell, we observed that TNR 

molecules reached both satellite and somatic Golgi apparatus before cycling back to the membrane. We 

therefore hypothesized that the molecules trafficked to the soma to undergo re-glycosylation, a process 

which is known to occur outside the brain (e.g., in liver cells; Wratil et al., 2016), but nevertheless remains 

poorly studied. These latter findings led to the realization that the mechanism of synaptic ECM recycling is 

more elaborate than we originally presumed, and worth investigating in greater depth. 
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Note: reproduced from (Gürth et al., 2020), with permission from Springer Nature. 

(http://creativecommons.org/licenses/by/4.0/.) 
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Personal contribution: I performed the majority of the experiments in this study. The exceptions are the 
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Below is my contribution for collaborative experiments: 

- Fig. 10c,d (correlative optical fluorescence microscopy and nanoSIMS): immunostaining of brain 

slices and fluorescence imaging.  

- Extended Data Fig. 1b (shRNA-mediated knockdown of TNR in neuronal cultures): 

immunostaining and imaging of neuronal cultures.  
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4: Discussion and outlook 

 

The ideas that motivated this thesis can be summarized as follows: 

- When synapses undergo structural changes, the ECM in which they are embedded is remodeled. 

- The existing paradigm for ECM remodeling is through the proteolytic cleavage of the molecules, 

followed by the secretion of newly synthesized molecules. 

- ECM molecules are among the most long-lived in the body. 

- This last point implies that the rate at which synapses undergo structural changes (minutes to 

hours) is too fast to be accounted for by the destruction and synthesis of its local ECM. 

- Thus, an additional mechanism must exist for the remodeling of synaptic ECM, which does not 

require the destruction of ECM molecules and de novo synthesis. 

 

To determine whether ECM recycling at synapses is plausible, we first needed to assess two prerequisites 

to this mechanism: (1) synapses should be capable of secreting ECM molecules locally, and (2) synapses 

should be capable of endocytosing ECM molecules into the trafficking route. In addition, both processes 

are expected to correlate to synaptic activity, which is known to strongly influence synaptic structural 

fluctuations (Hazan and Ziv, 2020). A review of the existing literature (Chapter 1.4.2) suggested that the 

first prerequisite can be met in both the pre- and postsynaptic compartments: the presynapse can package 

secreted molecules into synaptic or dense-core vesicles, and the postsynapse can rapidly exocytose 

molecules from local endosomes. Importantly, all of these processes are known to be modulated by synaptic 

activity. As for the second prerequisite, a review of the existing literature did not provide a comprehensive 

answer (Chapter 1.4.3). It was apparent that the postsynapse is a more likely locus for the endocytosis and 

retrograde trafficking of ECM (since presynaptic trafficking appears to be mostly limited to synaptic 

vesicles), but its correlation to synaptic activity had not yet been explored. Thus, the assessment of the link 

between synaptic activity and the postsynaptic trafficking machinery constituted the first portion of this 

thesis. 

 

4.1. Establishing a link between synaptic activity and the postsynaptic trafficking 

machinery 

 

The postsynapse is known to contain extensive trafficking machinery, which includes extensions of the ER, 

ERGIC, and Golgi outposts (Tang, 2008). Nevertheless, the abundance of this machinery and its 

organization at postsynaptic regions had never previously been correlated to local synaptic activity, and 

hence, the goal of this investigation was to establish such a link. An important point to keep in mind is that 

the results represent two roles of the postsynaptic trafficking machinery: the retrograde trafficking of 

endocytosed proteins and the local synthesis and secretion of new proteins (anterograde trafficking), and 

thus the latter role may be a confounding factor to our measurements. Nevertheless, our findings 

(summarized below) demonstrate that the postsynapse has the potential to be the locus of activity-

dependent retrograde trafficking. 
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(1) Trafficking machinery is recruited to spines in more active synapses 

Predictably, we observed that more active synapses have a higher abundance of trafficking 

machinery. In addition, this machinery was more abundant in the perisynaptic region (versus the 

PSD), which suggests that these proteins are recruited to the vicinity of the synapse. This could 

reflect the fact that highly active synapses require a local synthesis of new proteins to support 

plasticity and/or are trafficking proteins more vigorously. With regard to ECM trafficking, our 

observations that TNR recycling is increased at more active synapses, and that these molecules 

colocalize with Golgi outposts at dendrites (Chapter 3), makes it tempting to assume that these 

outposts are recruited to the vicinity of more active synapses, but this remains to be tested directly. 

An additional observation that we made is that the ER protein calreticulin was only moderately 

more abundant at active synapses as compared with the other trafficking proteins. This might 

indicate that local ER is only necessary for in situ production of protein but not for retrograde 

trafficking (as the literature suggests; Johannes and Popoff, 2008), and hence, local ER activity 

would not be required to the same extent. In the future, this could be verified by assessing the 

colocalization between recycling TNR molecules and calreticulin in the vicinity of synapses (though 

we did report a colocalization between the two, our analysis was restricted to somatic ER).    

 

(2) Trafficking machinery is abundant in stronger synapses (with larger PSDs and bigger 

synaptic vesicle pools) 

Our observation that stronger synapses have a greater abundance of trafficking machinery is likely 

to reflect the fact that more protein turnover is required to maintain them. While this is expected, 

it nevertheless reveals that this process can, to a large extent, occur locally. Besides the 

replenishment of synaptic proteins, the abundant trafficking machinery could also support more 

extensive recycling of local ECM. Indeed, we found that larger spines (size being a known 

determinant of synaptic strength; Humeau and Choquet, 2019) have a greater amount of recycling 

TNR in their ECM, and would therefore require more extensive local recycling.  

 

A major caveat of this study is that all of these measurements are purely correlative. Our observation that 

more active synapses have a greater abundance of trafficking machinery in their periphery does not 

guarantee that synaptic activity is the cause of protein recruitment. Thus, it is necessary to determine 

whether manipulating synaptic activity could lead to similar observations. For example, it would be expected 

that an acute global blockade of GABAergic inhibition with bicuculline would lead to an increased 

abundance of trafficking machinery in the synaptic periphery. In contrast, longer treatments (~24 hours or 

more) might be expected to globally decrease local trafficking machinery through mechanisms of homeostatic 

plasticity 18. An even more convincing approach would be the manipulation of individual synapses and 

 

18 Homeostatic plasticity refers to the ability of neurons to maintain their excitability about a set point, in order 

to balance the destabilizing effects of faster plasticity processes such as LTP (Turrigiano, 2012). For example, while a 

strong, short-term enhancement of neuronal activity with bicuculline would lead to an increase in synaptic strength 

through LTP-associated mechanisms (Grover and Yan, 1999), a milder, long-term enhancement would lead to 

synaptic weakening (Hou et al., 2008). Similarly, a long-term silencing of neuronal activity with low concentrations of 
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subsequent imaging of the trafficking machinery in their vicinity, e.g., by electrically stimulating individual 

neurons while simultaneously loading them with a fluorescent dye, to facilitate the subsequent identification 

of their synapses (Horikawa and Armstrong, 1988). 

 

In the future, it may be worth extending these measurements to additional organelle markers such as Rabs, 

in order to visualize endosomes at various trafficking stages, and paint a more comprehensive picture of 

the machinery recruited for local recycling. To gain insight into TNR recycling, this knowledge could be 

combined with an assessment of the colocalization between recycling TNR and synaptic trafficking 

machinery (in our existing investigations, we focused mostly on somatic organelles). Such an investigation 

could reveal, for example, whether a separate pool of TNR undergoes local short-loop recycling in the 

vicinity of synapses (as is known, for example, for AMPARs; Parkinson and Hanley, 2018). Such a pool 

may have gone undetected in our measurements, and its existence would lend further support to the rapid 

remodeling at synapses.  

 

4.2. Proof of local ECM recycling at synapses 

 

The second portion of this thesis was dedicated to directly assessing whether ECM molecules can be 

recycled at synapses, focusing specifically on TNR. The major findings, along with a short discussion of 

several caveats, are summarized below. In the next section, I will highlight additional outstanding questions 

and discuss possible directions for future research. 

 

(1) A pool of recycling TNR molecules is continually secreted at synapses 

We discovered that two separate pools of TNR molecules are found in neurons: one fixed in the 

neuronal ECM, and one that continually cycles in and out of the cell. While the stable pool covers 

the neuronal surface uniformly, the recycling pool is mostly located at synapses. Our results also 

suggest that this holds true for adult animals in vivo, and that the proportions of these pools may 

be modified in disease.  

Caveat: While we thoroughly characterized this mechanism in hippocampal neuronal culture in vitro, 

the experiments in models that are more physiological, such as organotypic slice cultures and brain 

slices, are much less substantial. 

 

(2) The recycling is dependent on local synaptic activity 

We observed that the activity of a synapse is strongly correlated to the amount of recycling TNRs 

in its ECM. In addition, the amount of TNR molecules that emerge at the surface of the neuron 

can be increased by pharmacological enhancement of neuronal activity.  

Caveat: For the latter finding, it should be noted that enhanced neuronal activity is also expected to 

lead to the de novo synthesis of ECM that would surface alongside the recycling molecules and 

confound our measurements. Hence, the extent to which activity controls the rate of TNR 

recycling should be established more definitively. This could be assessed, for example, by 

 

tetrodotoxin (TTX), a voltage-gated sodium channel blocker, would result in synaptic strengthening. These 

homeostatic counterbalancing actions are thought to be achieved through the global removal or addition of synaptic 

AMPARs, also known as ‘synaptic scaling’ (Turrigiano, 2012). 
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measuring the amount of surfacing TNR molecules following pharmacological activity 

enhancement in the presence of protein synthesis blockers, thus ensuring that the molecules 

appearing at the surface are not newly-synthesized. Alternatively, this measurement could be 

repeated with a concurrent metabolic labeling of newly-synthesized proteins using AHA (as 

described in Chapter 3), to assess the proportion of surfacing TNRs that are newly-synthesized. 

 

(3) Unexpected: the recycling loop is very long (~3 days): the molecules traffic to the cell soma 

(reaching the Golgi apparatus and the ER) before resurfacing 

Compared with other recycling proteins, the length of the TNR cycle was found to be exceptionally 

long (e.g., integrin recycling lasts minutes to hours; Bridgewater et al., 2012; Lobert et al., 2010). 

The reason, we discovered, is that the molecules do not simply traffic to and from local recycling 

endosomes, but are retrograde-trafficked to the soma, ultimately reaching the Golgi apparatus and 

the ER. There, they are presumably re-glycosylated and then delivered once again to synapses.  

Caveat: We have yet to determine the function of TNR re-glycosylation. Such mechanisms have 

received little attention in studies of cellular trafficking and, to my knowledge, there are no accounts 

of such processes occurring in the brain. However, there are several reports of post-translational 

modifications of glycan residues in other cell types, such as liver cells (Kreisel et al., 1988; Porwoll 

et al., 1998; Volz et al., 1995). A relatively high prevalence of glycan modifications was found in a 

liver cancer cell line, which presumably reflects transformations that allow these to migrate freely 

or that offer protection from immune surveillance. However, the biological significance of re-

glycosylation remains to be established for healthy cells. One straightforward possibility is that 

prolonged exposure of glycans to the extracellular space leads them to be damaged and that re-

glycosylation allows them to be replaced without the need for a renewal of the protein core. In this 

case, the re-glycosylation of TNR in neurons might simply serve to repair the wear and tear of 

these frequently recycling molecules. A more elaborate possibility is that the identity of the glycan 

residues itself plays a functional role in TNR recycling by determining its sorting mechanism, as 

has been proposed for other cell types (Scheiffele et al., 1995). Along these lines, one might 

speculate that the re-glycosylation of recycling TNR molecules can direct their trafficking to 

synapses or to other cellular locations.  

 

(4) Unexpected: the ongoing recycling of TNR molecules is necessary for normal synaptic 

function 

It was foreseeable that interference with TNR recycling would lead to a modification of synaptic 

structure and, indeed, sequestering recycling TNR molecules at the surface for 12 hours resulted 

in smaller dendritic spines. We did not expect, however, the extent to which this interference would 

affect synaptic vesicle release, nor that a 30-minute-long perturbance would be sufficient to 

produce this. Indications that TNR may modulate presynaptic vesicle release can be drawn from 

mice deficient in TNR, which have a smaller fraction of vesicles in proximity to the active zone, 

indicating a smaller readily-releasable pool (Nikonenko et al., 2003). However, this study only 

assessed perisomatic inhibitory synapses, and so it remains to be determined whether this also 

holds true for excitatory synapses. In any case, it is disproportionate to compare a full knockout of 

TNR to a 30-minute-long perturbance of its recycling. 
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Caveat: As discussed above, it is unclear how synaptic vesicle release can be influenced by recycling 

TNR molecules at the synapse. Since calcium influx into these synapses appeared unaffected, it is 

likely that TNR exerts its influence through an interaction with presynaptic membrane proteins 

that are involved in vesicle priming and/or release. One possibility is that, by proxy of their 

interaction with presynaptic integrins, recycling TNR molecules can modulate the activity of 

laminins, which are known to be important for the organization of the presynaptic active zone 

(Chapter 1.2.2). This modulation could, in turn, lead to a reduction in the number of docked 

vesicles (available for release) or the coupling between synaptic vesicle pools and calcium channels, 

which is necessary for their stimulus-evoked release. It is also curious that the recycling TNR pool, 

but not the stable pool, influences presynaptic vesicle release. While it is true that recycling TNR 

molecules are particularly enriched at synapses, the non-recycling TNRs are nonetheless abundant 

at synapses as well. One possible explanation is that the two pools are differentially distributed 

within the perisynaptic space. If the recycling molecules are closer to the synaptic membrane, they 

would be more likely to interact with presynaptic receptors. Another possibility is that the 

molecules belonging to either pool have different glycosylation patterns, which might lend them 

different affinities for their presynaptic binding partners. 

 

4.3. Outstanding questions 

 

Arguably, the most pertinent question to be answered is whether this mechanism holds true for additional 

ECM molecules. We were successful in repeating our main surface-blocking assay with three additional 

ECM labels (antibodies against neurocan, hyaluronan binding proteins, and the lectin WFA, which binds 

GalNAc-terminated glycans). However, these findings should be verified with the same diversity of 

experiments (and controls) as those that were performed for TNR. In this regard, it is also interesting to 

speculate about the nature of a recycling pathway for hyaluronan. Unlike other ECM molecules, which have 

a protein core, and whose synthesis takes place in the ER and Golgi apparatus, hyaluronan is synthesized 

by enzymes in the plasma membrane (Fowke et al., 2017). As I described earlier (Chapter 1.4.1), it is well-

established that hyaluronan can be internalized into endosomes, but it has subsequently only been shown 

to reach lysosomes to be degraded. However, an electron microscopy study (using the hyaluronan-cleaving 

enzyme hyaluronidase conjugated to gold as a probe) found that hyaluronan was present in the ER of 

pancreatic cells and intestinal tissues (Londoño and Bendayan, 1988). It is, therefore, possible that 

internalized hyaluronan may not necessarily be degraded but continues to be trafficked.  

 

With regard to TNR, there are still numerous open questions that remain to be addressed, as already alluded 

to when discussing the caveats of our existing results. These can largely be separated into two categories: 

the specific details of this mechanism (where and how TNR recycling takes place, and with whom it 

interacts) and the bona fide function of TNR recycling. In the former category, one of the most pressing 

questions concerns the location of TNR exo- and endocytosis. Although the literature suggests that both 

of these processes are feasible in both synaptic compartments (with endocytosis being likelier at the 

postsynapse), this question remains to be addressed experimentally. It is tempting to imagine that the 

recycling of TNR at synapses is analogous to canonical synaptic transmission, i.e., the molecules are released 

at the presynapse and received at the postsynapse. Such a mechanism has been suggested, for example, for 
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the microtubule-associated protein Tau (known to contribute to the pathology of Alzheimer’s disease), 

which was shown to be transported trans-synaptically via exosomes (Wang et al., 2017). 

 

Another question pertains to the interaction of TNR with the integrin receptors that mediate its 

internalization: it remains to be determined at what point throughout the TNR trafficking route these 

molecules dissociate. Our current data show that TNR can still be found in intracellular compartments 

alongside integrins for up to 12 hours following its initial internalization (Chapter 3). These same 

experiments could be repeated in the future, but continue to follow these molecules for longer periods of 

time. With that being said, it is reasonable to assume that the molecules dissociate shortly following the 12-

hour timepoint, since integrin dynamics are known to be significantly faster than those of TNR 

(Bridgewater et al., 2012).  

 

A mechanistic question that was already alluded to in the previous section, is whether and how the separate 

TNR pools differ to each other (and how they are granted different functional capacities). Two possibilities 

that come to mind are that the pools represent different isoforms and/or have different glycosylation 

patterns, both of which could be assessed in the future through biochemical analyses. Alternatively (or 

additionally), the molecules belonging to the two pools may be distributed differently within the 

perisynaptic space. Our data already suggest that this is the case (recycling TNRs are more enriched in the 

spine head region; Chapter 3, Extended Data Fig. 17), but resolution on the order of single nanometers will 

be needed to answer this question more fully (e.g., with an advanced super-resolution approach such as 

MINFLUX; Balzarotti et al., 2017). 

 

Regarding the function of the recycling mechanism, the claims in this thesis would be further strengthened 

by drawing a direct link between TNR recycling and spine fluctuations, for example, by imaging these 

processes in tandem in live neurons. According to our current assumptions, we would expect that a greater 

extent of TNR recycling would be accompanied by increased spine volatility. By the same assumptions, it 

might also be expected that the magnitude of TNR recycling (determined by the size of the recycling pool 

and/or the speed of recycling) could influence the capacity of a neuron to undergo plastic changes. In view 

of this, an outstanding question is whether juvenile neurons, which are known to be more plastic, have 

larger TNR recycling pools or faster recycling dynamics.  

 

An additional outstanding question concerns the function of TNR recycling and its dysregulation in disease. 

Our previous finding that intracellular TNR is increased in a mouse model of epilepsy (Chapter 3, Figure 

10) invites the interpretation that a larger TNR recycling pool is linked to higher neuronal excitability 

(though the cause and effect remains to be determined). This idea could be corroborated by assessing 

additional models of brain disease, which could also serve to shed further light on the functions of TNR 

recycling in the healthy brain. Potential models of interest would be schizophrenia, autism, fragile X 

syndrome, Rett syndrome and bipolar disorder, all of which have been linked to disturbances in the brain 

ECM (Pantazopoulos and Berretta, 2016). 

 

In addition to the questions raised above, which could be easily addressed in vitro and ex vivo, many more 

experiments are required to assess TNR, as well as other ECM molecule recycling, in vivo. Here, our main 

assay will no longer be applicable, and new, more creative tools will need to be developed to tackle these 
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questions. Some inspiration can be drawn from recent studies which tracked fluorescently-tagged AMPARs 

in the synapses of behaving mice (Roth et al., 2020; Zhang et al., 2015). Similar experiments using 

fluorescently-tagged ECM molecules in combination with in vivo manipulations of ECM (e.g., enzymatically) 

or manipulations of synaptic activity (e.g., using optogenetics) could provide a significant amount of insight. 

Needless to say, once feasible, such experiments are expected to be the focus of future research. 

 

 

4.4. Outlook 

 

In 2013, the Nobel laureate Roger Tsien likened the perineuronal net to “a punched card, fantastically 

convoluted in 3D, in which the position and size of holes preserve the long-term location and strength of 

synapses” (Tsien, 2013). Indeed, the ECM both in dense PNNs and in looser configurations appears to act 

as a barrier to the synapse, and prevent it from undergoing structural changes. It is interesting, then, to 

reconcile this idea with the discovery that the components of the ECM can be highly mobile and in 

continual transit in and out of the perisynaptic extracellular space. How, then, can it preserve synaptic 

structure long-term? The gradual understanding that synapses continually fluctuate in size already suggests 

that this barrier is not as rigid as previously presumed. However, despite their volatility, spines are still able 

to retain a stable shape over longer timeframes, which suggests that their fluctuations occur about a 

predetermined mean (Bonilla-quintana and Florentin, 2019; Fischer et al., 1998; Steffens et al., 2021). In a 

similar manner, the perisynaptic ECM could also retain its mean dimensions while still undergoing continual 

remodeling. If this is indeed the case, then where would the information about these dimensions be located? 

In keeping with Tsien’s original hypothesis, it is still possible that this information can be stored in the 

ECM itself. One could imagine, for example, that the ECM directly adjacent to the synapse retains a degree 

of flexibility through the increased mobility of its components, while the ECM in the periphery is sturdier 

and less mobile. In this case, the peripheral ECM would represent the bona fide physical barrier to synaptic 

growth, presumably requiring extensive remodeling (e.g., through proteolytic cleavage) in order to yield. 

This peripheral ECM, then, would represent the memory storage unit that was originally predicted to exist. 

In the following years, this premise (or similar ideas) may be confirmed or, perhaps, a paradigm shift will 

be required to understand the long-term stability of memory.  
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