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Abstract 

 

Abstract 

Neurotransmission, essential for sensory perception, motor control, cognition, and 

behavior, occurs at synapses, where neurotransmitters are released from the 

presynaptic neuron into the synaptic cleft, triggering responses at the postsynaptic cell. 

At chemical synapses, neurotransmitter release involves the fusion of synaptic vesicles 

(SVs) with the presynaptic membrane, necessitating compensatory membrane 

retrieval, termed synaptic vesicle endocytosis, to reform and refill SVs for subsequent 

fusion cycles. Despite the recognized role of the Actin cytoskeleton in synaptic vesicle 

endocytosis, the precise mechanisms governing Actin polymerization and its function 

within presynaptic nerve terminals remain poorly understood.  

Here, we delineate the pivotal role of Actin regulatory diaphanous-related formins 

mDia1/3 and small Rho GTPases, RhoA/B and Rac1, in orchestrating synaptic vesicle 

recycling at rodent central synapses. Employing optical recordings of presynaptic 

membrane dynamics, ultrastructural and proteomic analyses, in combination with 

genetic/pharmacological manipulations, we demonstrate that mDia1/3 localize to the 

presynaptic membrane, proximal to the endocytic machinery, and govern the 

formation of presynaptic filamentous Actin structures (F-Actin). Loss of F-Actin due 

to perturbation of mDia1/3 results in significant alterations in presynaptic 

architecture, impacting plasma membrane homeostasis. Furthermore, our findings 

highlight that in the absence of mDia1/3, downregulation of RhoA and activation of 

Rac1 drive a compensatory response to mitigate the disruption of formin-mediated 

Actin dynamics. Besides modulating Rho GTPase signaling, we find that mDia1/3 

negatively regulate the complex signaling network mediated by the mechanistic target 

of rapamycin complex 2 (mTORC2). We identify mTORC2 activation to be inversely 

coupled to the kinetics of SV recycling, likely through the modulation of cytoskeletal 

dynamics. 

In conclusion, our study elucidates that the endocytic cytoskeleton is governed by 

interdependent signaling pathways involving the small Rho GTPases RhoA/B and 

Rac1, as well as the action of mDia1/3 formins, operating within feed forward loops. 

The dynamics of the Actin cytoskeleton integrate mechanical regulation of synaptic 

membrane morphology with biochemical signaling mediated by mTORC2 and Rho 

GTPases to orchestrate the kinetics of synaptic vesicle endocytosis. 
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Zusammenfassung 

Die Neurotransmission spielt eine essenzielle Rolle in der sensorischen 

Wahrnehmung, der motorischen Kontrolle, der Kognition und dem Verhalten. Sie 

erfolgt an Synapsen, wo Neurotransmitter von der präsynaptischen Zelle in den 

synaptischen Spalt freigesetzt werden und eine Reaktion der postsynaptischen Zelle 

auslösen. An chemischen Synapsen erfolgt die Freisetzung von Neurotransmittern 

durch die Fusion synaptischer Vesikel mit der präsynaptischen Membran. Diese 

Fusion erfordert eine kompensatorische Rückreaktion, die als Endozytose bezeichnet 

wird, um die Rückgewinnung synaptischer Vesikel für erneute Neurotransmission zu 

gewährleisten. Obwohl eine Rolle des Aktin-Zytoskeletts im Prozess der Endozytose an 

Synapsen beschrieben wurde, bleiben die genauen Mechanismen, insbesondere die 

Kontrolle der Aktin-Polymerisation durch Proteine, umstritten. 

In dieser Arbeit beschreiben wir eine bedeutende Funktion der kleinen Rho-GTPasen 

RhoA/B und Rac1 und die Diaphanous-verwandten Formine mDia1/3, die das 

Aktin-Zytoskelett in der Endozytose synaptischer Vesikel in Mauszellen regulieren. 

Wir nutzen mikroskopische Methoden zur Verfolgung dynamischer Prozesse der 

Membranfusion und Endozytose sowie zur hochauflösenden Darstellung der 

Membranstruktur von Synapsen in Kombination mit massenspektrometrischen 

Analysen und genetischen/pharmakologischen Manipulationen. Unsere Ergebnisse 

zeigen, dass mDia1/3 an der präsynaptischen Membran, in der Nähe von der 

Endozytose-Apparatur, lokalisieren und zur Bildung von filamentösen 

Aktinstrukturen (F-Aktin) an der Membran beitragen. Die Reduktion von F-Aktin 

infolge der negativen Manipulation der mDia1/3-Funktionen, führt zu signifikanten 

Veränderungen der präsynaptischen Membranarchitektur und ihrer Homöostase. Des 

Weiteren verdeutlichen unsere Resultate, dass in Abwesenheit von mDia1/3 die 

Aktivität von RhoA herunter - und die Aktivierung von Rac1 hochreguliert wird, als 

kompensatorische Antwort, um formin-vermittelte Beeinträchtigungen des 

Zytoskeletts zu mildern. Neben der Modulation von Rho-GTPasen zeigen wir, dass 

mDia1/3 die komplexen Signalwege, die durch den mechanistischen Target of 

Rapamycin Komplex 2 (mTORC2) vermittelt werden, negativ regulieren. Wir 

identifizieren eine inverse Korrelation zwischen der Aktivität von mTORC2 und der 

Kinetik der Endozytose synaptischer Vesikel in Abhängigkeit vom Aktin-Zytoskelett. 

Zusammenfassend verdeutlicht unsere Studie, dass das Aktin-Zytoskelett von diversen 

Signalwegen, die die kleinen Rho-GTPasen RhoA/B und Rac1 sowie die Formine 



mDia1/3 umfassen, die gegenseitig in Wechselwirkung treten, gesteuert wird. Die 

Dynamik des Aktin-basierten Zytoskeletts integriert die mechanische Modulation der 

Morphologie der synaptischen Membran mit biochemischen Signalwegen, die durch 

mTORC2 und kleine Rho-GTPasen vermittelt werden, um zuverlässig die Endozytose 

synaptischer Vesikel und damit die Neurotransmission zu regulieren.
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1. Introduction 

1.1. Neurotransmission at Chemical Synapses 

The brain functions as the central processing unit, orchestrating vital physiological 

processes such as cognition, emotion, and behavior, facilitated by a complex network 

of nerve and glial cells. Information processing and storage in the brain requires 

efficient communication among nerve cells called neurons, which are specialized to 

receive and transmit cellular inputs. Neurons are highly polarized cells and consist of 

a neuronal soma (cell body) surrounding the nucleus, extensively branched dendrites 

that are able to receive synaptic signals, and a single axon that creates numerous 

synaptic connections (Figure 1).  

 

Figure 1: The Synaptic Vesicle Cycle. 
Neurons are highly polarized cells, consisting of a soma surrounded by dendrites and a long axon 
forming connections, the chemical synapses, with the neighboring neuron. Upon arrival of an action 
potential, voltage-gated Calcium (Ca2+)-channels open and synaptic vesicles (SV) of the ready-releasable 
pool (RRP) fuse with the presynaptic membrane at the active zone (AZ) to release neurotransmitters 
into the synaptic cleft. At excitatory synapses, neurotransmitters diffuse and bind to receptors to give 
rise to an action potential through depolarization of the postsynaptic membrane via ion influx. In the 
presynaptic cell, excess membrane and SV proteins are recycled by endocytic membrane retrieval at the 
peri-active zone and SV reformation from transient endosome like vacuoles (ELVs) to replenish SV 
recycling and reserve pools. 
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These connections, known as chemical synapses, are intercellular junctions that 

facilitate the conversion of electrical stimuli into chemical signals. For 

neurotransmission, information has to be transferred from the axon terminals of one 

cell (presynaptic neuron) to the dendrite of a consecutive one (postsynaptic neuron) 

across the synaptic cleft (Figure 1). At chemical synapses, this is achieved by means of 

various neurotransmitters (e.g., glutamate, gamma-aminobutyric acid (GABA), etc.), 

which are packaged in lipid bilayer enclosed vesicles to allow their timed and rapid 

release in quanta (Katz, 1950) (Figure 2). 

1.1.1. The Synaptic Vesicle 

In the healthy brain, synaptic vesicles (SVs) are uniform in size, approximately 40 nm  

(Van der Kloot, 1991), share a common set of essential transmembrane proteins 

including Synaptophysin, Synaptotagmin and Synaptobrevin, and can contain 

approximately 1800 neurotransmitter molecules (Takamori et al., 2006) (Figure 2). 

Neurotransmitter loading is mediated by vesicular neurotransmitter transporters such 

as vesicular glutamate transporter 1 (vGLUT1) or vesicular GABA transporter (vGAT), 

which operate within an acidic environment (Farsi et al., 2017).  

 

Figure 2: The Synaptic Vesicle. 
A synaptic vesicle (SV) is composed of synaptic vesicle proteins that span its membrane, such as 
Synaptophysin, Synaptotagmin and Synaptobrevin. For neurotransmitter loading, the lumen of SV has 
to be acidified by the action of vacuolar H+-ATPase. Following acidification, neurotransmitters are 
pumped into the SV through vesicular neurotransmitter transporters, such as vesicular glutamate 
transporter 1 (vGLUT1) or vesicular GABA transporter (vGAT) depending on the synapse type. 

This process involves vacuolar H+-ATPase (vATPase) pumping protons into the SV 

lumen through ATP hydrolysis (Toei et al., 2010), establishing an electrochemical 
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gradient that is utilized by the neurotransmitter transporters to shuttle 

neurotransmitter molecules into the SV (Figure 2). 

1.1.2. Neurotransmitter Release 

Chemical neurotransmission, the process of signal transduction between nerve cells, is 

based on the fusion of neurotransmitter-filled synaptic vesicles (SV) with the plasma 

membrane at specialized release sites within the active zone (AZ) (Figure 3). Upon 

fusion, neurotransmitters are released into the synaptic cleft, where they bind to 

specific receptors on the surface of the postsynaptic cell (Figure 1). Depending on the 

type of neurotransmitter released, postsynaptic signaling can either be excitatory (e.g. 

by glutamate) or inhibitory (e.g. by GABA).  

At excitatory synapses, the binding of neurotransmitters to postsynaptic receptors 

mediates the influx of Na+ ions into the cell, causing local depolarization of the 

neuronal membrane and disruption of its resting potential. This depolarization gives 

rise to an action potential (AP), the unit for stimuli of neurotransmitter release (Figure 

1). Subsequently, the AP propagates unidirectionally along the neuronal axon towards 

the synapses, causing the opening of voltage-gated Ca2+-channels (Figure 1). Increased 

Ca2+ ion concentration at the presynaptic bouton triggers the fusion of synaptic vesicles 

(SV) and the release of neurotransmitter, facilitating repeated neurotransmission 

(Kennedy, 2016) (Figure 3).  

The process of synaptic vesicle fusion with the presynaptic membrane causing the 

release of neurotransmitters is termed SV exocytosis. Exocytosis is facilitated by the 

assembly of Soluble N-ethylmaleimide sensitive factor attachment protein receptor 

(SNARE) protein complexes that promote the fusion of the two distinct lipid bilayer 

compartments. The SNARE complex comprises the SV protein Synaptobrevin2 

(VAMP-2) along with Synaptosomal-associated protein of 25 kDa (SNAP-25A) and 

syntaxin1A anchored in the AZ. Synaptotagmin1 (Syt1), another synaptic vesicle 

protein, clamps the SNARE complex at steady-state but acts as the neuronal Ca2+ 

sensor upon the arrival of an action potential, triggering neurotransmitter release 

(Brunger et al., 2018) (Figure 3). 

To ensure time-locked fusion coinciding with AP arrival, a small subset of SVs, known 

as the ready-releasable pool (RRP) is docked at the plasma membrane and primed for 

synchronous fusion within milliseconds of calcium elevation (Holderith et al., 2012; 

Neher & Brose, 2018; Südhof, 2013) (Figure 3). 
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Figure 3: Synaptic Vesicle Exocytosis. 
Exocytosis is initiated by synaptic vesicles docking at release sites in the active zone. Next, vesicles are 
primed via the formation of the Soluble N-ethylmaleimide sensitive factor Attachment protein Receptor 
(SNARE) complexes including vesicle protein Synaptobrevin and plasma membrane anchored 
Synaptosomal-associated protein of 25 kDa (SNAP-25) and Syntaxin, to enter the ready-releasable pool. 
Local increase in Ca2+ concentration is sensed by synaptotagmin1, which promotes fusion of synaptic 
vesicle and active zone membranes to release neurotransmitters into the synaptic cleft. Following action 
potentials, SVs fuse and release neurotransmitter either in a time-locked, synchronous or a delayed, 
asynchronous, manner. Additionally, SVs can fuse spontaneously in the absence of action potentials 
(Kavalali, 2015). Recent studies have shown that distinct molecular compositions of SV determine their 
fusion characteristics, with specific proteins governing synchronous (e.g. distinct Synaptotagmin and 
Synaptobrevin isoforms (Bacaj et al., 2013; Chanaday & Kavalali, 2018a; Südhof, 2013) fusion.  

 

The RRP, constituting approximately 4% of SVs, requires constant replenishment. This 

replenishment occurs through mobilization from SV storage reservoirs, including the 

recycling (10-20%) and the immobile reserve pool (80-90% of all SVs; Review Wu 

2018), or via direct recycling mechanisms in a compensatory manner (Guo et al., 2015) 

(Figure 1). 

1.1.3. The Molecular Endocytic Machinery 

Chemical neurotransmission is based on neurotransmitter release from SVs that fuse 

with the plasma membrane. To sustain high rates of release, neurotransmitter-filled 

SVs have to be regenerated, as the de novo synthesis in the soma coupled with axonal 

transport of new SVs would be insufficient to support the demand for release 

(Chanaday & Kavalali, 2018c). This resupply is based on retrieving excess membrane 

and synaptic vesicle proteins from the presynaptic membrane in a process called 

endocytosis, followed by cargo sorting via transient endosomal intermediates and the 

rapid refilling of newly reformed SVs with neurotransmitter (Figure 1). 
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Synaptic vesicle endocytosis occurs after collapse and lateral diffusion of SV 

components to the peri-active zone and requires membrane remodeling that is 

mediated by phospholipids present in the inner leaflet of the presynaptic membrane 

and protein complexes that form the endocytic machinery (Binotti et al., 2021) (Figure 

4). 

1.1.3.1. The Presynaptic Plasma Membrane 

The recycling of SVs involves the retrieval of excess lipid bilayers from the plasma 

membrane after SV fusion to be reformed into vesicles. This process relies on the 

fine-tuned interactions of proteins with membranes to mediate membrane 

deformation and vesicle scission, facilitated by the tight coupling of signaling 

molecules such as phosphoinositides (PI), phosphorylated derivates of the membrane 

phospholipid phosphatidylinositol. PIs are present in the cytosolic leaflet of 

membranes and serve as spatiotemporal cues for membrane trafficking (Posor et al., 

2022) under the control of the opposing functions of kinases and phosphatases 

(Hunter, 1995) (Figure 4). 

 

At the presynaptic plasma membrane, the predominant PI is phosphatidylinositol-4,5-

bisphosphate (PI(4,5)P2), which forms nanoclusters of approx. 70 nm (Van Den 

Bogaart et al., 2011). Many effector proteins bind this phospholipid, including the SV 

release machinery (Lauwers et al., 2016; Martin, 2012; Walter et al., 2017). PI(4,5)P2 

presents the crucial signaling molecule and rate-limiting step to induce synaptic vesicle 

endocytosis through its endocytic effectors and its synthesis scales with synaptic 

activity (Bolz et al., 2023). Consequently, membrane trafficking processes during the 

SV cycle are closely linked to the interconversion of PI species (Wenk & De Camilli, 

2004). 

 



1. Introduction 

7 
 

 

Figure 4: Interconversion of Phosphatidylinositol-4,5-bisphosphat. 
Phosphatidylinositols contain a myo-inositol head group that can be modulated at different positions of 
the ring by lipid phosphatases and kinases and two lipid tails (R1: 2-arachidonyl; R2: 1-stearoyl chains) 
present in the lipid bilayer. Phosphatidylinositol-4,5-bisphosphat (PI(4,5)P2) is the most abundant 
phosphoinositide of the plasma membrane and is generated by phosphatidylinositol 4-phosphate 5-
kinase type I gamma (PIPKIγ) upon neuronal activity (Bolz et al., 2023). Synaptojanin converts 
PI(4,5)P2 to phosphatidylinositol-4-phosphat (PI(4)P), a crucial step during synaptic vesicle recycling. 
PI(4)P is the phospholipid identity of synaptic vesicles. PI(4,5)P2 can be phosphorylated at the 
3’Hydroxyl (OH)-position by class I phosphoinositide 3-kinases (class I PI3K) to yield 
phosphatidylinositol-3,4,5-trisphosphat (PI(3,4,5)P3). The inverse reaction is catalyzed by phosphatase 
and tension homolog (PTEN). At synapses, the balance between PI(4,5)P2 and PI(3,4,5)P3 crucially 
mediates neurotransmission, plasticity and cytoskeletal remodeling (Tariq & Luikart, 2021). 

1.1.3.2. Coupling of Synaptic Vesicle Fusion and Endocytosis  

The retrieval of SV membranes and proteins plays a crucial role in regulating the total 

amount of SVs, clearing release sites in the AZ by disassembly of SNARE complexes for 

consecutive fusion (Haucke et al., 2011), and maintaining plasma membrane 

homeostasis. Typically, endocytosis in neurons is compensatory, meaning endocytosed 

material matches the number of fused membranes and proteins during exocytosis. This 

requires mechanisms that initiate endocytosis spatiotemporally linked to fusion via 

mechanical and biochemical coupling (Maritzen & Haucke, 2018): The initiation can 

be triggered by multiple factors, including increased Ca2+ concentration, which 

activates signaling cascades, proteins that sense changes in membrane architecture 

upon addition of excess membrane following fusion, and/or adaptor proteins that 

detect surface-stranded synaptic vesicle proteins and facilitate cargo sorting (L. G. Wu 

et al., 2014). 
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Coupling via Calcium 

Upon AP arrival, Ca2+-influx not only acts on the SV fusion machinery but also 

stimulates the activity of the phosphatase calcineurin (CaN) (X. S. Wu et al., 2014). 

Calcineurin dephosphorylates multiple structurally diverse endocytic proteins, 

collectively referred to as dephosphins, including adaptor proteins Epsin and AP180, 

membrane-binding proteins Amphiphysins, the GTPase Dynamin, and the lipid 

phosphatase Synaptojanin1. The phosphorylation state of the dephosphins regulates 

their localization through protein-protein or protein-lipid interactions (Cousin & 

Robinson, 2001). 

Coupling via Membrane Architecture 

In addition, fusion of SV with the presynaptic membrane during exocytosis alters the 

lipid packaging of the membrane. Packaging defects result in changes in membrane 

tension that can be sensed by various proteins that drive endocytosis. For example, 

proteins with amphipathic helices can insert into membranes with packaging defects 

(Baumgart et al., 2011), while scaffolding proteins with intrinsic shapes that sense 

tension can deform underlying membranes, both serving as endocytic initiation hubs. 

Notably, the bin-amphiphysin-rvs (BAR) domain family proteins are pivotal for 

endocytosis and contain a crescent BAR domain of varying curvature that induces 

membrane invagination via oligomerization. F-BAR proteins, with a shallow BAR 

domain curvature, are recruited during the early phases of endocytosis, while N-BAR 

proteins, with increased curvature and carrying an N-terminal amphipathic helix are 

required at later stages (Figure 5). In addition, BAR proteins bind Dynamin, which 

catalyzes the final step of endocytosis, thereby coupling changes in membrane tension 

upon exocytosis with endocytic membrane invagination and vesicle scission. 

Coupling via Adaptor Proteins 

Following SV exocytosis, synaptic vesicle proteins are stranded on the presynaptic 

membrane, where they are captured by adaptor proteins (Figure 5). Different adaptor 

proteins recognize different cargo; for example, Epsin1/2 binds to ubiquitinated cargo, 

while AP180 and Stonin2 capture Synaptobrevin and Synaptotagmin, respectively. 

Adaptor proteins then recruit further endocytic machinery to drive the retrieval of SV 

proteins (Figure 5). 
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1.1.4. Pathways of Synaptic Vesicle Endocytosis 

Although it has been recognized for over 50 years that SVs are locally recycled at 

presynaptic terminals (Ceccarelli et al., 1973; Heuser & Reese, 1973), the precise 

mechanisms underlying SV reformation remain a matter of debate. Currently, four 

distinct modes of endocytic membrane retrieval at synapses have been identified that 

occur on various timescales ranging from milliseconds to tens of seconds (Soykan et 

al., 2017) (Figure 6). The prevalence of these modes is contingent upon factors such as 

the synapse type, stimulus intensity, and temperature. 

1.1.4.1. Clathrin-mediated Endocytosis 

The most common cellular mechanism for vesicle formation is mediated by protein 

complexes that assemble into coat-like structures, like COPI/II or Clathrin. These coat 

proteins capture cargo proteins to be incorporated into vesicles, while simultaneously 

inducing and promoting underlying membrane curvature that drives vesicle formation 

(Robinson, 2015). Clathrin-mediated membrane invagination and endocytic retrieval 

(CME) is highly conserved across evolution, with homologous key proteins expressed 

from yeast to mammalian cells. Additionally, its molecular components are highly 

abundant at nerve terminals, and their depletion causes severe SV recycling defects at 

rodent central synapses at room temperature (Granseth et al., 2006). 

At synapses, CME is initiated by the capture of surface-stranded SV proteins by adaptor 

proteins that are recruited to the plasma membrane by binding to PI(4,5)P2 (Figure 5). 

Adaptor proteins bind Clathrin molecules that form polyhedral lattices that drive 

endocytic pit formation, facilitated by membrane-bending N-BAR proteins, such as 

Amphiphysin and Endophilin (Figure 5). Vesicle scission is mediated by Dynamin, 

followed by Clathrin coat disassembly through PI(4,5)P2 hydrolysis via the 

phosphatase Synaptojanin1 (Figure 5). The SV cycle mediated by CME operates on a 

timescale of 10-20 s (Smith et al., 2008). 
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Figure 5: Coordination and Time course of Clathrin-mediated Endocytosis. 
Initiation of Clathrin-mediated endocytosis is based on nucleation modules containing F-BAR proteins 
of the FCHO family, Epidermal growth factor receptor (EGFR) pathway substrate 15 (EPS15) and 
Intersectins, which serve as recruitment hubs for adaptor proteins. These adaptor proteins selectively 
capture specific cargo, like surface-stranded SV proteins following exocytosis. Adaptor proteins recruit 
Clathrin light and heavy chains, forming triskelia that polymerize into polyhedral lattices. Consequently, 
the underlying membrane is bent to form a deeply invaginated coated pit. High membrane curvature 
recruits N-BAR proteins Amphiphysin and Endophilin, which bind Dynamin. The GTPase Dynamin 
oligomerizes as a collar around the neck of the pit and catalyzes vesicle fission. The phosphatase 
Synaptojanin1 is recruited by Endophilin and hydrolyses PI(4,5)P2 to PI(4)P on the released coated 
vesicles resulting in the dissociation of the adaptor proteins (Milosevic et al., 2011). The Clathrin coat is 
disassembled through the concerted activity of the ATPase Hsc70 and Auxilin. Newly retrieved uncoated 
vesicles may either fuse with transient endosome-like structures (ELVs) (Heuser & Reese, 1973), or 
directly transition into the distinct vesicle pools (Takei et al., 1996).  

Historically, CME has been regarded as the primary pathway of synaptic vesicle 

retrieval; however, this view has been progressively challenged. Numerous studies 

have underlined that endocytic membrane retrieval and SV reformation are at least 

partially distinct processes (Kononenko et al., 2014; Soykan et al., 2017), and have 

indicated that fast Clathrin-independent endocytosis (CIE) is the predominant 

pathway for the initial membrane retrieval at physiological temperatures at 

mammalian synapses. 

1.1.4.2. Clathrin-independent Endocytosis 

Over the years, several Clathrin-independent and fast pathways of SV endocytosis have 

been described that can be distinguished by the size of endocytic intermediates as well 

as their kinetics.  

The fastest pathway of vesicle regeneration is the Clathrin-independent kiss-and-run 

mode, as it omits the full collapse of the vesicle into the membrane. Kiss-and-run is 

based on the generation of a transient fusion pore that allows neurotransmitter release 
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followed by direct closure (Figure 6), resulting in fast kinetics of vesicle reacidification 

(400 – 860 milliseconds) (Gandhl & Stevens, 2003). Kiss-and-run is the predominant 

mechanism in neuroendocrine cells (Burgoyne et al., 2001) and potentially 

dopaminergic synapses (Staal et al., 2004), but has also been reported at mammalian 

central synapses (Chanaday & Kavalali, 2018b; Q. Zhang et al., 2009). However, its 

physiological relevance remains contentious (He & Wu, 2007), as newly exocytosed 

and subsequently retrieved SV proteins are largely non-identical (Gimber et al., 2015). 

Conversely, other Clathrin-independent mechanisms occur after the full collapse of 

SVs during exocytosis. Their prevalence depends on the intensity of the stimulus, 

leading to the distinction of different modes of CIE based on the size of endocytic 

intermediates and their time course. An ultrafast mode, termed ultrafast endocytosis 

(UFE), generates compensatory intermediates at the peri-active zone of approximately 

60-80 nm in diameter, which are delivered to endosome-like vacuoles (ELVs) within a 

timescale of 50 ms – 1 s (Delvendahl et al., 2016; S. Watanabe, Rost, et al., 2013) 

(Figure 6). UFE is the predominant pathway at rodent central synapses at 37°C 

following brief periods of activity (S. Watanabe et al., 2014). 

While fast components of SV endocytosis are also observed under high-frequency 

stimulation (Soykan et al., 2017), the main route of endocytosis following prolonged 

bursts of intense activity is based on the retrieval of larger membrane invaginations, 

approx. 150 nm in size, occurring on a slower timescale of 1 – 2 s, a pathway termed 

activity-dependent bulk endocytosis (ADBE) (Clayton & Cousin, 2009; Kononenko & 

Haucke, 2015; Körber et al., 2012) (Figure 6). ADBE is induced upon mobilization of 

the reserve pool, which is typically inactive under physiological conditions (Denker & 

Rizzoli, 2010), and is therefore considered an emergency backup pathway to recover 

vesicle pools over a timescale of minutes (Clayton & Cousin, 2009; Richards et al., 

2000) . 

Both UFE and ADBE are based on the retrieval of endocytic intermediates that exceed 

the size of SVs. Consequently, the complete course of SV regeneration relies on the 

fusion of intermediates with transient endosome-like vacuoles (ELVs). Studies have 

demonstrated that this reformation is based on the Clathrin machinery (Kononenko et 

al., 2014; S. Watanabe et al., 2014) and likely includes cargo selection mediated via 

adaptor proteins (AP1-3; (Kononenko et al., 2014; Onoa et al., 2010; Silm et al., 2019)) 

to ensure distinct molecular identities of SVs ((Morgan et al., 2013) e.g., for 

synchronous, asynchronous, or spontaneous release (Crawford & Kavalali, 2015). 
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Figure 6: Pathways of Synaptic Vesicle Endocytosis. 
Endocytosis can follow differential pathways at rodent central synapses, apart from Clathrin-mediated 
endocytosis (CME). In the kiss-and-run mode a transient fusion pore is formed to release 
neurotransmitters from synaptic vesicles. The predominant pathway following low stimulation at 37°C 
is ultrafast endocytosis (UFE), while strong stimulation stimulates activity-dependent bulk endocytosis 
(ADBE). Endocytic intermediates following UFE and ADBE fuse with transient endosome-like vacuoles 
(ELVs) from which vesicles are reformed via Clathrin-mediated budding. 

Newly formed SVs are acidified and refilled with neurotransmitters and can either 

replenish the recycling pool or be captured and sorted to the reserve pool (Pieribone et 

al., 1995). In the reserve pool, SVs are clustered by the highly abundant 

phosphoprotein synapsin, which interacts with SVs and the Actin cytoskeleton (Gitler 

et al., 2008), and mobilizes SVs based on neuronal activity. 

Consequently, no universal model of SV endocytosis exists and multiple pathways may 

be employed depending on activity level at individual synapses to meet the specific 

demands of recycling. At physiological temperature, fast CIE is responsible for 

immediate membrane retrieval following fusion (Delvendahl et al., 2016; Kononenko 

et al., 2014; Soykan et al., 2017), while Clathrin-mediated budding is required for 

sorting and complete recycling over a slower timescale  (Chanaday & Kavalali, 2018a; 

S. Watanabe et al., 2014; Zhu et al., 2009). 

In CME, vesicle formation is facilitated by the spontaneous assembly of proteinaceous 

membrane-binding scaffolds that assemble into curved structures that include BAR 
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proteins, the Clathrin coat, and Dynamin. The driving force for the vesicular membrane 

bending can be attributed to the rigidity and polyhedral shape of Clathrin coatamers. 

While several Clathrin-independent pathways share multiple molecular players with 

CME, for example, Endophilin-A (Milosevic et al., 2011), Synaptojanin1 (Verstreken et 

al., 2003; S. Watanabe et al., 2018) and Dynamin (S. Watanabe, Liu, et al., 2013; S. 

Watanabe, Rost, et al., 2013), a distinct molecule capable of providing force to deform 

membranes as a substitute for Clathrin remains elusive.  

An emerging candidate for force generation and membrane trafficking in synaptic 

vesicle endocytosis is the Actin cytoskeleton, as most endocytic routes display 

sensitivity to Actin perturbation (Ogunmowo et al., 2023; S. Watanabe, Rost, et al., 

2013). Moreover, numerous endocytic proteins, such as Protein kinase C and casein 

kinase substrate in neurons (PACSINs) and Dynamin, are known to interact and 

recruit regulatory proteins of the Actin cytoskeleton (Ferguson et al., 2009; Kessels & 

Qualmann, 2004; McMahon & Boucrot, 2011; Merrifield et al., 2005; Renard et al., 

2015; Schafer, 2004), suggesting a significant interplay between SV endocytosis and 

the dynamics of the Actin cytoskeleton. 

1.2. The Actin Cytoskeleton 
 

The Actin cytoskeleton can exert mechanical forces and orchestrates numerous 

essential cellular processes, including locomotion, cytokinesis, morphogenesis, and 

vesicular trafficking (Blanchoin et al., 2014). To accomplish this diversity of tasks, the 

cytoskeleton undergoes constant remodeling by dynamically producing Actin 

filaments (F-Actin). F-Actin constitutes a semi-flexible polar polymer of monomeric 

globular Actin (G-Actin) that undergoes treadmilling (Bugyi & Carlier, 2010; Pollard, 

1986), a process characterized by rapid growth at the barbed end and simultaneous 

disassembly at the pointed end (Figure 7). 

Actin is one of the most abundant proteins in eukaryotic cells, with concentrations 

ranging from 70 to 150 µM (Isogai & Danuser, 2018). Hence, cellular treadmilling 

requires tight regulation in both space and time, facilitated by a myriad of signaling, 

scaffolding, and Actin-binding proteins that facilitate filament nucleation (Figure 8, 

Figure 11), elongation (Figure 12), capping (Figure 13), severing (Figure 7), 

depolymerization (Figure 7), crosslinking (Figure 16), and monomer sequestration 

(Figure 7) (Rafelski & Theriot, 2004). 
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Figure 7: Filamentous Actin Nucleation and Treadmilling. 
Monomeric globular Actin above the critical concentration of 0.1 μM spontaneously polymerizes by 
head-to-tail interactions to form short-lived dimers and trimers in vitro (I. Fujiwara et al., 2007). Once 
the kinetic barrier of tetramerization is overcome, Actin polymerization proceeds as long as the 
monomer concentration remains above the critical concentration. The resulting double-stranded helical 
filaments exhibit distinct polarity, characterized by plus and minus ends, ATP-bound Actin is enriched 
at the barbed end and exhibits less dissociation compared to ADP-bound Actin at the pointed end. 
Elongation of the filament at the barbed end is up to 10-fold faster compared to the minus or pointed 
end, with a rate of 11.6 μM−1s−1 (Pollard, 1986). In a steady-state (below the critical concentration of the 
monomer pool), a balance is reached wherein ATP-bound Actin is constantly added at the plus and 
ADP-bound Actin dissociates from the minus end, a phenomenon known as treadmilling (Ni & Papoian, 
2019). Disassembly of F-Actin is additionally mediated by the Actin depolymerizing factor 
(ADF)/cofilin, that binds Actin monomers at the minus ends and causes filament severing and 
dissociation of ADP-bound Actin, which is sequestered by binding to cofilin (Tanaka et al., 2018). 
Conversely, binding of profilin catalyzes the ATP loading of Actin monomers and facilitates barbed-end 
elongation by the assistance of elongation factors (Goldschmidt-Clermont et al., 1992). 

1.2.1.  F-Actin Assembly 

In cells, the rate-limiting step in F-Actin assembly, the formation of a stable multimer 

(Rosenbloom et al., 2021), is overcome by various Actin-nucleating proteins and 

promoting factors. For example, the Arp2/3 complex nucleates branched Actin 

networks by binding to the sides of existing filaments serving as a template for 

elongation. Formins and tandem-monomer-binding nucleators (e.g., Spire, Cobl, APC, 

JMY, LMOD) bind to multiple Actin monomers to initiate linear filaments 

(Campellone & Welch, 2010; M. A. Chesarone & Goode, 2009). Once nucleated, 

filaments are rapidly elongated by proteins from the ENA/VASP and formin families. 
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ENA/VASP proteins form tetramers bound to the plasma membrane, elongating 

parallel Actin bundles against the plasma membrane (Krause et al., 2003), while 

formins processively move along filament barbed ends incorporating profilin-bound 

Actin monomers (Figure 12). 

1.2.1.1.  The Arp2/3 Complex 
 

The Arp2/3 complex comprises Actin-related proteins 2 (Arp2) and 3 (Arp3) along 

with additional subunits ARPC1-5 (Goley & Welch, 2006) (Figure 8). Upon activation, 

it serves as a nucleation seed for branched daughter filaments from the sides of pre-

existing mother filaments at a 70° angle to form a Y-branched dendritic network 

(Figure 8). The complex possesses little biochemical activity on its own; thus, 

branching has to be promoted by nucleation-promoting factors (NPFs). Mammalian 

cells express several NPFs, including Wiskott-Aldrich Syndrome protein (WASP), 

neural WASP (N-WASP), three WASP and verprolin homologs (WAVEs), WASP 

homolog associated with Actin, membranes, and microtubules (WHAMM), WASP and 

Scar homolog (WASH), junction mediating regulatory (JMY) protein, and WAVE 

homology in membrane protrusions (WHIMP) protein (Kabrawala et al., 2020). 

 

Figure 8: Arp2/3-mediated branched Actin Filament Nucleation. 
Actin-related proteins 2 (Arp2) and 3 (Arp3), together with Actin related protein 2/3 complex subunit 
1-5 (ARPC1-5) form the Arp2/3 complex, acting as a nucleation seed for filament branching in a 70° 
angle.  

These NPFs share C-terminal WCA domains comprised of a G-Actin binding verpolin 

homology (WH2) domain and an Arp2/3 binding connector and acidic region (CA). At 

basal state, the WCA domain is sequestered by an intramolecular (cis), in 

WASP/N-WASP (Derivery & Gautreau, 2010), or through intermolecular (trans) 
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interactions within protein complexes as in WAVE, WASH, and WHAMM (Jia et al., 

2010; Kim et al., 2000) (Figure 9). 

 

Figure 9: Arp2/3 Complex Activation through the WAVE Regulatory Complex. 
Wiskott-Aldrich syndrome and verprolin homologous proteins (WAVE) associate with a multimeric 
protein complex containing abelson interactor (ABI), non-catalytic region of tyrosine kinase adaptor 
protein 1 (NcK)-associated protein (NckAP1) and cytoplasmic fragile X messenger ribonucleoprotein 1 
(FMR1) interacting protein (CYFIP) as well as a 9 kDa- peptide Brick1 (HSPC300) (Eden et al., 2002; 
Stradal et al., 2004; Takenawa & Suetsugu, 2007). Those components are expressed by multiple genes 
(Dubielecka, Cui, et al., 2010) to form a diversity of WAVE complexes containing either 
ABI1/ABI2/ABI3; NckAP1/NckAPL; CYFIP1/ CYFIP2; and WAVE1/WAVE2/WAVE3 (Stovold et al., 
2005). WAVE contains a C-terminal Actin-binding WASP homology-2 motif (WH2), a Central helix 
domain, and an Acidic Arp2/3-binding motif (WCA) that mediates an inhibitory interaction with the 
subunit CYFIP. Binding of small Ras homologous (Rho) GTPase Rac1 and phospholipids (PI(3,4,5)P3) 
releases autoinhibition and initiate Arp2/3-mediated branched Actin nucleation (Campellone & Welch, 
2010). 

Autoinhibition can be relieved by integrating various upstream signals, including small 

Ras homologous (Rho) GTPases and phospholipids (Campellone & Welch, 2010), 

which stimulate the nucleation activity of Arp2/3 (Figure 9). 

1.2.1.2.  Formins 
 

Formins were initially identified in mice as genes implicated in limb deformation upon 

mutation (Maas et al., 1990). In mammals, this family encompasses 15 genes, while 

Saccharomyces cerevisiae, Saccharomyces pombe, and Drosophila melanogaster 

express two, three, and six formin genes, respectively. The 15 mammalian formins are 

categorized into seven subfamilies (Courtemanche, 2018): Diaphanous 

(DIAPH/mDia), Dishevelled-associated activator of morphogenesis (DAAM), Formin-

related proteins identified in leukocytes (FMNL), Formin Homology Domain-

containing Protein (FHOD), Inverted Formin (INF), Formin (FMN) proteins, and 

Delphilin families (Kovar, 2006) (Figure 10). 
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Figure 10: Phylogenetic Tree of Mammalian Formins. 
15 formins from 7 subfamilies are expressed in eukaryotic cells: mammalian Diaphanous-related (mDia) 
formins mDia1, mDia2, and mDia3; Dishevelled-associated activator of morphogenesis (DAAM) 
DAAM1 and DAAM2; Formin-like proteins (FMNL) FMNL1, FMNL2, and FMNL3; Inverted formin 
(INF) INF1 and INF2; Formin homology domain containing protein (FHOD) FHOD1 and FHOD3; 
Delphilin; and Formin proteins (FMN) FMN1 and FMN2. 

Formins exhibit triple functionality in modulating the Actin cytoskeleton: nucleation 

of linear F-Actin (Figure 12), profilin-dependent acceleration of filament elongation 

through processive movement (Figure 12), and the protection of growing barbed ends 

from capping proteins (Figure 13). These functions are mediated by the highly 

conserved formin homology 1 (FH1) and formin homology 2 (FH2) domains. The FH1 

domain, which is extended and unstructured, contains multiple proline-rich motifs 

that bind Profilin-Actin complexes (Imamura et al., 1997)  (Figure 12). The FH2 

domain forms a donut-shaped antiparallel dimer, flexibly tethered by interactions of 

lasso and post segments (Xu et al., 2004), with a high affinity for Actin filament barbed 

ends (Pruyne et al., 2002) (Figure 12). 

Nucleation 

The precise mechanism of formin-mediated filament nucleation has remained elusive. 

Initially, it was suggested that formins stabilize and capture spontaneously formed 

Actin di- and trimers (Pring et al., 2003) to overcome the kinetic hurdle of spontaneous 

Actin nucleation (Sept & McCammon, 2001). However, FH2-mediated nucleation is 

notably inefficient when utilizing profilin-bound Actin monomers, the primary 

substrate in cells (M. A. Chesarone et al., 2010). In vivo, the profilin barrier to 

formin-mediated Actin nucleation is thought to be surmounted through cooperation 

with NPFs that compete with profilin for monomer binding and organize multiple 

Actin monomers in proximity to FH2 domains (Moseley et al., 2004) (Figure 11). 

Following nucleation, NPFs remain at the nucleation site, while formins move 

processively along the growing barbed end to elongate the filament and protect it from 

capping (Breitsprecher & Goode, 2013) (Figure 11). 
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Figure 11: Formin-mediated F-Actin Nucleation. 
Nucleation-promoting factors (NPFs) capture multiple Actin monomers and recruit formins. Individual 
formin isoforms have specific NPFs including adenomatous polyposis coli protein (APC) for mDia1 
(Okada et al., 2010), Spire for FMN family formins (Quinlan et al., 2007) and Bud site selection factor 6 
(Bud6) for yeast Bin1 (Graziano et al., 2011). The formin homology 1 domains (FH1) of formin dimers 
capture Profilin-Actin monomers through proline rich stretches that transport the subunits to the 
formin homology 2 (FH2) domains that processively move along Actin filament barbed ends. 

Elongation 

Following filament nucleation, the dimeric FH2 domain encircles and tracks the 

growing barbed end, facilitating the addition of Profilin-Actin subunits. Formins can 

enhance the barbed-end elongation rate, reaching up to 90 μM−1s−1  (Higashida et al., 

2004; Kovar, 2006; Kozlov & Bershadsky, 2004; Mizuno et al., 2011; Romero et al., 

2004; Vidali et al., 2009). This process involves transient, alternating contacts of the 

two halves of the FH2 dimer with the two terminal Actin subunits of the filament 

(Breitsprecher & Goode, 2013) (Figure 12). The FH1 domain recruits Profilin-Actin 

complexes through its proline-rich repetitive stretches, arranged in ascending affinity 

towards the FH2 domain (Courtemanche & Pollard, 2012), ensuring monomer 

transport to the barbed end (Figure 12). During elongation, the FH2 dimer switches 

between an open and a closed state in a stair stepping mechanism (Maufront et al., 

2023), representing monomer incorporation and capped states of the filament, 

respectively (Kozlov & Bershadsky, 2004; Zigmond et al., 2003) (Figure 12). 
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Figure 12: Stair-Stepping Model of Formin-mediated F-Actin Assembly. 
The formin homology 2 (FH2) dimer switches between an open and closed configuration facilitating the 
incorporation of Actin monomers or capping the filament, respectively. In the closed state, the leading 
FH2 subunit is attached to the two terminal Actin monomers, while the trailing FH2 domain engages 
the second and third monomers. Transitioning to the open state involves disengagement of the trailing 
FH2 subunit, followed by a stepping motion to partially attach to the terminal barbed end monomer. In 
the open configuration the now leading FH2 is partially exposed, facilitating Actin monomer addition to 
re-enter the closed state (Paul & Pollard, 2009). Surprisingly, this movement does not necessitate 
Profilin or nucleotide hydrolysis but is believed to be linked to the release of free energy accompanying 
monomer incorporation (Paul & Pollard, 2009). 

Due to their processive elongation availability, formins can produce over 50 µm-long 

Actin filaments in in vitro experiments (Breitsprecher et al., 2012; Kovar, 2006). 

However, in cells filaments are limited to 1 µm in length (Pollard T.D. & Kholodenko, 

2003), indicating precise regulatory mechanisms to control formin-mediated Actin 

assembly. This regulation involves proteins that a) bind the FH2 domain (M. 

Chesarone et al., 2009; M. A. Chesarone & Goode, 2009),  b) interfere with Profilin-

Actin recruitment by binding the FH1 domain (Mason et al., 2011) or c) capping 

proteins that compete for association with filament barbed ends (Bartolini et al., 2012). 

Stabilization 

Formins compete with capping proteins, such as capping protein (CapZ) or Adducins,  

for binding to filament barbed ends (Shekhar et al., 2015), to shield filaments from 

depolymerization (Ulrichs et al., 2023) (Figure 13). This protective function is achieved 

through formins’ leaky cap activity, allowing processive elongation in a Profilin-rich 

environment, or serving as capping proteins, that stabilize Actin filaments in a 

profilin-free environment (Harris et al., 2004; Kovar, 2006) (Figure 13). The capping 

ability of formins is expressed as its gating factor, describing the time a formin spends 

in the open versus closed state during elongation (Paul & Pollard, 2009). 
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Figure 13: Formin-mediated Stabilization of Actin Filaments.  
In a profilin-free environment formins can serve as capping proteins. This capping ability is described 
as its gating factor determined by the time spent in the open or close configuration during Actin 
assembly. Gating factors vary among formins, ranging from almost 0 (indicating a capped filament) for 
S. pombe Cdc12 to nearly 1 (signifying uninhibited elongation) for mDia1 (Kovar, 2006). Furthermore, 
formins compete with capping proteins for barbed end association, resulting in the stimulation of 
pointed end disassembly (Blanchoin et al., 2000). 

Distinct formins exhibit varying degrees of impediment to elongation and 

depolymerization due to differences in gating factors and nucleation efficiency (Harris 

et al., 2004; Kovar et al., 2006; Neidt et al., 2009). As a result, cells can selectively 

employ individual formins to fulfill specialized functions such as fast nucleation, 

elongation, or stabilization of existing filaments (Shemesh & Kozlov, 2007). 

 

Regulation of Formin-mediated Actin Assembly 

The Actin functions of most mammalian formins are regulated through autoinhibition, 

mediated by an intramolecular interaction between an N-terminal diaphanous 

inhibitory domain (DID) and a C-terminal diaphanous autoregulatory domain (DAD) 

flanking the FH1 and FH2 domains (Figure 14). While the domain architecture of 

formins is highly conserved, autoinhibition is released by individual factors, including 

proteins (Brenig et al., 2015) and/or lipids (Ramalingam et al., 2010). For example, 

binding of the active small Rho GTPase RhoA to an N-terminal Rho binding domain 

(RBD) triggers the release of mammalian diaphanous 1 (mDia1) autoinhibition (Otomo 

et al., 2005; Rose et al., 2005), resulting in its dimerization followed by Actin assembly 

(Figure 14). 
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Figure 14: Domain Organization and Regulation of mDia1. 
Diaphanous-related formin 1 (mDia1) contains an N-terminal GTPase-binding domain (GBD), an 
adjacent diaphanous inhibitory domain (DID), followed by a dimerization domain (DD), a coiled-coil 
(CC) and a C-terminal diaphanous autoregulatory domain (DAD) flanking the FH1 and FH2 domains. 
mDia1 is autoinhibited by an intramolecular interaction of its DID and DAD, hindering the FH2 domain 
to exert its F-Actin functions (Nezami et al., 2010; Otomo et al., 2010). mDia1 can be activated by the 
active small Rho GTPase RhoA, among other factors (Maiti et al., 2012). 

 

 

1.2.2.  Regulation of Actin Assembly by Rho GTPases 
 

To tightly regulate Actin assembly, most nucleation-promoting factors (NPFs), 

including WASP family proteins and formins, are subject to autoinhibition. The release 

of autoinhibition is governed by signal transduction pathways through members of the 

Ras homologous (Rho) small GTPase family. Rho family GTPases serve as molecular 

switches (H. R. Bourne et al., 1990, 1991) that transduce extracellular signals to elicit 

cellular responses such as gene expression, cell morphology, and migration by 

specifically modulating rearrangements of the cytoskeleton (Chrzanowska-Wodnicka 

& Burridge, 1996; Machesky & Hall, 1997; Ridley et al., 1992; Ridley & Hall, 1992; 

Subauste et al., 2000). This family comprises 20 members, grouped into subfamilies 

based on sequence homology (Jaiswal et al., 2013): Cdc42 (Cdc42, G25K, TC10, TCL, 

WRCH1, and WRCH2); Rac (Rac1, Rac1b, Rac2, Rac3, and RhoG); Rho (RhoA, RhoB, 

and RhoC); RhoD (RhoD, and Rif); RhoH and Rnd (Rnd1, Rnd2, and Rnd3). As Rho 

GTPases are involved in dynamic cellular responses, their activities underlie tight 

spatiotemporal regulation through coordination of guanine nucleotide loading. The 

regulation of most Rho GTPases is based on the cycling between an active guanosine 

triphosphate (GTP) and an inactive guanosine diphosphate (GDP)-bound 

conformation. The switch cycle is mediated by three groups of regulatory proteins:  
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Figure 15: The Rho GTPase Switch Cycle. 
GTPases feature a conserved nucleotide binding domain, known as the G-domain, comprising five 
sequence motifs (G1-G5) (Wittinghofer & Vetter, 2011). Activation of Rho GTPases is orchestrated by 
guanine exchange factors (GEFs), which stabilize the nucleotide-free state of GTPases (Lenzen et al., 
1998) by displacing Mg2+ from the catalytic pocket. As cellular concentration of GTP is 10-fold higher 
than of the diphosphate (Bos et al., 2007), and GTPases have similar affinity for GDP/GTP, GEF binding 
stimulates loading of the more abundant GTP, which displaces the GEF and stimulates effector binding 
(Cherfils & Zeghouf, 2013). Rho GTPases exhibit an intrinsic, albeit inefficient, GTPase activity which is 
enhanced by over 4000-fold upon binding of GTPase-activating proteins (GAPs) (B. Zhang & Zheng, 
1998). GAPs stimulate GTP hydrolysis by inserting water into the catalytic pocket (Moon & Zheng, 
2003). Both GEFs and GAPs interact with similar binding interfaces (switch I (G2) and II (G3)) of the 
Rho GTPases (Fidyk & Cerione, 2002; Rossman et al., 2002) to confer conformational rearrangement 
(Dvorsky & Ahmadian, 2004). GDP-dissociation inhibitors (GDIs) negatively regulate Rho GTPases by 
impeding GDP replacement and sequestering prenylated forms in the cytosol (Garcia-Mata et al., 2011; 
Molnár et al., 2001). 

Guanine nucleotide exchange factors (GEFs) activate Rho GTPases by catalyzing the 

exchange of GDP to GTP (Rossman et al., 2002), increasing affinity to bind effector 

proteins up to 100-fold (Fujisawa et al., 1996; Reid et al., 1996) (Figure 15). Conversely, 

GTPase-activating proteins (GAPs) stimulate the intrinsic hydrolysis rate of GTP, 

leading to GTPase inactivation (Bos et al., 2007; Gibbs et al., 1990) (Figure 15). 

Additionally, spatial localization and activity are modulated by post-translational lipid 

modification of a C-terminal CAAX (cysteine-aliphatic-aliphatic-X amino acid) motif 

that tethers Rho GTPases to membranes. Guanine nucleotide dissociation inhibitors 

(GDIs) can sequester GDP-loaded lipidated forms of Rho GTPases in the cytosol 

(Sasaki et al., 1993), preventing their membrane recruitment and binding of effectors 

(Garcia-Mata et al., 2011) (Figure 15). 

Among the Rho GTPases, Cdc42, Rac1, and RhoA are the most studied canonical 

members (Burridge & Wennerberg, 2004), and their activities result in distinct 

Actin-based structures orchestrated by the actions of their main downstream effectors: 

Active Cdc42 governs the formation of filopodia, long, elongated rods of parallel Actin 

bundles important for cell motility and sensing the external environment (Nobes & 

Hall, 1995) (Figure 16). Filopodium formation is initiated by Cdc42-mediated 

stimulation of Arp2/3 Actin nucleation through the activation of WASP/N-WASP 

(Figure 16). Similarly, activation of Rac1 signals to the Arp2/3-mediated formation of 
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endocytic patches (Rotty et al., 2013) or lamellipodia, dense branched Actin networks 

involved in cell protrusion (Ridley et al., 1992), by means of the WAVE regulatory 

complex. Conversely, RhoA generates stress fibers, antiparallel Actin filaments 

crosslinked by non-muscle myosin II that mediate cellular mechanical responses.  

 

Figure 16: Small Rho GTPases form distinct Actin-based cellular Structures. 
In migrating cells, the Actin cytoskeleton forms distinct structures downstream of Rho GTPases. RhoA 
activity mediates the formation of contractile stress fibers via mDia1-mediated linear filament assembly 
crosslinked by non-muscle myosin II bundles. Both Cdc42 and Rac1 stimulate Arp2/3-mediated Actin 
networks by releasing the autoinhibition of Wiskott-Aldrich Syndrome Protein (WASP) family members 
(Campellone & Welch, 2010) under spatial control of distinct phosphoinositide plasma membrane 
identities: While WASP/N-WASP activation requires simultaneous binding of Cdc42-GTP and PI(4,5)P2 
in the plasma membrane, prenylated Rac1-GTP (Chen et al., 2010; Ding et al., 2022) and PI(3,4,5)P3 
(Oikawa et al., 2004; Sossey-Alaoui et al., 2005) stimulate the activity of the WAVE regulatory complex 
to form filopodia and lamellipodia, respectively. 

Myosins are molecular motors consisting of a head and tail region (Figure 17) that 

translocate along F-Actin through ATP hydrolysis towards barbed ends (Vicente-

Manzanares et al., 2009). Their tails form bipolar filaments that tether F-Actin in an 

antiparallel manner, resulting in sliding of the filaments, a process fundamental to 

muscle contraction (Blanchoin et al., 2014) (Figure 18). RhoA stimulates actomyosin 

contractility via the concerted activities of its effectors mDia1 and Rho-associated 

protein kinase (ROCK) (N. Watanabe et al., 1999) (Figure 17). ROCK stimulates myosin 

contractility via phosphorylation cascades (Kaibuchi et al., 1999) triggering filament 

formation and bundling F-Actin into stress fibers (Figure 17). 
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Figure 17: Actomyosin-based Stress Fibers. 
Non-muscle myosin II forms dimers via its tail domain and contains a globular head with an 
Actin-binding region and the ATPase motor (Vicente-Manzanares et al., 2009). Upon RhoA activation, 
its effector Rho-associated kinase (ROCK) phosphorylates and inhibits myosin light chain phosphatase 
(N. Watanabe et al., 1999). Increased non-muscle myosin phosphorylation simulates its assembly into 
bipolar bundles that crosslink Actin filaments in an anti-parallel orientation. Through its ATPase activity 
non muscle myosin II can move towards the barbed ends of Actin filaments. 

While all three canonical members, Cdc42, Rac1, and RhoA, are implicated in 

modulating distinct signaling pathways, all of them differentially regulate endocytosis 

in non-neuronal cells via various actions of their effectors (W. S. Garrett et al., 2000; 

Khandelwal et al., 2010; Lamaze et al., 1996). In particular, Cdc42 and Rac1 have been 

implicated in fast Endophilin-mediated endocytosis (FEME) (Boucrot et al., 2015; 

Renard et al., 2015), a process closely resembling endocytic pathways observed at 

synapses. 

 

1.3.  The Role of the Presynaptic Actin Cytoskeleton in 

Neurotransmission 
 

Neurotransmission relies on the retrieval of lipids and proteins and the reformation of 

synaptic vesicles through endocytic pathways following neurotransmitter release. The 

principle underlying endocytosis involves the process of membrane invagination, 

wherein a flat membrane undergoes transformation through bending to generate oval 

or round vesicles (Shin et al., 2022). This budding process is facilitated by mechanical 

force, often induced by proteins like Clathrin, that assemble into cage-like structures 

as a multimeric coat (Lacy et al., 2018). In neurons, the involvement of Clathrin in SV 
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endocytosis is a subject of debate, suggesting a limited role in the initial retrieval of 

endocytic intermediates from the presynaptic membrane at physiological temperature 

(Kononenko et al., 2014; Soykan et al., 2017). Alternatively, Actin polymerization at the 

cell cortex paired with myosin contractility can provide mechanical properties for 

bending the underlying membrane (Figure 18). 

1.3.1.  Force Generation by the Actomyosin Cytoskeleton 
 

The dynamics of the actomyosin cytoskeleton can exert mechanical forces (Blanchoin 

et al., 2014). Forces are generated by the directed assembly of F-Actin, e.g., towards 

the plasma membrane, as well as myosin-movement-based contractility resulting in 

pushing and pulling action, respectively (Figure 18). Thereby, actomyosin dynamics 

tightly couple biochemical and mechanical properties to drive a multitude of cellular 

processes that necessitate membrane deformation.  

For example, the ability of actomyosin to deform the underlying membrane is a crucial 

determinant of endocytosis in Saccharomyces cervisiae (Ayscough, 2000; Engqvist-

Goldstein & Drubin, 2003; Kaksonen et al., 2006). While disruption of Actin dynamics 

fully arrests endocytosis in yeast, similar pharmacological treatments only partially 

affect endocytic pathways in mammalian cells (Miya Fujimoto et al., 2000). Hence, 

many studies have reached different conclusions as to whether and at which step Actin 

is involved in endocytosis in eukaryotic cells (Boulant et al., 2011; Ferguson et al., 

2009; Merrifield et al., 2005; Saffarian et al., 2009; Soulet et al., 2005; Yao et al., 

2013). As the pattern of molecular events, as well as the involved proteins themselves, 

seem to be conserved between mammalian cells and yeast, the varying requirements 

for Actin have remained controversial. One potential explanation arises from higher 

energy barriers to deform the plasma membrane in yeast due to their higher turgor 

pressure (Dmitrieff & Nédélec, 2015). Hence, under high tension Actin polymerization 

and myosin contractility (Figure 18) provide the additional force needed for endocytic 

membrane deformation (Aghamohammadzadeh & Ayscough, 2009; Galletta et al., 

2010; Hassinger et al., 2017; Thottacherry et al., 2018).  
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Figure 18: Force Generation by the Actomyosin Cytoskeleton. 
When F-Actin barbed end assembly is directed towards the plasma membrane, Actin polymerization 
exerts a pushing force on the order of 1 pN per filament (Clarke & Martin, 2021). Conversely, the Actin 
cytoskeleton can also produce pulling forces by concerted action of non-muscle myosin II (MyoII) 
bundles, that crosslink multiple Actin filaments. Through ATP-hydrolysis MyoII moves along F-Actin 
towards barbed ends. This movement results in sliding F-Actin strands in opposing directions, 
producing contractility. If F-Actin is anchored to the plasma membrane via integral membrane proteins, 
a single myosin molecule can generate a force on the order of 3-5 pN (Finer et al., 1995; Molloy et al., 
1995). 

Accordingly, under conditions of high membrane tension, CME is also 

Actin-dependent in mammalian cells (Boulant et al., 2011; Kaur et al., 2014). The 

tension of the plasma membrane not only controls endocytosis through Actin dynamics 

but also additionally regulates the recruitment of BAR proteins (Riggi et al., 2019), 
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Clathrin pit formation (Saleem et al., 2015), and membrane fission by Dynamin 

(Morlot et al., 2012). 

1.3.2.  Cytoskeletal Contributions to Plasma Membrane Tension 
 

Cellular membranes represent lipid bilayers under tension deriving from the in-plane 

force required to counteract hydrostatic pressure and surface expansion. Tension of 

the cellular plasma membrane is further modulated by contributions from cortical 

tension originating from adhesive forces of the underlying Actomyosin cytoskeleton 

(Dai & Sheetz, 1995; Waugh & Bauserman, 1995). Factors such as peripheral protein 

binding, transmembrane, and membrane-to-cortex attachment proteins contribute to 

cortical tension and constrain perturbations, including area changes to specific regions 

of the plasma membrane. Fluctuations in tension have to be accommodated through 

various mechanisms to prevent rupture of the plasma membrane (Lieber et al., 2013; 

Roffay et al., 2021): To counteract membrane perturbations, cells can generate or 

flatten membrane reservoirs like folds, wrinkles, caveolae, vacuole-like invaginations, 

and blebs as a first response to low or high tension, respectively (Gauthier et al., 2011; 

Sinha et al., 2011). Apart from modulating membrane architecture according to tension 

changes, cells can further translate biophysical cues into biochemical signaling by 

adjusting cytoskeletal assembly, cell adhesion, and/or membrane trafficking like 

exo- and endocytic coupling. 

Plasma membrane tension bidirectionally regulates the balance between exocytosis 

and endocytosis in a wide range of cell types (Apodaca, 2002; Boulant et al., 2011). 

Similarly in neurons, raising plasma membrane tension inhibits both rapid and slow 

endocytic pathways (X. S. Wu et al., 2017) and acts as a global inhibitor of Actin 

assembly (Houk et al., 2012), while reducing tension triggers SV endocytosis in an 

Actin-dependent manner (Orlando et al., 2019), likely via facilitated tubulation activity 

of N-BAR proteins like Endophilin (Renard et al., 2015; Shi & Baumgart, 2015). 

Consequently, most processes that are induced by perturbations in tension cause 

inverted effects downstream of their signaling cascades. Such reciprocal interactions 

between biochemical signals and physical forces form negative feedback circuits (Houk 

et al., 2012) that enable tension homeostasis in the range of minutes (Lieber et al., 

2013). Similar tension homeostasis was found in neurons during SV cycling: Synaptic 

vesicle exocytosis results in a drop of plasma membrane tension, which recovers over 

the time course of endocytosis (20 s) (Perez et al., 2022).  
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The proper mechanoadaption requires a cellular tension-sensing mechanism that 

initiates the homeostatic remodeling of the plasma membrane by controlling Actin 

dynamics and exo- and endocytic coupling. 

1.3.3.  Regulation of Membrane Homeostasis by mTORC2 
 

A known signaling network that couples Actin dynamics and endocytosis is mediated 

by the mechanistic target of rapamycin (mTOR) kinase (Jacinto et al., 2004; Riggi et 

al., 2019), an evolutionarily conserved serine and threonine kinase. Structurally, the 

mTOR kinase is an indispensable catalytic subunit for two functionally distinct 

subcomplexes, namely mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2), 

that differ in their subunit composition (Figure 19) and sensitivity to the drug 

rapamycin (Loewith et al., 2002).  

 

Figure 19: Structure and Regulation of mTORC1 and mTORC2.  
mTORC1 and 2 share the catalytic mTOR kinase and mammalian lethal with SEC13 protein 8 (mLST8) 
as essential core proteins. Regulatory-associated protein of mTOR (RAPTOR) and proline-rich AKT 
substrate of 40 kDa (Pras40) are specific subunits of mTORC1, while rapamycin-insensitive companion 
of mTOR (RICTOR), mammalian stress-activated Map kinase-interacting protein 1 (mSIN1) and protein 
associated with Rictor (Protor) are unique to the core of mTORC2. Rictor is supposed to play a 
scaffolding role, while mSIN1 likely contains substrate binding sites and controls subcellular 
localization.  Recent high resolution crystallization studies, determine mTORC2 as a homodimer. In 
contrast to mTORC1, the C-terminal domain of RICTOR masks the FKBP-rapamycin motif in mTOR 
resulting in the rapamycin-insensitive nature of mTORC2 (Scaiola et al., 2020). Deptor is a suppressor 
of both mTORC1 and mTORC2 activity.  

Both complexes sense cellular physiologic cues but with different specificities to ensure 

cell growth, motility and metabolism. mTORC1 is activated by amino acids or nutrients 

to stimulate protein synthesis via p70 S6 Kinase (S6K) at threonine398. Conversely, 

mTORC2 activity is regulated by plasma membrane tension, but also growth factor and 
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insulin signaling to control cell survival (Brazil et al., 2004), cytoskeletal 

rearrangements (Dos et al., 2004), as well as endocytosis (Riggi et al., 2019). 

mTORC2 can bidirectionally sense membrane tension (Figure 20) and catalyzes 

compensatory modulation of membrane composition or cortical tension as a feedback 

mechanism conserved from yeast (Berchtold et al., 2012) to mammalian cells (Diz-

Muñoz et al., 2016; Kippenberger et al., 2005; Sedding et al., 2005). Its tension-sensing 

mechanism is well described in yeast, where TORC2 gets activated by redistribution of 

PI(4,5)P2 in response to increasing tension (Olivera-Couto & Aguilar, 2012; Walther et 

al., 2006) (Figure 20). Active TORC2 resolves membrane stress by modulating the 

Actin cytoskeleton and endocytosis, resulting in its own inactivation (Jacinto et al., 

2004; Niles & Powers, 2012) (Figure 20). 

 

Figure 20: Tension Regulation of TORC2. 
In Saccharomyces cerevisiae increases in membrane tension redistribute PI(4,5)P2 binding proteins 
(SLM proteins), that are liberated from distinct plasma membrane domains, furrow-like invaginations 
organized by BAR proteins called eiosomes (Olivera-Couto & Aguilar, 2012; Walther et al., 2006), to 
membrane compartments containing TORC2 (MCT, (Berchtold & Walther, 2009). Therein, SLM 
proteins bind and activate TORC2, while facilitating recruitment of the serine/threonine kinase Ypk1 
(the yeast homolog of AKT) for its consequent phosphorylation and activation by TORC2. Activated Ypk1 
promotes biosynthesis of sphingolipids (Aronova et al., 2008), which in turn resolves membrane stress 
and causes TORC2 inactivation (Niles & Powers, 2012). Conversely, TORC2 inhibition by reduced 
membrane tension is triggered by reorganization of pre-existing PI(4,5)P2 into discrete membrane 
invaginations (PES) that sequester TORC2 by membrane lipid phase-separation (Riggi et al., 2018).  
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In mammalian cells, active mTORC2 phosphorylates and consequently activates a 

number of downstream substrates, mainly AGC kinases, including protein kinase B 

(AKT) and protein kinase C (PKC) among others (Figure 21).  

The mTORC2-dependent transient phosphorylation of the serine473 residue of AKT1 is 

often used as the hallmark of mTORC2 activity in experimental studies (p-AKT1; 

(Bayascas & Alessi, 2005)) (Figure 21). 

 

Figure 21: mTORC2-mediated Phosphorylation of Protein kinases B and C. 
Upon stimulation of class I PI3K activity by growth factors or insulin, increased PI(3,4,5)P3 levels recruit 
mTORC2 substrate protein kinase B (AKT) and 3-phosphoinositide dependent kinase 1 (PDK1) to the 
plasma membrane, resulting in AKT phosphorylation at threonine308 in the activation loop (Bellacosa et 
al., 1998). This phosphorylation event primes AKT for a consecutive phosphorylation in its hydrophobic 
motif at serine473 (p-AKT) (Bayascas & Alessi, 2005),  which is mediated by mTORC2. In turn, active p-
AKT phosphorylates downstream targets that control cell survival, growth, proliferation and cell 
metabolism, e.g. by downregulating the activity of inhibitors (PRAS40) of mTORC1 signaling (Manning 
& Cantley, 2007). In addition, mTORC2 phosphorylates protein kinase C (PKC) in a constitutive manner 
(Newton, 2018). Mature phosphorylated PKC is autoinhibited via a pseudosubstrate (Leonard et al., 
2011) and gets activated by the binding of Ca2+ and diacylglycerol (DAG) inducing the remodeling of the 
Actin cytoskeleton (Jacinto et al., 2004).  

Studies in nerve cells have shown that AKT is phosphorylated in an activity-dependent 

manner and controls Dynamin activity via downstream phosphorylation cascades 

(Smillie & Cousin, 2012). Furthermore, the mTORC2 substrate PKC acts as a synaptic 

Ca2+ sensor and modulates SV endocytosis (Jin et al., 2019) through phosphorylation 

of endocytic proteins, including the F-BAR protein PACSIN1 (Plomann et al., 1998) or 

the regulation of the cytoskeleton. Regulation of the cytoskeleton includes the 

modulation of membrane composition via its phospholipid identity that affects 

membrane-to-cortex attachments or the direct phosphorylation of Actin regulatory 

proteins (Ono et al., 2022).  

Through its bidirectional sensing of membrane tension and compensatory activity to 

modulate membrane architecture via the control of the Actin cytoskeleton, mTORC2 

plays a key role in regulating membrane homeostasis, a principal factor of SV 

endocytosis. Accordingly, recent studies have underlined the importance of mTORC2 

in the brain (Carson et al., 2013; Siuta et al., 2010) in shaping neuronal morphology 
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(Thomanetz et al., 2013) and regulating plasticity by controlling the rearrangements of 

the Actin cytoskeleton (Huang et al., 2013). 

1.3.4.  Distinct Actin Pools Modulate the SV Cycle. 

 

Decades of research have yielded a detailed description of the molecular components 

of presynaptic terminals (Wilhelm et al., 2014). Yet, the nanoscale organization of the 

presynaptic Actin cytoskeleton has largely remained elusive, due to the occlusion of the 

presynaptic signal in diffraction-limited microscopy (Jung et al., 2020) by the apposed 

enriched Actin network of the postsynapse (Allison et al., 1998) (Figure 22). Recent 

advances in super-resolution microscopy have identified distinct pools of presynaptic 

Actin, a mesh located at the active zone, rails connecting the active zone and the reserve 

SV pool, and an Actin corral spanning the presynaptic compartment (Bingham et al., 

2023) (Figure 22). 

These Actin pools have been shown to serve contrasted roles at different steps of the 

SV cycle (Bleckert and Photowala, 2012): The cytoskeleton acts as a scaffold to 

surround the reserve (Sankaranarayanan et al., 2003), the ready-releasable pool of SVs 

(Guzman et al., 2019) and the endocytic zone (Ogunmowo et al., 2023) (Figure 22). At 

the reserve pool, SVs are clustered by crosslinks with synapsins that connect vesicles 

to F-Actin. Actin rails connect the reserve pool with the active zone (Cingolani & Goda, 

2008) (Figure 22) and facilitate RRP replenishment (Sakaba & Neher, 2003; X. S. Wu 

et al., 2016) by SV transport through myosin activity (González-Forero et al., 2012; 

Maschi et al., 2018; A. Peng et al., 2012; G. Srinivasan et al., 2008). Actin also 

participates in clustering of the AZ machinery and limits SV fusion and 

neurotransmitter release through a barrier function (Glebov et al., 2017) (Figure 22). 

This barrier function is likely mediated by a branched Actin network mediated by Rac1 

signaling, which negatively regulates synaptic strength and release probability via 

synaptic vesicle priming (Keine et al., 2022; O’neil et al., 2021). 

1.3.4.1.  The Role of Presynaptic Actin in Synaptic Vesicle Endocytosis 
 

Presynaptic Actin is highly dynamic (Colicos et al., 2001) and the abundance of F-Actin 

is increased following continuous neuronal activity (Job & Lagnado, 1998). 

Furthermore, impairing endocytosis, e.g. by loss of Dynamins, results in the 

accumulation of Actin filaments at stalled endocytic intermediates (Ferguson et al., 

2009). 
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Figure 22: Presynaptic Actin Pools modulate the Synaptic Vesicle Cycle. 
Actin filaments act as scaffolds to cluster the reserve, recycling and ready-releasable pool (RRP) of 
synaptic vesicles. An Actin mesh at the active zone (AZ) modulates AZ architecture and acts as a barrier 
to limit SV fusion. Cytoskeletal dynamics facilitate the formation of endocytic intermediates by pushing 
forces via direct assembly and/or by forming a corral-like rigid diffusion barrier. Rails of Actin filaments 
connect the endocytic zone, synaptic vesicles pools and the active zone driving SV transport dependent 
on non-muscle myosin activity. 

 

Similar to endocytosis in non-neuronal cells, the role of the Actin cytoskeleton in SV 

endocytosis has been highly debated. Genetic depletion of Actin monomers fully 

arrests all forms of endocytosis at several synapse types (X. S. Wu et al., 2016). 

However, pharmacological perturbations of Actin organization utilizing the same 

drugs have yielded inconclusive, often conflicting results depending on the model 

system and experimental conditions used (Babu et al., 2020; Bleckert et al., 2012; J. 

Bourne et al., 2006; Delvendahl et al., 2016; Eguchi et al., 2017; Holt et al., 2003; Z. 

Hua et al., 2011; Z. Li & Murthy, 2001; Richards et al., 2004; Sankaranarayanan et al., 

2003; Soykan et al., 2017; D. Wang et al., 2010; S. Watanabe et al., 2014; W. Zhang & 

Benson, 2001). Based on recent studies, two models have diverged on how the Actin 

cytoskeleton might contribute to SV endocytosis. In a passive mode, rigid Actin 

networks surround the endocytic zone, forming a diffusion barrier that enhances 
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tension at the periphery of the bouton, facilitating endocytic membrane invagination. 

In this model, membrane compression during SV exocytosis drives endocytic pit 

formation through mechanical coupling (Ogunmowo et al., 2023). Here, Actin acts as 

a restrictive membrane scaffold that promotes Dynamin-mediated fission by keeping 

invaginations under longitudinal tension (Roux et al., 2006). Conversely, in the active 

participation model, membrane invagination is achieved via active pushing and pulling 

forces generated by de novo localized Actin polymerization coupled with myosin 

contractility. Here, Actin polymerization helps with the initiation of the membrane pit, 

while contractile forces become essential for the later progression of vesicle formation 

(Carlsson & Bayly, 2014) (Figure 22). In this model, Actin regulatory factors are 

actively recruited through, e.g., the action of BAR proteins. 

Recent studies have indicated a novel and significant role for Actin-regulatory proteins 

of the formin family in synaptic vesicle endocytosis, using pharmacological 

perturbation. In contrast to Arp2/3-mediated processes (Ganguly et al., 2015), formin 

activity mediates the retrieval of SV proteins at rodent central synapses (Soykan et al., 

2017). From this family, the isoform mammalian diaphanous 1 (mDia1) has emerged 

as a potential candidate to orchestrate endocytosis as an effector of the small Rho 

GTPase RhoA by modulating cytoskeletal rearrangements driving presynaptic 

membrane architecture (Deguchi et al., 2016).



2. Aims of the Study 

 

34 
 

2. Aims of the Study 

 

Following the controversy surrounding Actin manipulation in synaptic vesicle 

endocytosis, we aimed to further elucidate the components of the synaptic cytoskeleton 

that drive endocytic pathways at mouse hippocampal boutons. Through a combination 

of pharmacological and genetic perturbation, we assessed the effects of the 

manipulation of cytoskeletal nucleators and regulatory proteins utilizing live-cell 

tracking of synaptic vesicle dynamics as well as super-resolution techniques such as 

stimulated emission depletion and electron microcopy. We designed strategies to 

pinpoint what nucleator drives Actin assembly at presynaptic boutons, building on the 

previous identification of the formin candidate mDia1, and investigating how Actin 

nucleators aid the retrieval of endocytic intermediates (e.g., via active directed force 

generation or a passive scaffolding role in setting cortical tension, etc.). We further 

intended to identify signaling networks that regulate such neuronal cytoskeletal 

dynamics, e.g., by means of the canonical members of the small Rho GTPase family, 

Cdc42, Rac1, and RhoA, known to mediate distinct Actin-assembly mechanisms. 

Finally, we intended to address what connects synaptic activity and neurotransmitter 

release to cytoskeletal remodeling and endocytosis induction by elucidating coupling 

mechanisms (e.g. plasma membrane tension, calcium/mTORC2 signaling, etc.).  

In sum, we aimed to clarify and reconcile previous conflicting data to further define a 

model for the role of the Actin cytoskeleton in facilitating synaptic vesicle endocytosis.
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3. Materials and Methods 

3.1. Materials 

3.1.1. Animals 

Primary neurons were obtained from either wild-type C57BL/6J (Charles River, RRID: 

IMSR_JAX:000664) or mDia1 KO mice (J. Peng et al., 2003, 2007). All animal 

experiments were reviewed and approved by the ethics committee of the Landesamt 

für Gesundheit und Soziales (LAGeSo) Berlin or the Committee on the Ethics of Animal 

Experiments of Columbia University and conducted according to the committees’ 

guidelines (LAGeSo) or the Guide for the Care and Use of Laboratory Animals of the 

National Institutes of Health (for mDia1 KO mice). At the facilities, animal care officers 

monitored compliance with all regulations. Mice were group-housed under 12/12 h 

light/dark cycle with access to food and water ad libitum. Mice from both genders were 

used and cultures were randomly allocated to experimental groups (e.g., different 

treatments). Multiple independent experiments using several biological replicates 

were carried out as indicated in the Figure legends. 

3.1.2. Antibodies 

Antibodies and their working dilutions used in this study are denoted in Table 1/Table 

2 (IB: Immunoblot; IC: Immunocytochemistry; IP: Immunoprecipitation). Antibodies 

were stored according to the manufacturer’s recommendations. All secondary 

antibodies were species-specific (highly cross-adsorbed). 

Table 1: Primary Antibodies used in this Study. 

Antigen Clone Species Source 
Identifier 

IB IC IP 

β-Actin 6L12 mouse, 
monoclonal 

Sigma-Aldrich 
Cat# A5441 

RRID:AB_476744 

1:5000   

AKT  rabbit, 
polyclonal 

Cell Signaling 
Technology 
Cat# 9272 

RRID:AB_329827 

1:2000   

phospho-AKT1 
(Serine347) 

D9E rabbit, 
monoclonal 

Cell Signaling 
Technology 
Cat#4060 

RRID:AB_2315049 

1:1000 1:100  

Bassoon Gp179
H11A2 

guinea pig, 
monoclonal 

Synaptic Systems 
Cat# 141 318 

RRID:AB_2927388 

 1:100  

Cdc42  rabbit, 
polyclonal 

Abcam 
Cat# ab64533 

RRID:AB_1310067 

1:1000 1:100  
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Dynamin1* DG1 rabbit, 
polyclonal 

Detlev Grabs and 
Pietro D. Camilli 

(Shupliakov et al., 1997) 

1:2000   

GAPDH Clone 
71.1 

mouse, 
monoclonal 

Sigma-Aldrich  
Cat# G8795 

RRID:AB_1078991 

1:5000   

GFP 3E6 mouse, 
monoclonal 

Thermo Fisher Scientific 
Cat# A-11120 

RRID:AB_221568 

 1:2500  

Homer1 2G8 mouse, 
monoclonal 

Synaptic Systems 
Cat# 160 011 

RRID:AB_2120992 

 1:200  

Homer1  rabbit, 
polyclonal 

Synaptic Systems 
Cat# 160 003 

RRID:AB_887730 

 1:200  

LAMP1 D2D11 rabbit, 
monoclonal 

Cell Signaling 
Technology 
Cat# 9091 

RRID:AB_2687579 

1:1000   

mDia1 Clone 
51 

mouse, 
monoclonal 

BD Biosciences 
Cat# 610848 

RRID:AB_398167 

1:500  2 µg 

mDia1 EPR79
48 

rabbit, 
monoclonal 

Abcam 
Cat# ab129167 

RRID:AB_11143749 

 1:100  

mDia3  rabbit, 
polyclonal 

Sigma-Aldrich 
Cat# HPA005647 

RRID:AB_1078657 

1:1000   

Myosin IIb 3H2 mouse, 
monoclonal 

Abcam 
Cat# ab684 

RRID:AB_305661 

 1:100  

Myosin IIb  rabbit, 
polyclonal 

Cell Signaling 
Technology 
Cat# 3404 

RRID:AB_126421 

1:2000   

PACSIN1  rabbit, 
polyclonal 

GeneTex  
Cat# GTX108567 

RRID:AB_1951092 

1:1000   

vGAT 
(cytosolic 
domain) 

 rabbit, 
polyclonal 

Synaptic Systems  
Cat# 131 013 

RRID:AB_2189938 

 1:100  

vGAT 
(luminal 
domain) 

 rabbit, 
polyclonal 

Synaptic Systems 
Cat# 131 103C3 

RRID:AB_887867 

 1:100  

vGLUT1 
(cytosolic 
domain) 

 rabbit, 
polyclonal 

Synaptic Systems  
Cat# 135 302 

RRID:AB_887877 

 1:100  

vGLUT1 
(luminal 
domain) 

 guinea pig, 
polyclonal 

Synaptic Systems  
Cat# 135 304 

RRID:AB_887878 

 1:100  

Rac1 Clone 
102 

mouse, 
monoclonal 

BD Biosciences 
Cat# 610650 

RRID:AB_397977 

1:1000 1:50  

Raptor 24C12 rabbit, 
monoclonal 

Cell Signaling 
Technology  
Cat# 2280 

RRID:AB_561245 

1:1000 1:200  

Rictor D16H9 rabbit, 
monoclonal 

Cell Signaling 
Technology  
Cat# 9476 

RRID:AB_10612959 

1:1000   
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Rictor H11 mouse, 
monoclonal 

Santa Cruz 
Biotechnology  
Cat# sc-271081 

RRID:AB_10611167 

 1:50  

RFP  rabbit, 
polyclonal 

Takara Bio  
Cat# 632496, 

RRID:AB_10013483 

 1:500  

RhoA 67B9 rabbit, 
monoclonal 

Cell Signaling 
Technology 
Cat# 2117 

RRID:AB_10693922 

1:1000   

Synapsin1 46.1 mouse, 
monoclonal 

Synaptic Systems  
Cat# 106 011 

RRID:AB_2619772 

 1:400  

Synapsin1  rabbit, 
polyclonal 

Synaptic Systems  
Cat# 106 103 

RRID:AB_11042000 

 1:400  

Synaptojanin1* Sj1 mouse, 
monoclonal 

Ottavio Cremona and 
Pietro D. Camilli 

(Cremona et al., 1999) 

1:1000   

Synaptotagmin1 
(cytosolic 
domain) 

41.1 mouse, 
monoclonal 

Synaptic Systems  
Cat# 105 011 

RRID:AB_887832 

 1:100  

Synaptotagmin1 
(luminal 
domain) 

 rabbit, 
polyclonal 

Synaptic Systems  
Cat# 105 103C3 

RRID:AB_887829 

 1:100  

α-Tubulin DM1A mouse, 
monoclonal 

Sigma-Aldrich 
Cat# T9026 

RRID:AB_47759 

1:5000   

* Antibody was a kind gift of Pietro D. Camilli (New Haven, USA). 

 

Table 2: Secondary Antibodies used in this Study. 

Fluorophore 
conjugate 

Raised in IgG species 
recognized 

Source 
Identifier 

IB IC 

Alexa Fluor™ 
488 

goat mouse Thermo Fisher 
Scientific  

Cat# A-11029 
RRID:AB_2534088 

 1:400 

Alexa Fluor™ 
488 

goat rabbit Thermo Fisher 
Scientific  

Cat# A-11034 
RRID:AB_2576217 

 1:400 

Atto542 donkey mouse Martin Lehmann 
(Gonschior et al., 

2022) 

 1:400 

Atto542 donkey rabbit Martin Lehmann 
(Gonschior et al., 

2022) 

 1:400 

Alexa Fluor™ 
568 

goat guinea pig Thermo Fisher 
Scientific  

Cat# A-11075 
RRID:AB_2534119 

 1:400 

Alexa Fluor™ 
568 

goat mouse Thermo Fisher 
Scientific 

Cat# A-11004; 
RRID:AB_2534072 

 1:400 

CF568 donkey rabbit Biotium  
Cat# 20098-1 

RRID:AB_10853318 

 1:400 

https://scicrunch.org/resources/data/record/nif-0000-07730-1/AB_2534095/resolver?q=%2A&l=%2A&filter%5b%5d=Vendor:thermo&filter%5b%5d=Catalog%20Number:A11037&i=2469551
https://scicrunch.org/resources/data/record/nif-0000-07730-1/AB_2534095/resolver?q=%2A&l=%2A&filter%5b%5d=Vendor:thermo&filter%5b%5d=Catalog%20Number:A11037&i=2469551
https://scicrunch.org/resources/data/record/nif-0000-07730-1/AB_2534095/resolver?q=%2A&l=%2A&filter%5b%5d=Vendor:thermo&filter%5b%5d=Catalog%20Number:A11037&i=2469551
https://scicrunch.org/resources/data/record/nif-0000-07730-1/AB_2534095/resolver?q=%2A&l=%2A&filter%5b%5d=Vendor:thermo&filter%5b%5d=Catalog%20Number:A11037&i=2469551
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Alexa Fluor™ 
594 

goat mouse Thermo Fisher 
Scientific 

Cat# A-11032 
RRID:AB_2534091 

 1:200 

Alexa Fluor™ 
594 

goat rabbit Thermo Fisher 
Scientific 

Cat# A-11037 
RRID:AB_2534095 

 1:200 

Atto647N camelid guinea pig Thermo Fisher 
Scientific 

Cat# N0602-S 
RRID:AB_2744576 

 1:200 

AlexaFluor™ 
647 

goat mouse Thermo Fisher 
Scientific 

Cat# A-21235 
RRID:AB_2535804 

 1:400 

CF647 goat rabbit Biotium  
Cat# 20047-1 

RRID:AB_10853792 

 1:400 

IRDye 680RD goat mouse LI-COR Biosciences 
Cat# 925-68070 

RRID:AB_2651128 

1:10000  

IRDye 680RD goat rabbit LI-COR Biosciences 
Cat# 926-68071 

RRID:AB_10956166 

1:10000  

IRDye 800CW goat mouse LI-COR Biosciences 
Cat# 926-32210 

RRID:AB_621842 

1:10000  

IRDye 800CW goat rabbit LI-COR Biosciences 
Cat# 926-32210 

RRID:AB_621842 

1:10000  

 

For visualization of Actin filaments at synapses, Phalloidin-Alexa FluorTM594 (1:1000; 

AAT Bioquest; Cat# ABD-23158) was utilized. To stain for biotinylated proteins, 

Streptavidin CF®647 conjugates (1:500; Biotium/VWR; Cat# BT29039) were applied 

during secondary antibody incubation. For detection of biotinylated proteins following 

immunoblotting, biotinylated proteins were bound by Streptavidin-Horseradish 

peroxidase (HRP) conjugates (1:20000; Abcam; Cat# ab7403) and visualized through 

the application of the SuperSignal™ West Pico PLUS Chemiluminescence kit (Thermo 

Fisher Scientific; Cat# 34579) according to the manufacturer’s manual. 

3.1.3. Cell Lines 

Human embryonic kidney 293T (HEK293T) cells were obtained from the American 

Type Culture Collection (Cat# CRL-3216; RRID: CVCL_0063). Cells were cultured in 

Dulbecco’s modified Eagle’s medium supplemented with glucose (DMEM; 4.5 g/L; 

Thermo Fisher Scientific) and 10% heat-inactivated fetal bovine serum (FBS; Gibco), 

penicillin (100 U/ml; Gibco), and streptomycin (100 μg/ml; Gibco) at 37°C and 5% 

CO2. Cells were routinely tested for mycoplasma contamination. 

https://scicrunch.org/resources/data/record/nif-0000-07730-1/AB_2534095/resolver?q=%2A&l=%2A&filter%5b%5d=Vendor:thermo&filter%5b%5d=Catalog%20Number:A11037&i=2469551
https://scicrunch.org/resources/data/record/nif-0000-07730-1/AB_2534095/resolver?q=%2A&l=%2A&filter%5b%5d=Vendor:thermo&filter%5b%5d=Catalog%20Number:A11037&i=2469551
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3.1.4. Chemicals 

Compounds were dissolved in dimethyl sulfoxide (DMSO), unless indicated otherwise, 

and diluted 1:1000 to their working concentrations (Table 3). For acute 

pharmacological treatment (in pHluorin/CypHer assays), drugs were added to the 

imaging buffer. For longer incubations, the conditioned cell media was supplemented 

with the chemicals (s. (Table 3). for incubation time).  

For silencing neuronal network activity, sodium channels were inhibited by the 

addition of tetrodotoxin (TTX; in 10 mM sodium acetate, pH 5.3) to the neuronal 

culture medium at day in vitro (DIV) 12 for 36 h. As a control, cells from the same 

preparation were treated with equal volumes of 10 mM sodium acetate (annotated as 

Vehicle). 

Table 3: Chemicals used in this Study. 

Name Target 
protein 

Source 
Identifier 

Working 
concentration 

Incubation 
time 

Application 

AZD 3147 mTOR 
kinase 

Cayman Chemical 
Cay22474-500 

10 nM 2 h pHluorin/ 
STED/ 

Immunoblot 
Dynasore pan-

Dynamin 
Sigma-Aldrich 

Cat# D7693 
80 µM 10 min STED 

EHT 1864 pan-Rac 
family 

MedChemExpress 
Cat# HY-16659 

10 µM acute STED/ 
CypHer/ 

pHluorin/ 
Immunoblot 

   10 µM 2 h EM/ 
STED 

IMM-01 pan-mDia Sigma-Aldrich 
Cat# SML1064 

10 µM acute pHluorin 

Jasplakinolide F-Actin Sigma-Aldrich 
Cat# J4580 

8 µM [JLY] acute CypHer/ 
pHluorin 

   1 µM 30 min pHluorin/ 
STED 

Latrunculin A β-Actin Cayman Chemical 
Cat# CAY10684 

5 µM [JLY] acute CypHer/ 
pHluorin 

MK 2206 pan-AKT MedChemExpress 
Cat# HY- 10358 

10 µM acute pHluorin 

ML141 Cdc42 MedChemExpress 
Cat# HY-12755 

10 µM acute CypHer/ 
Immunoblot 

PalmC - MedChemExpress 
Cat# HY-101017 

10 µM acute pHluorin/ 
Immunoblot 

Rapamycin mTORC1 MedChemExpress 
Cat# HY-10219 

200 nM 2 h  

Rhosin pan-Rho MedChemExpress 
Cat# HY-12646 

10 µM 2 h Immunoblot 

SMIFH2 pan-formin 
(FH2) 

MedChemExpress 
Cat# HY-16931 

30 µM acute pHluorin/ 
Immunoblot 

Tetrodotoxin Sodium 
channels 

Carl Roth 
Cat# 6973.1 

1 µM 36 h EM 

Y-27632 pan-Rho- 
Kinase 

(ROCK) 

Tocris 
Cat# 1254 

1 µM [JLY] acute CypHer/ 
pHluorin 
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3.1.5. Plasmids  

All recombinant DNA reagents used for protein expression are listed in Table 4: 

Synaptophysin-pHluorin was a kind gift from Leon Lagnado (Univ. of Sussex, UK), 

vGLUT1-pHluorin was generated in-house by Svenja Bolz as previously described (Bolz 

et al., 2023). mDia1-WT-TurboID and RhoA-CA were generated by Tolga Soykan. 

Cytosolic TurboID (TurboID CTR) was kindly provided by Noa Lipstein. All other 

expression vectors were generated for this study. Vectors based on pGEX were used for 

recombinant expression of GST-tagged proteins under an inducible tac promotor. 

Plasmids based on pEGFP-C1, pmCherry-N1, pCAG and pcDNA3 utilizing a CMV or 

CAG promotor (Table 4) were used for overexpression based on transfection of 

neuronal cells, while pFUGW vectors carrying a human Synapsin1 promotor (hSyn1) 

were used for the generation of lentiviral particles for the transduction of neurons.  

Table 4: Plasmids used for Protein Expression in this Study. 

Name in 
Study 

Species Tag 
 

Promo
tor 

Backbone Source 
Identifier 

Synaptophysin-
pHluorin 

rat 2x pHluorin 
(Asn183 – 
Thr184) 

CMV pEGFP-C1 Leon Lagnado 

vGLUT1-
pHluorin 

rat pHluorin 
 (Gly99-Gly100) 

hSyn1 pFUGW Svenja Bolz 

mCherry - mCherry CMV pmCherry-
N1 

Clontech 
Cat# 632523 

mDia1-WT mouse mCherry 
(C-terminal) 

CMV pmCherry-
N1 

This study 

mDia1-ΔN mouse mCherry 
(C-terminal) 

CMV pmCherry-
N1 

This study 

mDia1-VN mouse mCherry 
(C-terminal) 

CMV pmCherry-
N1 

This study 

mDia1-ML mouse mCherry 
(C-terminal) 

CMV pmCherry-
N1 

This study 

mDia1-VNML mouse mCherry 
(C-terminal) 

CMV pmCherry-
N1 

This study 

mDia1-WT-
SNAP 

mouse SNAP 
(C-terminal) 

hSyn1 pFUGW This study 

mDia1-K994A-
SNAP 

mouse SNAP 
(C-terminal) 

hSyn1 pFUGW This study 

mDia1-VN-
SNAP 

mouse SNAP 
(C-terminal) 

hSyn1 pFUGW This study 

mDia1-ML-
SNAP 

mouse SNAP 
(C-terminal) 

hSyn1 pFUGW This study 

mDia1-VNML-
SNAP 

mouse SNAP 
(C-terminal) 

hSyn1 pFUGW This study 

mDia1-WT-
TurboID 

mouse TurboID  
(C-terminal) 

hSyn1 pFUGW Tolga Soykan 

mDia1-VN-
TurboID 

mouse TurboID  
(C-terminal) 

hSyn1 pFUGW This study 

TurboID CTR - TurboID hSyn1 pFUGW Noa Lipstein 
Dynamin1-WT mouse SNAP 

(C-terminal) 
hSyn1 pFUGW This study 

Dynamin-K44A mouse SNAP hSyn1 pFUGW This study 
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(C-terminal) 
CIP4 mouse mCherry  

(C-terminal) 
CMV pmCherry-

N1 
Christian Merrifield 

RRID:Addgene_27685 
Endophilin-A1 rat eGFP 

(C-terminal) 
CMV pEGFP-N1 Martin Lehmann 

FBP17 human eGFP 
(N-terminal) 

CMV pEGFP-C1 Pietro D. Camilli 
RRID:Addgene_22229 

FCHO1 mouse mCherry  
(C-terminal) 

CMV pmCherry-
N1 

Christian Merrifield 
RRID:Addgene_27690 

FCHO2 mouse mCherry  
(C-terminal) 

CMV pmCherry-
N1 

Christian Merrifield 
RRID:Addgene_27686 

PACSIN1 mouse eGFP 
(C-terminal) 

CMV pEGFP-N1 Katharina Branz 

PACSIN2 mouse eGFP 
(C-terminal) 

CMV pEGFP-N1 Katharina Branz 

RhoA-CA human 3 x HA 
 (N-terminal) 

CMV pcDNA3.1 Tolga Soykan 

GST-mDia1 
(FH1-FH2-

DAD) 

mouse GST  
(C-terminal)  

His  
(N-terminal) 

tac pGEX-6P-1 Antoine Jégou & 
Guillaume Romet-

Lemonne 
RRID:Addgene_85822 

GST - GST tac pGEX-4T-1 Volker Haucke 

 

In the course of this study several approaches to deplete mDia1 have been carried out 

and are annotated in the figure legends: For knockdown of mDia1, RhoA, and RhoB by 

transfection, commercially available lentiviral small hairpin RNA (shRNA) vectors 

based on the pLKO.1 backbone (Table 5; annotated in figure legends as transfected) 

were purchased from Sigma-Aldrich. To reduce the amount of DNA needed for 

transfection to perform pHluorin assays, vectors expressing shRNA embedded into a 

microRNA (miRNA) context for mDia1 together with Synaptophysin-2x-pHluorin as a 

reporter were cloned based on pRRLsinPPT-emGFP-miR Control, a kind gift of Dr. 

Peter S. McPherson (Montreal, Canada). Finally, lentiviral vectors for knockdown of 

mDia1, mDia3, Raptor, and Rictor (annotated in figure legends as transduced) were 

generated based on the backbone f(U6) sNLS-RFPw shCTR, a kind gift from Christian 

Rosenmund (Berlin, Germany). All vectors used for genetic depletion via RNA 

interference are listed in Table 5 and express gene-specific shRNA under a U6 

promotor that either targets the coding sequence (CDS) or the 3’-untranslated region 

(3’-UTR). 

Table 5: Plasmids used for shRNA-mediated Knockdown in this Study. 

Name  Target Speci
es 

Reporter Pro
mote

r  

Vector Source 

shCTR none - - - pLKO.1 Sigma-Aldrich Cat# 
SHC016 
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shmDia1 3’UTR of 
mDia1 

mouse - - pLKO.1 Sigma-Aldrich Cat# 

TRCN000010868
5 

NM_007858 
shRhoA CDS of 

RhoA 
mouse - - pLKO.1 Sigma-Aldrich Cat# 

TRCN00003023
88 

NM_016802 
shRhoB CDS of 

RhoB 
mouse - - pLKO.1 Sigma-Aldrich Cat# 

TRCN000029487
4 

NM_007483 
shCTRmiR none mouse Synaptophysin-

2x-pHluorin 
CMV pRRLsinP

PT 
This study 

shmDia1miR mDia1 mouse Synaptophysin-
2x-pHluorin 

CMV pRRLsinP
PT 

This study 

shCTR none - NLS-RFP 
 

hSyn1 pFUGw Christian 
Rosenmund 

(S. Watanabe et al., 
2014) 

shmDia1 3’UTR of 
mDia1 

mouse NLS-RFP 
 

hSyn1 pFUGw This study 

shmDia3 CDS of 
mDia3 

mouse NLS-RFP 
 

hSyn1 pFUGw This study 

shRaptor CDS of 
Raptor 

mouse NLS-RFP 
 

hSyn1 pFUGw This study 

shRictor 3’UTR of 
Rictor 

mouse NLS-RFP hSyn1 pFUGw This study 

 

3.1.6. Oligonucleotides 
 

Plasmids generated for this study were cloned using oligonucleotides (BioTez GmbH, 

Berlin, Germany) and are listed in Table 6 (lower case denotes nucleotides that do not 

anneal to the backbone; underlined nucleotides denote sense and antisense sequences 

of shRNA). 

Table 6: Oligonucleotides used in this Study. 

Plasmid Forward primer [5’-3’] Reverse primer [5’-3’] 
pSNAP-N1 tataaccggtcaccATGGACAAAGACTGCG tatagcggccgctTTAACCCAGCCCAGGC 

pFUG_hSyn
_MCS 

CCGGTatttaaatggatcccctgcagggcggccgctt
aattaatctagatgtacag 

AATTCtgtacatctagattaattaagcggccgccctgc
aggggatccatttaaata 

mDia1-ΔN aatagatctatgAACTCCTCTGCATCGTACG
GAGATG 

gcgaccggTCCAGATCCGC 
 

mDia1-
K994A 

TCGAGACACCgcGTCTGCAGATC AGTTTACAAAGGAAGCTG 

Dynamin1-
K44A 

GAGCGCCGGCgcGAGCTCGGTGCTGG TGGCCGCCTACCACGGCG 

shCTRmiR 
(Syph-pH) 

caccgactctagaggatctaccggtcgccacc 
ATGGACGTGGTGAATCAGCTGGTG 

ccactggtcgactcaCTACCTC 

shmDia1miR TGCTGaatgcttgaccctaccatcaaGTTTTGG
CCACTGACTGACttgatggtggtcaagcatt 

CCTGaatgcttgaccctaccatcaaGTCAGTCA
GTGGCCAAAACttgatggtggtcaagcattC 

f(U6) BFP 
shCTR 

tccagTTTTTGGAAATTAATTAACAGAG
GGCCCTGCGTAT (for hSyn1) 

tccttaatcagctcgctCATTACCTTTCTCTTC
TTTTTTGGATCTACCT (for hSyn1) 

AAAAGAAGAGAAAGGTAATGagcgagctg
attaaggagaaca (for BFP) 

tgatatcgaattaattctagTCAGTTaagcttgtgccc
cagtttgctaggga (for BFP) 
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shmDia1 GATCCCCgcctaaatggtcaaggagataTTCAA
GAGAtatctccttgaccatttaggcTTTTTGGAA

ATTAAT 

TAATTTCCAAAAAgcctaaatggtcaaggagat
a 

TCTCTTGAAtatctccttgaccatttaggcGGG 
shmDia3 GATCCCCgccctaatccagaatcttgta 

TTCAAGAGAtacaagattctggattagggcTTTT
TGGAAATTAAT 

TAATTTCCAAAAAGccctaatccagaatcttgta
TCTCTTGAAtacaagattctggattagggcGGG 

 
shRaptor GATCCCCcctcatcgtcaagtccttcaaTTCAAG

AGAttgaaggacttgacgatgaggTTTTTGGAA
ATTAAT 

TAATTTCCAAAAAcctcatcgtcaagtccttcaa
TCTCTTGAAttgaaggacttgacgatgaggGGG 

shRictor GATCCCCcgagactttgtctgtctaattTTCAAG
AGAAattagacagacaaagtctcgTTTTTGGAA

ATTAAT 

TAATTTCCAAAAAcgagactttgtctgtctaattT
CTCTTGAAaattagacagacaaagtctcgGGG 

lower case – Nucleotides that do not anneal to the backbone 

Underline – sense and antisense sequence of shRNA 

 

3.1.7. Commercial Kits 
 

Commercial kits that were used in this study are annotated in Table 7. 

Table 7: Commercial Kits used in this Study. 

Kit Source Identifier Additional 
information 

Rhotekin-Rho binding domain 
(RBD) beads 

Cytoskeleton Inc. Cat# RT02 60 μg/reaction 

PAK-p21 binding domain (PBD) 
beads 

Cytoskeleton Inc. Cat# PAK02 20 μg/reaction 

ProFection Mammalian 
Transfection System – 

Calcium Phosphate 

Promega Cat# E1200 
 

Q5 site-directed mutagenesis kit New England Biolabs Inc. Cat# E0552S 
 

 

3.1.8. Software and Code 
 

Software and code used in this study are listed in Table 8. 

Table 8: Software and code used in this Study. 

Name Source Identifier 

Affinity Designer Serif Ltd Version 1.10.6.1665 

Fiji National Institutes of 
Health (NIH) 

RRID:SCR_002285 
 

Image Lab Software Bio-Rad RRID:SCR_014210 
Version 6.0.1 

Image Studio Lite LI-COR Biosciences RRID:SCR_013715 
Version 5.2.5 

Macro plot 

Lineprofile multicolor 

Kees Straatman (Gerth et al., 2019) 

MaxQuant Jürgen Cox https://www.maxquant.org/maxquant/ 
Version 1.6.1.0 

Perseus Jürgen Cox https://www.maxquant.org/perseus/ 
Version 1.6.7.0 
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pHluorin ROI selector Github RRID:SCR_002630 
 

Prism GraphPad RRID:SCR_002798 
Version 9.5.1. 

SynActJ Martin Lehmann (Schmied et al., 2021) 

 

3.2. Methods 
 

3.2.1.  Molecular Biology Methods 
 

To generate expression (Table 4) vectors, primers (Table 6) were designed for the 

specific amplification of a target sequence with overlaps containing restriction sites for 

enzymatic digestion and subsequent insertion into the target vector. For site-directed 

mutagenesis, primers containing the altered base sequences were utilized (Table 6). 

For knockdown strategies (Table 5), oligonucleotides containing sense, antisense, a 

linker sequence, and restriction overhangs (Table 6) were annealed and ligated into 

backbones cut with restriction enzymes. 

3.2.1.1. Generation of Expression Plasmids 

Expression plasmids generated for this study were cloned by polymerase chain 

reaction (PCR) amplification (PhusionTM High-Fidelity DNA polymerase) and 

restriction enzyme (Thermo Fisher Scientific; Fast digest) digest according to the 

manufacturers’ manual.  

pSNAP-N1 was generated in-house by Hannes Gonschior by sub-cloning pSNAPf (New 

England BioLabs Inc., Cat#N9183S) via PCR and the restriction enzymes AgeI and 

NotI into pmCherry-N1.  

pFUG_hSyn_MCS was cloned by Amirreza Ohadi to enable simple insertion of SNAP-

tagged proteins by inserting a multiple cloning site (MCS) on annealed 

oligonucleotides into a pFUG_hSyn1 backbone (a gift from Christian Rosenmund, 

Berlin, Germany) cut by AgeI and EcoRI.  

To generate mDia1-WT-mCherry, the coding sequence of mDia1 was cut from mDia1-

mEmerald-N1 (Addgene, Cat#54157) and pasted into pmCherry-N1 by AgeI and XhoI 

digestion.  

mDia1-WT-SNAP was cloned by cutting out the coding sequence of mDia1 from mDia1-

mEmerald-N1 and pasting it into pSNAP-N1 by AgeI and NheI digest of both vector 

and insert.  
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To subclone mDia1-SNAP into a lentiviral vector the coding sequence of mDia1-SNAP 

was pasted from mDia1-WT-SNAP-N1 into pFUG_hSyn1_MCS utilizing common cut 

sites for NheI and NotI digest.   

The mDia1-ΔN truncation variant was generated by introducing a new start codon on 

a primer shifted by 60 amino acids (Table 6), PCR amplifying the truncated DNA and 

subcloning the template into pmCherry-N1 by BglII and AgeI digest. 

For generating mDia1-VNML-mCherry, its coding sequence was first extracted from 

GFP-CA-mDia1 (Addgene, Cat#45583) using restriction digest by BsiWI and AgeI, and 

subcloned into mDia1-WT-mCherry cut with the same enzymes.  

mDia1-WT-mCherry and mDia1-VNML-mCherry were digested with NheI and Esp3I 

yielding short fragments encoding the N-terminal sequence and larger fragments 

containing the C-terminal coding sequence and the rest of the backbone. Fragments 

were then swapped and ligated to yield mDia1-VN-mCherry and mDia1-ML-mCherry. 

The subcloning of mDia1 variants into pFUG backbones for the generation of lentiviral 

particles, followed the extraction of the coding sequence from mCherry/SNAP vectors 

into pFUG mDia1-WT-SNAP through restriction digest using enzymes NheI and AgeI. 

For the generation of a lentiviral vector expressing Dynamin-WT, the coding sequence 

of Dynamin1 was first extracted from Dynamin1-pmCherry-N1 (Addgene; Cat#27697) 

by EcoRI and XmaI digestion and cloned into pSNAP-N1 with the same enzymes. 

Subsequently, Dynamin1-SNAP was isolated by NheI and NotI digest and transformed 

into pFUG_hSyn1_MCS.  

For introducing point mutations in mDia1 (Lysine-994 to Alanine; K994A) and 

Dynamin1 (Lysine-44 to Alanine; K44A), the Q5 site-directed mutagenesis kit (New 

England Biolabs Inc.; E0552S) was used according to the manufacturer’s manual and 

oligonucleotides listed in Table 6. 

3.2.1.2. Generation of shRNA-carrying Plasmids 
 

Knockdown of proteins was achieved through RNA interference either by CaCl2 

transfection of gene-specific shRNA encoding vectors (pLKO.1; Sigma-Aldrich or 

shRNAmiR) on DIV 7 or by transduction of cells with lentiviral particles harboring the 

gene-specific shRNA on DIV 2. The respective method is indicated in the Figure 

legends as transfected or transduced. To reduce the amount of DNA needed for 

transfection and to improve neuronal health, shRNAmiRs were expressed from the 

3’UTR of Synaptophysin-pHluorin based on (Ritter et al., 2017): The reporter 
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protein/synthetic cassette was generated by PCR amplifying Synaptophysin-2x-

pHluorin with oligos (Table 6) harboring XbaI and SalI sites. The eGFP in the 

RRLsinPPT-eGFP-miRCTR plasmid (a kind gift from Dr. Peter S. McPherson, McGill 

University, Canada) was replaced by the PCR product through similar restriction digest 

to yield shCTRmiR. miRmDia1 (start position 4892, targeting sequence matches open-

reading frame) was designed with BLOCK-iTTM (Thermo Fisher Scientific) and 

subcloned into shCTRmiR to yield shmDia1miR following protocol in (Ritter et al., 

2017). 

As both transfection strategies were limited by low efficiency, lentiviral knockdown was 

carried out: Lentiviral particles were based on a shuttle vector (pFUGw) driving the 

expression of a nuclear-targeted red fluorescent protein (NLS-RFP) under a human 

Synapsin1 (hSyn1) promotor to monitor infection efficiency in neurons and a 

scrambled mouse shRNA against Clathrin without any murine targets, which was used 

as the control virus (f(U6) sNLS-RFPw shCTR). To knockdown mDia1, a shRNA 

sequence based on 5’-GCCTAAATGGTCAAGGAGATA-3’ as the sense nucleotide 

corresponding to the 3’UTR of mouse mDia1 (NM_007858.4; Sigma-Aldrich, Cat# 

TRCN0000108685) was designed as an oligonucleotide with overhangs (Table 6) and 

annealed into the f(U6) sNLS-RFPw shCTR backbone cut with BamHI and PacI to 

yield the vector f(U6) sNLS-RFPw shmDia1. For mDia3 shRNA, a sense sequence 

based on 5’-GCCCTAATCCAGAATCTTGTA-3’ corresponding to nucleotides 2473-

2493 of mouse mDia3 (DIAPH2; NM_172493; Sigma-Aldrich, Cat# 

TRCN0000108782) was used to construct f(U6) sNLS-RFPw shmDia3 as described 

above.  

For genetic perturbation of mTORC1 activity, the sense sequence 

5’-CCTCATCGTCAAGTCCTTCAA-3’ corresponding to the coding nucleotides 

1505-1525 of Raptor (rptor; NM_028898; Sigma-Aldrich, Cat# TRCN0000077471) 

was designed as an oligonucleotide (Table 6) and annealed into the f(U6) sNLS-RFPw 

shCTR backbone cut with BamHI and PacI to yield the vector f(U6) sNLS-RFPw 

shRaptor. To interfere with mTORC2, a sense sequence based on 

5’-CGAGACTTTGTCTGTCTAATT-3’ targeting the 3’UTR of mouse Rictor 

(NM_030168; Sigma-Aldrich, Cat# TRCN0000123394) was used to construct f(U6) 

sNLS-RFPw shRictor as described above. 

All vectors were confirmed by Sanger sequencing (LGC Genomics, Berlin, Germany) 

and amplified by self-made chemically competent TOP10 E. coli before purifying 
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respective endotoxin-free DNA by 2-propanole precipitation (NucleoBond Xtra Midi 

EF kit; Macherey-Nagel). 

3.2.2. Cell Biology Methods 
 

3.2.2.1. Production of Lentiviral Particles 

 

Production of lentiviral particles was conducted using the second-generation 

packaging system: In brief, HEK293T were co-transfected with lentiviral shRNA 

constructs and the packaging plasmids psPAX2 (Addgene; Cat# 12260) and MD2.G 

(Addgene; Cat# 12259) using CaCl2. After 12 h, the cell media was replaced. Virus-

containing supernatants were collected at 48 and 72 h after transfection, filtered to 

remove cell debris, and particles were concentrated (30-fold) via low-speed 

centrifugation (Amicon Ultra-15, Ultracel-100; Merck Millipore; Cat# UFC9100) 

before aliquoting and storage at -70°C. For all experiments, an infection rate of over 

95% was achieved at DIV 14-16. 

3.2.2.2. Isolation, Culture and Transfection of Primary Neurons 
 

Neuronal hippocampal cell cultures were prepared as described (López-Hernández et 

al., 2022; Soykan et al., 2017). In short, hippocampi from postnatal mice (p0-p3) were 

surgically isolated and dissociated into single cells by trypsin (5 g/L, Sigma-Aldrich) 

digestion. Neurons (100000 cells/ well of a 6-well) were plated onto poly-L-lysine-

coated coverslips and grown in modified Eagle medium (MEM; Thermo Fisher) 

supplemented with 5% FCS and 2% B-27 (Gibco) and maintained at 5% CO2 and 37°C 

in humidified incubators. In addition, 2 μM cytosine β-D-arabinofuranoside (AraC) 

was added to the cell culture media in the first 2 days in vitro (DIV) to limit glial 

proliferation. For transient protein expression, neurons were transfected on DIV 7-9 

utilizing a Calcium phosphate transfection kit (Promega; Cat# E1200): In brief, 1-6 μg 

plasmid DNA (per well of a 6-well plate) were mixed with 250 mM calcium phosphate 

(CaCl2) in ultrapure nuclease-free water. The resulting solution was added to equal 

volumes of 2x 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffered saline (2x 

HEPES; 100 µL) and incubated at room temperature for 20 min. Resulting precipitates 

were added dropwise to cells that had been transferred to osmolarity-adjusted 

Neurobasal-A (NBA; Gibco) media to induce starvation. After incubation at 37°C and 

5% CO2 for 30 min, neurons were washed thrice with osmolarity-adjusted Hank’s 
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balanced salt solutions (HBSS; Gibco) and transferred back to their original 

conditioned media. 

3.2.3. Biochemical Methods 
 

3.2.3.1. Protein Quantification  
 

To analyze protein levels in cellular lysates, proteins are separated according to their 

weight by a combination of sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE), followed by binding and visualization of proteins by antibodies (Table 2) 

detecting immunoreactive bands following immunoblotting. Quantification of protein 

bands via immunoblotting requires equal loading of sample proteins, necessitating 

quantification of total protein levels prior to electrophoresis. For this purpose, a 

colorimetric detection assay, utilizing the Biuret reaction, known as the bicinchoninic 

acid (BCA) assay was used. 

 

3.2.3.2. BCA Assay 
 

To perform the BCA assay (Thermo Fisher Scientific; Cat#23227), lysate samples 

(1 µL) were diluted in MQ water (9 µL) and replicated in a microtiter well (Pierce 

96-Well Plates). Bicinchoninic acid/copper sulfate (BCA/CuSO4) solution (190 µL; 

50/1) was added and incubated at 37°C for 30 min. The absorbance of the formulated 

complex was measured at 482 nm with the SpectroStarNano (BMG Labtech, Software 

Version 5.50). As calibration, a series of bovine serum albumin (BSA) dilutions of 

known concentrations (10 µL each; 2000, 1500, 1000, 750, 500, 250, 125, 25, 0 µg/mL) 

were assayed alongside the unknown samples. Concentrations of the unknown samples 

were then calculated by fitting the resulting calibration curve, with a sample to working 

reagent ratio of 1:10 (v/v). 

 

3.2.3.3. Immunoblotting 
 

To compare protein levels between experimental conditions, immunoblotting was 

performed: Protein concentrations in lysates were measured by BCA assay (Thermo 

Fisher Scientific; Cat#23227) and equal protein amounts were diluted in Laemmli 

sample buffer [final (1 x) concentration: 31.5 mM 2-Amino-2-

(hydroxymethyl)propane-1,3-diol (Tris), 1 % (w/v) sodium dodecyl sulfate (SDS), 10 % 
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(v/v) glycerol, 0.001% (w/v) 3,3-Bis(3,5-dibromo-4-hydroxyphenyl)-2,1λ6-

benzoxathiole-1,1(3H)-dione (bromophenol blue), 5 % (v/v) 2-mercaptoethanol; pH 

6.8] and denatured at 55°C for 20 min (unless indicated otherwise). 

Samples were resolved by SDS-PAGE with self-made Bis(2-hydroxyethyl)amino-

tris(hydroxymethyl)methan (BisTris; 250 mM) based 4-20 % polyacrylamide 

(Rotiphorese Gel 30; Carl Roth) gradient gels and run (80-120 V; 90 min) in NuPAGE 

MOPS SDS running buffer (Thermo Fisher Scientific; Cat#NP000102) using Mini-

PROTEAN Tetra Vertical Electrophoresis Cells (Bio-Rad, Cat#1658004).  

For RhoA-binding analysis and membrane fractionation experiments, RFP-

fluorescence of mDia1 variants in respective fractions was imaged in-gel on a 

ChemiDoc XRS+ (Bio-Rad) controlled by the Image Lab software (version 6.0.1) 

utilizing the Alexa546 preset (605/50 Filter3; Light Green Epi illumination).  

Separated proteins were wet-blotted (110 V; 90 min; 4°C) on fluorescence-optimized 

polyvinylidene difluoride (PVDF) membranes (Immobilon-FL; Merck; IPFL00010) in 

transfer buffer (25 mM Tris (pH 7.6), 192 mM glycine, 20% (v/v) methanol, 0.03% 

(w/v) SDS). Subsequently, membranes were blocked with blocking buffer [5 % bovine 

serum albumin (BSA), in Tris-buffered saline (TBS) containing 0.01% Tween 20 (TBS-

T)] for 1 h at RT and incubated (4 °C; overnight) with primary antibodies under 

constant agitation at indicated dilutions (Table 1) in blocking buffer. Membranes were 

washed thrice with TBS-T and incubated with corresponding pairs of IRDye 680RD- 

or 800CW-conjugated secondary antibodies in TBS-T for 1 h at RT. After three wash 

cycles with TBS-T, bound antibodies were visualized by the Odyssey Fc Imaging 

System (LI-COR Biosciences) controlled and analyzed by Image Studio Lite (Version 

5.2.5). For colorimetric analysis of protein levels, the intensity of immunoreactive 

bands was measured by assigning shapes of equal size to all lanes at similar heights 

and subtracting the individual background for each shape. Signals were normalized to 

controls on the same blot. The PageRuler Prestained (Thermo Fisher Scientific; 

Cat#26616) was used as a ladder to control for protein size. 

3.2.3.4. Pulldown of BAR Family Proteins by recombinant mDia1 
 

To express a glutathione S-transferase (GST) fusion protein of mDia1 (FH1-FH2-

DAD), a preculture of 100 mL lysogeny broth (LB; 1.0 % (w/v) Yeast extract, 0.5 % 

(w/v) sodium chloride (NaCl), 0.5 % (w/v) Trypton; pH 7.4) of the Escherichia coli 

BL21 strain was transformed with GST-mDia1-FH1-FH2-DAD and grown overnight in 
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ampicillin (100 μg/mL) at 37°C. The following day, 50 mL of the overnight culture was 

added to 500 mL of growth media (2x YT; 1.0 % (w/v) Yeast extract, 0.5 % (w/v) NaCl, 

1.6 % (w/v) Trypton; pH 7.4) supplemented with ampicillin (100 μg/mL) and grown at 

23 °C under agitation at 180 rpm until an optical density OD600 of 0.7 was reached. 

Subsequently, protein expression was induced by the addition of 0.5 mM isopropyl 

thiogalactoside (IPTG), and cells were incubated at 16°C for 12 h under agitation at 180 

rpm. Bacteria were harvested by centrifugation (4000 g; 20 min; 4°C) and the resulting 

pellets were resuspended in 35 mL of ice-cold PBS. 

To purify GST-mDia1 proteins, proteins were first extracted by incubation with 1 mM 

phenylmethylsulfonyl fluoride (PMSF), 125 units benzonase (DNase) and 35 mg of 

lysozyme for 15 min, followed by sonification (Sonoplus; Bandelin, 70 %) at 4°C. 

Subsequently, cells were lysed by the addition of 1 % (v/v) TritonX-100. After 10 min 

incubation at 4°C, supernatants were extracted by centrifugation (35000g; 15 min; 

4°C) and incubated with 500 μL of PBS-washed immobilized glutathione resin 

(GST-bindTM resin Novagen, Millipore, Cat# 70541) for 1 h at 4°C under agitation. 

Resin was pelleted by centrifugation (3000 g; 5 min; 4°C), in between three washes 

with ice-cold PBS, to remove unbound proteins.  

For the pulldown of BAR proteins, HEK293T cells were transfected with various 

constructs expressing proteins of the BAR protein family (Table 4) using CaCl2. After 

48 h of transfection, cells were washed with ice-cold PBS and harvested in lysis buffer 

(50 mM HEPES, 150 mM NaCl, 2 mM magnesium chloride (MgCl2), 1 % TritonX-100, 

protease inhibitor cocktail (PIC), Phosphatase inhibitors II/III; pH 7.4). Supernatants 

were collected by centrifugation (15000 g; 15 min; 4°C) and protein concentration was 

measured with the BCA method. Volumes of lysates containing 500 μg of protein were 

loaded onto 50 μg of resin-bound GST-mDia1 fusion proteins and incubated for 1 h at 

4°C with agitation. Subsequently, unbound proteins were removed by five wash steps 

with lysis buffer. Bound proteins were eluted and denatured (20 min; 55°C) in 2x 

Laemmli buffer, resolved by SDS-PAGE, and analyzed by immunoblotting. 

3.2.3.5. Analysis of Membrane-association of mDia1 Variants 
 

To characterize the membrane association of mDia1 variants, HEK293T cells were 

transfected with wild-type or mutant mDia1 vectors using CaCl2. 48 h after 

transfection, cells were washed with ice-cold PBS and harvested in ice-cold 

resuspension buffer (20 mM HEPES, 130 mM NaCl, PIC; pH 7.4). Cells were lysed by 
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forcing the suspension through 18-gauge syringes to crack the plasma membrane in 

between three freeze-thaw cycles in liquid nitrogen. Nuclei were removed by 

centrifugation at 1000 g for 5 min at 4°C. The supernatant (total lysate) was 

sedimented at 100000 g for 30 min at 4°C to yield the membrane fraction as the pellet 

and the cytosolic fraction as the high-speed supernatant. The pellet was resuspended 

in resuspension buffer to the same volume as the cytosolic fraction. Equal volumes of 

all fractions were analyzed by SDS-PAGE and immunoblotting to allow interpretation 

of protein enrichment in cytosolic or membrane fractions with respect to the total 

lysate. 

3.2.3.6. Analysis of RhoA-association of mDia1 Variants 
 

To characterize the interaction of mDia1 variants with RhoA, HEK293T cells were 

transfected with either wild-type or mutant mDia1 along with constitutively active 

HA-tagged RhoA (RhoA-CA; Q63L) using CaCl2. After 48 h of transfection, cells were 

washed with ice-cold PBS and harvested in ice-cold lysis buffer (50 mM HEPES, 150 

mM NaCl, 1 % 3-[Dimethyl[3-(3α,7α,12α-trihydroxy-5β-cholan-24-amido)propyl] 

azaniumyl] propane-1-sulfonate (CHAPS), PIC, Phosphatase inhibitors II/III; pH 7.4). 

Supernatants were collected by centrifugation (15000 g; 15 min; 4°C) and protein 

concentration was measured with the BCA method. Volumes of lysates containing 

500 μg of protein were loaded onto 20 μL of prewashed PierceTM Anti-HA Magnetic 

Beads (Thermo Fisher Scientific; Cat# 88837) and incubated for 1 h at 4°C with 

agitation. Subsequently, unbound proteins were removed by two wash steps with lysis 

buffer. Bound proteins were eluted and denatured (20 min; 55°C) in 1x Laemmli buffer, 

resolved by SDS-PAGE and analyzed by in-gel fluorescence and immunoblotting. 

3.2.3.7. Analysis of Rho GTPase Activity via Effector Pulldown Assays 
 

To analyze the activity of small Rho GTPases, pulldowns utilizing effector protein 

domains that exclusively bind to their GTP-bound forms were performed: Neurons 

(200 000 cells) were washed with ice-cold PBS and harvested in GTPase lysis buffer 

(50 mM HEPES, 500 mM NaCl, 10mM MgCl2, PIC, phosphatase Inhibitor cocktails II/ 

III; pH 7.4). Cells were lysed for 5 min under repetitive mixing before centrifugation 

(15000 g; 5 min; 4°C). Cleared lysates were incubated with Rhotekin-Rho binding 

domain (RBD) beads (60 µg; Cytoskeleton Inc.) or with PAK-p21 binding domain 

(PBD) beads (20 µg; Cytoskeleton Inc.) at 4°C under constant rotation to bind active 



3. Materials and Methods 

 

52 
 

RhoA or Cdc42 and Rac1, respectively. After 2 h, the beads were pelleted by 

centrifugation (1000 g; 1 min; 4°C) and washed with washing buffer (50 mM HEPES, 

150 mM NaCl, 10 mM MgCl2; pH 7.4). After repeated centrifugation, unbound proteins 

were discarded with the supernatant, while bound proteins were eluted from the beads 

by the addition of 2 x Laemmli buffer and boiling (10 min; 95°C). Finally, the activity 

of small Rho GTPases was resolved by SDS-PAGE and analyzed by immunoblotting 

input and pulldown samples. 

3.2.3.8. Identification of Proximal Protein Neighbors  

The characterization of molecular interactions between proteins is essential for 

understanding their biological function at specific subcellular localizations. Traditional 

approaches, such as immunoprecipitation-based affinity purification, can isolate bait 

proteins via specific immobilized antibodies (Figure 23). However, 

immunoprecipitation methods face limitations concerning low abundantly expressed 

proteins, restricting the identification of transient or low-affinity interactions. In 

recent years, proximity labeling (PL) has emerged as a powerful complementary 

method to map the molecular protein environment in live cells. PL relies on an enzyme 

tag, such as TurboID, which catalyzes the conversion of an inert substrate (biotin and 

ATP) into a reactive intermediate (biotin-AMP), which labels endogenous proteins in 

a proximity-dependent manner (Cho et al., 2020). This labeling can occur within intact 

cells, preserving the spatial relationships and interaction networks in their native state 

(Branon et al., 2018). The covalent modification introduced by PL provides a chemical 

handle for the selective isolation and subsequent identification of labeled proteins by 

mass spectrometry (Cho et al., 2020). 

In this study, we utilized complementary proteomic analysis of a) the mDia1 

interactome isolated by immunoprecipitation from synaptosomes and b) the proximal 

protein environment of synaptic mDia1 following TurboID-mediated biotinylation. 

 



3. Materials and Methods 

 

53 
 

 

Figure 23: Identification of Proximal Protein Neighbors. 
Co-immunoprecipitation enables the isolation of the immediate proximal environment of proteins 
through the affinity purification of bait proteins utilizing immobilized specific antibodies. This analysis 
is complemented by proximity labeling of the native protein environment following exogenous 
expression of fusion proteins tagged with TurboID. The TurboID tag encodes an engineered biotin ligase 
that biotinylates proximal proteins within a range of 10 nm in the presence of ATP and biotin. By 
expressing mDia1-TurboID fusion constructs, spatial relationships between proteins can be labeled and 
identified within their cellular environment. To differentiate specific labeling events attributed to mDia1 
proximity, a non-selective cytosolic TurboID is employed to profile proteins in the reference 
compartment, the neuronal cytosol. 

Immunoprecipitation from Synaptosomes 

To immunoprecipitate synaptic mDia1, synaptosomes (P2’) were prepared as follows: 

One mouse brain (p28) was homogenized (900 rpm; 12 strokes with glass-teflon 

homogenizer) in 7 mL of ice-cold homogenization buffer [(320 mM sucrose, 4 mM 

HEPES; pH 7.4) supplemented with mammalian protease inhibitor cocktail (PIC)] at 

4°C. Large cellular debris and nuclei were sedimented by centrifugation at 900 g for 10 

min at 4°C. The supernatant was further centrifuged at 12500 g for 15 min at 4°C. The 

resulting pellet (P2) was resuspended in 15 mL of homogenization buffer and pelleted 

at 12500 g for 15 min at 4°C yielding the crude synaptosomal fraction P2’. 

Subsequently, the pellet was resuspended in 2 mL of immunoprecipitation buffer [20 

mM HEPES, 130 mM NaCl, 2 mM MgCl2, 1 % (w/v) CHAPS, PIC, phosphatase 

inhibitor cocktail II and III (Sigma-Aldrich); pH 7.4] and lysed for 30 min at 4°C under 

light agitation. The lysate was cleared by centrifugation at 15000 g at 4°C for 15 min 

and protein concentration was measured using the BCA assay. For identification of the 
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protein environment of mDia1, P2’ lysate (2 mg; 2 g/L) was incubated with either 2 μg 

of anti-mDia1 antibody (BD Biosciences, Cat# 610848) or equal amounts of 

immunoglobulin G (IgG) isotype control mouse antibody (Thermo Fisher Scientific; 

Cat# 31903; RRID:AB_10959891) for 1 h at 4°C before the addition of 25 μL of Pierce 

Protein A/G Magnetic Beads (Thermo Fisher Scientific) for an additional 2 h under 

constant rotation. Subsequently, unbound proteins were removed from the beads by 

three consecutive wash cycles with immunoprecipitation buffer. Bound proteins were 

eluted and boiled (10 min; 95°C) in 2x Laemmli buffer, resolved by SDS-PAGE, and 

analyzed by immunoblotting and mass spectrometry. 

Proximity-ligation Analysis by Expression of TurboID Fusion Proteins 

To investigate the proximal protein environment of synaptic mDia1, primary neuronal 

cultures (8 x 106 cells) were transduced with lentiviral vectors encoding cytosolic 

TurboID control (CTR), wild-type mDia1 (mDia1-WT-TurboID), or a Rho-binding 

deficient variant of mDia1 (mDia1-VN-TurboID) fused to TurboID on DIV2. Neurons 

were supplemented with 100 μM biotin in their culture media. After 12 h of incubation, 

cells were placed on ice and subjected to five washes with ice-cold PBS. Subsequently, 

cell lysis was conducted for 30 min at 4°C under gentle agitation by the addition of 

1 mL of lysis buffer [50 mM Tris, 150 mM NaCl, 0.1% (w/v) SDS, 1% (v/v) Triton X-

100, PIC, phosphatase inhibitor cocktail II and III (Sigma-Aldrich); pH 7.4]. Following 

centrifugation at 15000 g at 4°C for 15 min, supernatants were collected, and protein 

content was quantified calorimetrically using the BCA assay. For the isolation of 

biotinylated proteins, we followed the protocol described in (Cho et al., 2020). In short, 

respective volumes of lysates containing 500 μg of protein were incubated with 50 μg 

of lysis buffer-washed PierceTM Streptavidin magnetic beads (Thermo Fisher Scientific; 

Cat# 88816) for 12 h with agitation at 4°C. Thereafter, unbound proteins were removed 

from the beads through consecutive wash cycles with lysis buffer (2 x for 2 min), 1 M 

potassium chloride (KCl) (for 2 min), 0.1 M sodium hydrogencarbonate (NaHCO3) (for 

10 s) and 2 M urea (for 10 s). Bound proteins were then eluted and boiled (10 min; 

95°C) in 2x Laemmli buffer, resolved by SDS-PAGE, and analyzed by immunoblotting 

and mass spectrometry. 

Mass Spectrometric Analysis  

Mass spectrometry (MS) was employed for the comprehensive examination of protein 

interactions and the environment surrounding mDia1 within the synaptic context, 
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following the isolation of mDia1 immunoprecipitates from synaptosomes as well as the 

isolation of its proximal proteome using biotinylation facilitated by TurboID tags.  

Eluted proteins were reduced (5 mM dithiothreitol; 30 min at 55°C), alkylated (15 mM 

iodoacetamide; 20 min at RT in the dark), and submitted to MS analysis: Proteins were 

subjected to SDS-PAGE following excision of 3 bands per lane and in-gel digestion of 

proteins by trypsin (1:100 (w/w); overnight at 37°C). Resulting tryptic peptides were 

separated by reverse-phase high-performance liquid chromatography (RP-HPLC; 

UltimateTM 3000 RSLCnano system; Thermo Scientific) using a 50 cm analytical 

column (in-house packed with Poroshell 120 EC-C18; 2.7 µm; Agilent Technologies) 

with a 120 min gradient. RP-HPLC was coupled on-line to an Orbitrap Elite mass 

spectrometer (Thermo Fisher Scientific) that performed precursor ion (MS1) scans at 

a mass resolution of 60000, while fragment ion (MS2) scans were acquired with an 

automatic gain control (AGC) target of 5 x 103 and a maximum injection time of 50 ms.  

To dissect phosphorylation patterns, lysates were subjected to MS analysis before and 

after the enrichment of phospho-peptides via immobilized iron nitrilotriacetate 

(Fe-NTA, HighSelectTM Phosphopeptide enrichment kit, Thermo Fisher Scientific, 

Cat# A32992) according to the manufacturer’s manual. 

Data analysis, including label free quantification, was performed with MaxQuant 

(version 1.6.1.0) using the following parameters: The initial maximum mass deviation 

of the precursor ions was set at 4.5 parts per million (ppm), and the maximum mass 

deviation of the fragment ions was set at 0.5 Da. Cysteine carbamidometyl and 

propionamide, methionine oxidation and N-terminal acetylation were set as variable 

modifications. For the identification of proteins, data were searched against the 

SwissProt murine database. False discovery rates were < 1 % at the protein level based 

on matches to reversed sequences in the concatenated target-decoy database. The 

statistical analysis was done with Perseus (Version 1.6.7.0). 

 

3.2.4. Microscopic Methods 
 

3.2.4.1. Live-imaging of Synaptic Vesicle Recycling 

Neurotransmission involves the packaging of neurotransmitters within synaptic 

vesicles, facilitating their controlled release in quanta. Transporter proteins (such as 

vGAT or vGLUT1) actively pump neurotransmitters into newly formed vesicles driven 
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by an electrochemical gradient (Farsi et al., 2017), resulting in an acidic environment 

(pH ~ 5.6) within the vesicle lumen (Miesenböck et al., 1998). Upon exocytosis, the 

luminal surface of the vesicles is rapidly exposed to the extracellular neutral pH (~ 7.4) 

of the synaptic cleft. This cycling between distinct pH environments has facilitated the 

study of the exo- and endocytic kinetics of synaptic vesicle recycling through 

pH-sensitive probes.  

 

Figure 24: A pH-sensitive Tool to Measure Kinetics of Synaptic Vesicle Cycling. 
Mutagenesis (F64L/S65T/Q80R/S147D/N149Q/V163A/S175G/S202F/Q204T/A206T) alters the 
spectral properties of GFP, rendering it pH-sensitive (pHluorin). When pHluorin is fused to the luminal 
domain of an SV protein and expressed in neurons, its signal is suppressed within the acidic vesicle 
lumen. Upon stimulation with action potential trains, vesicles undergo fusion with the presynaptic 
membrane causing pHluorin molecules to emit fluorescence due to neutralization of their environment, 
which can be visualized by fluorescence microscopy. Subsequently, after endocytosis and acidification 
of newly formed endocytic intermediates, pHluorin fluorescence is re-quenched. Monitoring pHlourin 
fluorescence over time post-stimulation enables the observation of exo- and endocytic cycling. Scale bar, 
2.5 µm. 
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The green fluorescent protein (GFP), adopts a barrel-shaped structure that shields its 

chromophore core, an aromatic ring formed by the cyclization of three neighboring 

amino acid residues (serine65, tyrosine66, and glycine67) (F. Yang et al., 1996), which 

absorbs blue light and emits it as green fluorescence. The protonation of tyrosine66 

alters the excitation characteristics of GFP and is constrained by a proton relay network 

comprised of surrounding amino acid residues within its cylinder. Mutations in GFP 

core residues enhance the sensitivity of its spectral properties to pH alterations by 

affecting the protonation state of tyrosine66, eclipsing its signal at acidic pH levels 

below 6.0, which is reversible within 20 ms after returning to neutral pH (Miesenböck 

et al., 1998). This superecliptic pH-sensitive GFP variant (pHluorin), exhibits a pKa of 

7.1 (Sankaranarayanan et al., 2000) and can be fused to the luminal domain of synaptic 

vesicle proteins (yielding Synapto-pHluorin).  

Upon exogenous expression, Synapto-pHluorin molecules undergo dequencing during 

exocytosis due to the exposure to the neutral pH of the synaptic cleft and are 

re-quenched upon vesicle recycling and re-acidification of endocytic intermediates 

(Figure 24). The endocytosis of synaptic vesicles occurs over a timescale exceeding 10 

seconds following stimulation with action potential trains (López-Hernández et al., 

2022; Soykan et al., 2017), enabling the determination of endocytosis kinetics by 

monitoring the decay of pHluorin fluorescence post-stimulation (Figure 24/ Figure 

25). To mitigate artefacts from the exogenous expression of fusion proteins, pHluorin 

assays can be complemented by antibody uptake experiments. Therein, the 

internalization of endogenous SV proteins is tracked by fluorophore-coupled 

antibodies directed against the luminal domains of SV proteins. For example, the 

cyanine-based pH-sensitive dye CypHer5E can be employed, exhibiting bright 

fluorescence in its protonated state (Adie et al., 2003) within the acidic pH of the SV 

lumen. Upon exocytosis, its fluorescence is quenched and recovered upon endocytosis 

and re-acidification processes (Y. Hua et al., 2011; López-Hernández et al., 2022).  

Consequently, the expression of Synapto-pHluorin or incubation with 

CypHer5E-coupled luminal domain antibodies enables the visualization of 

exo-endocytic cycling of exogenous and endogenous SV proteins, respectively, with 

opposite pH-dependence (Figure 24). 

For live-imaging of Synaptophysin and vesicular glutamate transporter 1 (vGLUT1) 

recycling, SV proteins fused to the green-fluorescent protein-based pH-sensitive 

fluorescent reporter pHluorin at their luminal domain were overexpressed by plasmid 
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transfection (Synaptophysin-pHluorin; DIV 7) or lentiviral transduction (vGLUT1-

pHluorin; DIV 2). 

For following endogenous vesicular gamma-aminobutyric acid transporter (vGAT) 

recycling, spontaneously active synaptic boutons were labeled by incubating cells with 

CypHer5E-conjugated antibodies against the luminal domain of vGAT (1:500 from a 1 

mg/ml stock; Synaptic Systems; Cat#131,103CpH) for 2 h in their respective 

conditioned culture media at 37 °C and 5% CO2 prior to imaging. 

To investigate kinetics of SV recycling, neurons at DIV 14-16 were placed into an 

RC-47FSLP stimulation chamber (Warner Instruments) in osmolarity-adjusted 

imaging buffer [170 mM NaCl, 20 mM N-Tris(hydroxyl-methyl)-methyl-2-

aminoethane-sulphonic acid (TES), 5 mM Glucose, 5 mM NaHCO3, 3.5 mM potassium 

chloride (KCl), 1.3 mM CaCl2, 1.2 mM sodium sulfate (Na2SO4), 1.2 mM magnesium 

chloride (MgCl2), 0.4 mM potassium dihydrogenphosphate (KH2PO4), 50 μM (2R)-

amino-5-phosphonovaleric acid (AP5) and 10 μM 6-cyano-7-nitroquinoxaline-2,3-

dione (CNQX); pH 7.4] at 37°C (Tempcontrol 37-2 digital). Cells were subjected to 

electrical field-stimulation (MultiStim System-D330; Digimeter Ltd.) with annotated 

stimulation trains to evoke action potentials (APs) [40 Hz, 5s (200 APs), 40 Hz, 2s (80 

APs), 20 Hz, 2s (40 APs); at 100 mA] at 37.5°C. Following changes in fluorescence were 

tracked by an inverted Zeiss Axiovert 200M microscope, equipped with a 40x oil-

immersion EC Plan Neofluar objective (NA 1.30), an EM-CCD camera (Evolve Delta 

512) and a pE-300white LED light source (CoolLED). The scanning format was set to 512 

x 512 pixels with 16-bit sampling. eGFP (Excitation: BP470-40; Emission: BP535-50; 

Zeiss filter set 38) or Cy5 (Excitation: BP640-30; Emission: BP525-50; Zeiss filter set 

50) filter sets were used for pHluorin or CypHer assays, respectively. Images were 

acquired at 0.5 Hz frame rate for 100 s with 50 (Syph-pHluorin) or 100 (vGLUT1-pH, 

vGAT-CypHer) ms exposure with an electron multiplying gain of 250 operated through 

Fiji-based MicroManager 4.11 software.  

Analysis of responding boutons was performed through custom-written macros to 

identify regions of interest (ROIs) in an automated manner using SynActJ (Schmied et 

al., 2021). Such analysis averaged fluorescence for each time point (t) in an image series 

(video) of at least >20 responding boutons and corrected values for background 

fluorescence yielding raw background-corrected fluorescence (F) (Figure 25A). The 

fold increase of fluorescence after stimulation (Fmax) can serve as a measure for exocytic 

fusion and is calculated by normalising F by the mean intensity of F before stimulation 

(Baseline/basal fluorescence (F0) = mean intensity of first 5 frames for pHluorin; first 
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10 frames for CypHer) for each time point (surface normalisation = F/F0 for pHluorin; 

F0 – Fmin for CypHer) (Figure 25B). To account for boutons with varying pHluorin 

expression in one image series and to compare reacidification kinetics, the 

fluorescence of each time point was subtracted by the basal fluorescence (F0) to yield 

ΔF (F-F0), which was then normalised by its peak value (ΔFmax) (Figure 25C). The 

resulting peak normalised curves (ΔF/ ΔFmax) are annotated as norm. ΔF. Endocytic 

decay constants (τ) were calculated by averaging and then fitting the norm. ΔF 

(ΔF/ΔFmax) traces of all videos in one condition (N) to a mono-exponential decay curve 

[y0 + A*e(-t/τ)] with the constraints of y0 = 1 and offset = 0 in Prism 9 (Graphpad) 

(Figure 25C). 

 

Figure 25: Analysis of SV Endocytosis Kinetics by following pHluorin Fluorescence. 
A: The time course of pHluorin fluorescence traces of over 20 boutons is measured and 
background-corrected (F). 
B: Fluorescence traces are surface normalized by dividing F by the mean intensity before stimulation 
(basal fluorescence F0). The fold increase of fluorescence after stimulation Fmax can serve as a measure 
for exocytosis. 
C: The fluorescence of each time point is subtracted by F0 and divided by the maximum value of that 
curve (ΔF/ΔFmax). Resulting peak normalized curves (norm. ΔF) are fitted to mono-exponential decay 
curves [1 + A*e (-t/τ)] to yield decay constants τ (time point for norm. ΔF = 1/e). 

CypHer-traces had to be corrected for photobleaching: The decay constant of the 

bleaching curve was determined by fitting the data points of the first 10 frames (20 s, 

prior to stimulation) to a mono-exponential decay curve. The corresponding value of 

the photobleaching curve at a given time t was added to the raw fluorescence intensity 

measured at each corresponding time point to correct for the loss of intensity due to 

bleaching. 

3.2.4.2. Analysis of the Presynaptic Membrane Pool of SV Proteins 
 

Synaptic vesicle proteins undergo cycling between vesicle pools and the presynaptic 

membrane. Inhibition of endocytosis leads to accumulations of synaptic vesicle 

proteins stranded on the plasma membrane (López-Hernández et al., 2022; Raimondi 
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et al., 2011). These stalled synaptic vesicle proteins can be visualized by antibodies 

targeting the exposed luminal domains on the plasma membrane surface under 

non-permeabilizing conditions (Figure 26). This technique complements live-imaging 

assays by distinguishing between presynaptic membrane and internalized pools, 

providing an indirect measure of stalled endocytic invaginations. 

 

Figure 26: Analysis of the Presynaptic Membrane Pool of Synaptic Vesicle Proteins. 
The presynaptic membrane (surface) pool of synaptic vesicle proteins, such as vGAT, vGLUT1, or 
Synaptotagmin1, can be accessed by the application of antibodies recognizing their luminal domains 
under non-permeabilizing conditions. Upon permeabilization of membranes, the total pool becomes 
accessible and can be visualized by fluorophore-coupled antibody conjugates targeting the cytosolic 
domains of SV proteins. 

To assess the presynaptic membrane pool of synaptic vesicle proteins, hippocampal 

cultures were transferred to ice and washed with ice-cold phosphate-buffered saline 

(PBS). Neurons were then fixed using 4% p-formaldehyde (PFA) and 4% sucrose in 

PBS for 15 min at room temperature (RT). Following fixation, cells were washed thrice 

with PBS and were then incubated with antibodies targeting the luminal domain of 

synaptic vesicle proteins (vGAT, vGLUT1, Synaptotagmin1) in a buffer containing 10% 

normal goat serum (NGS) in PBS for 1 h at RT. Subsequently, unbound antibodies were 

removed by three PBS washes, while bound antibodies were labeled using 

corresponding fluorophore-coupled secondary antibodies in PBS supplemented with 

10% NGS for 1 h at RT to visualize the surface pool of the respective SV protein. After 

three consecutive wash cycles with PBS, permeabilization buffer (10 % NGS and 0.3 % 

Triton X-100 in PBS) was applied for 30 min at RT to permeabilize membranes. 

Thereafter, the total pools of SV proteins, as well as Synapsin1 as a marker protein, 

were accessed by incubation with primary antibodies recognizing epitopes within 

cytosolic domains in permeabilization buffer at 4°C overnight. The subsequent day, 

unbound antibodies were removed through three washes with PBS, while bound 
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antibodies were decorated with differentially fluorescently labeled secondary 

antibodies in permeabilization buffer. Finally, neurons underwent three PBS washes, 

and coverslips were mounted in Immu-MountTM (Thermo Fisher Scientific, Cat# 

10622689).  

Synaptic vesicle protein pools were imaged using a spinning disc confocal microscope 

(Zeiss Axiovert 200M) with a 63x oil objective (1.4 NA), equipped with the Perkin-

Elmer Ultra View ERS system and a Hamamatsu C9100 EM-CCD camera under the 

control of Volocity software (Perkin-Elmer, v6.21). 

For subsequent analysis, confocal images underwent Gaussian blur filtering (sigma = 

2 pixels), and Synapsin1 labeling served as a mask to confine the quantified area to 

Synapsin1-positive boutons by applying thresholding using Otsu’s method. Within the 

masked area, both surface and internal signals of SV proteins were analyzed and the 

ratio of surface to total pool was computed. 

  

3.2.4.3. Stimulated Emission Depletion Microscopy 
 

The optical resolution of fluorescence microscopy is constrained by the diffraction limit 

of light, achieving a maximum lateral resolution of 200 nm (Z. Wang et al., 2011). In 

order to resolve small structures like synapses (500 - 2000 nm) and their sub-synaptic 

structures (active zone: 200 - 400 nm; SV: 40-50 nm; (Nosov et al., 2020)), super-

resolution fluorescence or electron microscopy must be applied. 

Stimulated emission depletion (STED) microscopy offers a means to overcome the 

classical diffraction limit by suppressing spontaneous fluorescence emission centered 

around a focal spot (Figure 27). This is achieved through intense light pulses at the 

edge of the infrared spectrum, which prompt excited fluorophores to revert to the 

ground state (s0) (Figure 27), inducing stimulated photon emission of a longer 

wavelength and depleting spontaneous fluorescence signal before reaching the 

detector (Vicidomini et al., 2018). In a STED microscope, the superimposition of the 

excitation laser with a shortly delayed red-shifted depletion laser in the shape of an 

overlapping donut cancels the emission of fluorophores distant from the center of 

excitation (Figure 27), resulting in a narrower point-spread function and enhanced 

spatial resolution (Yuan & Fang, 2014). 
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Figure 27: STED Microscopy for the Analysis of subsynaptic Protein Localization. 
In confocal microscopy, fluorophores are excited (S1) by the excitation laser (hv) and emit fluorescent 
photons (spontaneous emission) to return to the ground state (so). In structures of close vicinity all 
fluorophores are excited and cannot be distinguished by the detector. Spontaneous emission can be 
suppressed by additional light pulses inducing stimulated emission of photons at higher wavelengths. 
In STED microscopy, a donut-shaped beam is superimposed with the excitation spot. Within the region 
where excitation and STED lasers overlap, fluorophores are exited and stimulated to emit at the 
wavelength of the STED laser, which are omitted from reaching the detector through appropriate filter 
sets. This filtering results in a reduction of the effective fluorescent spot size to enhance spatial 
resolution. Consequently, pre-and postsynaptic regions can be distinguished via immunocytochemistry 
of respective marker proteins. Co-staining of proteins of interest enables the discrimination of their 
nanoscale localization and synaptic abundance. 

STED microscopy facilitates the localization of synaptic proteins by 

immunocytochemistry with respect to pre- and postsynaptic marker proteins (Panatier 

et al., 2014) (Figure 27). 
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Immunocytochemistry 

For immunostainings, neuronal cultures were chemically fixed on DIV 14-16 using 4% 

p-formaldehyde (PFA) and 4% sucrose in phosphate buffered saline (PBS) for 15 min 

at room temperature (RT). For experiments in Figure 39, cultures were stimulated with 

a 40 Hz train for 5 s in imaging buffer before immediate fixation. After fixation, cells 

were washed thrice with PBS and incubated with permeabilization buffer (10% normal 

goat serum, 0.3 % Triton X-100 in PBS) for 30 min at RT, followed by primary antibody 

incubation of proteins of interest in permeabilization buffer at indicated dilutions 

(Table 1) at 4°C overnight. Subsequently, unbound antibodies were removed by three 

PBS washes while bound antibodies were decorated by corresponding 

fluorophore-coupled secondary antibodies (Table 2) in permeabilization buffer for 1h 

at RT.  

For F-Actin staining, Phalloidin-Alexa FluorTM 594 (1:1000 stock; AAT Bioquest; Cat# 

ABD-23158) was added in the secondary incubation step. Finally, neurons were 

washed thrice with PBS, followed by two washes with ultra-pure water. Coverslips were 

dried for 2 h before mounting in ProLongTM Gold Antifade (Thermo Fisher Scientific; 

#P36934) on glass slides (Thermo Fisher Scientific; VWR; Cat#630-1985). The slides 

were cured for at least 72 h at RT before imaging. 

Multicolor time-gated STED Imaging  

STED images were acquired from fixed samples by a HC PL APO CS2 100 x oil objective 

(1.40 NA) on a Leica SP8 TCS STED 3x microscope (Leica Microsystems) equipped 

with a pulsed white-light excitation laser (WLL; ∼ 80 ps pulse width, 80 MHz 

repetition rate; NKT Photonics) and a STED laser for stimulated emission (775 nm). 

The scanning format was set to 1024 x 1024 pixels, with 8-bit sampling, 4x line 

averaging, 4x frame accumulation and 6x optical zoom, yielding a final pixel size of 

18.9 nm. Three-color imaging was performed by sequentially exciting the following 

fluorophores (excitation filter = Exf; emission filter = Emf): Atto647N (Exf: 640 nm; 

Emf: 650-700 nm); Alexa FluorTM 594 (Exf: 590 nm; Emf: 600-640 nm) and Atto542 

(Exf: 540 nm; Emf: 550-580 nm) operated by the Leica Application Suite X (Leica 

Microsystems, 2020). For stimulated depletion of the signal, the 775 nm STED laser 

was applied to all emissions. The detection of the resulting signal was time-gated by 

0.3-6 ns to allow enough time for stimulated depletion and collected by two sensitive 

HyD detectors at appropriate spectral regions distinct from the STED laser wavelength. 

Settings in independent experiments were similar between conditions to allow 
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quantification of signals. Raw data, obtained from three-channel time-gated STED 

(gSTED) imaging, were analyzed with Fiji. For analysis, only synapses oriented in the 

xy-plane exhibiting a clear separation of Bassoon (presynapse) and Homer1 

(postsynapse) clusters were taken into account. To determine synaptic localization and 

presynaptic levels of proteins of interest, multicolor line profiles were measured: A line 

(1.0 μm length, 0.4 μm width) perpendicular to the synaptic cleft (space between 

Bassoon & Homer1 cluster) was drawn (Gerth et al., 2019) and the fluorescence 

intensity of all three channels along this line was measured using a Fiji Macro 

(Macro_plot_lineprofile_multicolor; Dr. Kees Straatman, University of Leicester, 

UK). The resulting profiles were aligned to the maximum Bassoon intensity, which was 

set to 0 nm (Figure 27). For localization analysis, all three profiles were normalized to 

their maxima, which were set to 1. For quantification of presynaptic protein levels, only 

the fractions of the non-normalized line profiles of proteins of interest overlapping 

with the normalized averaged Bassoon distribution (between 151.4 and -37.8 nm, 

Figure 27) were integrated. Intensities were normalized to controls (DMSO, shCTR, 

WT) which were set to 100. 

3.2.4.4. Transmission Electron Microscopy 
 

Transmission electron microscopy (EM) enables the analysis of synaptic ultrastructure 

at nanometer resolution by visualizing electron-rich subcellular structures such as 

membranes (Deguchi et al., 2016; S. Watanabe, Rost, et al., 2013). In EM, beams of 

electrons are transmitted through ultrathin sections containing cellular components 

embedded in resin following post-fixation in osmium, which preserves lipid-rich 

membranes. Membranes impede the electron beam’s passage through the section in 

proportion to their electron density. Contrast in EM relies on electron density; thus, 

stains composed of heavy metals like uranyl and lead are employed to bind to polar 

biological structures, particularly membranes, enhancing their visibility.  

EM imaging of synapses provides visualization of endocytic phenotypes by enabling 

the quantification of membrane-bound compartments representing the intermediates 

of the SV cycle, including coated and non-coated vesicles, coated and non-coated 

invaginations, and transient endosome-like vacuoles (Figure 28). 
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Figure 28: Electron microscopy enables Visualization of synaptic Ultrastructure. 
Transmission electron microscopy utilizes electromagnets to concentrate an electron beam. This beam 
is transmitted through ultrathin sample sections, allowing electrons to traverse the entire tissue 
thickness and be detected. Electrons are repelled by heavy metals bound to lipid membranes and cannot 
fully cross the sections resulting in the composition of white (transmitted) and black (repelled electrons) 
images. In TEM images of synapses, subcompartments auch as the postsynapse (green) and the synaptic 
cleft underneath the active zone (marroon) can be identified. Additionally, intermediates of the synaptic 
vesicle cycle, such as invaginations (blue) and endosome-like vacuoles (ELVs, yellow) can be defined. 
Scale bar, 250 nm. 

To investigate the synaptic effects of F-Actin manipulations at the ultrastructural level, 

cells on coverslips were chemically fixed with 2% glutaraldehyde in cacodylat buffer 

(CDB; 0.1 M sodium cacodylat) for 1 h at RT. Coverslips were washed thrice with CDB 

before osmification with 1% (w/v) osmium tetroxide (OsO4) and 1.5% (w/v) potassium 

hexacyanoferrat (K3Fe(CN)6) in CBD for 1 h at 4°C. After post-fixation, cells were 

stained with 1% (w/v) uranyl acetate, dehydrated by methanol gradients and finally 

embedded by epoxy resin (Sigma Aldrich; Cat# 45359) infiltration. After 

polymerization (60°C, 30 h), coverslips were removed and ultra-thin (70 nm) sections 

were cut and contrasted with 2% (w/v) uranyl acetate and 80 mM lead citrate. 8-bit 

images were obtained on a Zeiss 900 transmission electron microscope equipped with 

Olympus MegaViewIII or Olympus Morada G2 digital cameras at 30000x 

magnification, yielding a pixel size of 1.07 nm. Subsequently, morphometry (density of 

synaptic vesicles, endosome-like vacuoles, Clathrin-coated vesicles, Clathrin-coated 

pits and non-coated invaginations) was analyzed from synaptic profiles with clearly 

distinguishable active zones and adjacent synaptic vesicles in a blinded manner. 
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3.2.5. Statistical Analysis 
 

All data in this study are presented as the mean ± standard error of the mean (SEM) 

and were obtained from N independent experiments with a total sample number of n 

(e.g., number of images, videos, synapses, etc.) as annotated in the Figure legends. For 

analysis of protein levels in STED microscopy and synaptic structures in EM, statistical 

differences between groups were calculated considering n, while in all other 

experiments statistical differences were calculated between independent experiments 

N (In pHluorin/CypHer assays, at least 20 responding boutons/video were analyzed). 

For n > 100 or N > 5, data were tested for Gaussian distribution following D’Agostino-

Pearson tests to determine parametric versus non-parametric statistical testing. The 

statistical significance between two groups was evaluated with either two-tailed 

unpaired student’s t-tests for normally distributed data or two-tailed unpaired 

Mann-Whitney tests if the data did not follow a Gaussian distribution. In experiments 

that necessitated normalization (to 100 or 1) before analysis, one-sample t-tests or 

one-sample Wilcoxon rank tests were performed for normal and non-normal 

distributed data, respectively. The statistical significance between more than two 

experimental groups of normally distributed data was analyzed by one-way ANOVA, 

followed by a Tukey’s post hoc test, while Kruskal-Wallis tests with post hoc Dunn’s 

multiple comparison test were used when datasets did not follow Gaussian 

distribution. 

Corresponding statistical tests are indicated in the Figure and significance levels are 

annotated as asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001). 

Differences that are not significant are not stated or indicated as ns (p > 0.05). 

Statistical data evaluation was performed using GraphPad Prism 9.5.1 (733). All 

Figures were assembled using Affinity Designer (version 1.10.6.1665).  
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4. Results 
 

Cytoskeletal Dynamics modulate Synaptic Vesicle Endocytosis 

The cytoskeleton is the major cellular source of force generation and mediates vesicle 

trafficking and membrane deformation across various cell types 

(Aghamohammadzadeh & Ayscough, 2009; Hassinger et al., 2017; Thottacherry et al., 

2018), suggesting a similar function in pit formation and membrane retrieval in 

endocytic pathways of synaptic vesicle (SV) recycling. In fact, the absence of Actin 

filaments (F-Actin) by genetic depletion of β/γ-Actin isoforms results in complete 

blockage of all forms of endocytosis at several synapses (X. S. Wu et al., 2016), 

underscoring their importance in synaptic processes. However, the precise 

contributions of cytoskeletal assembly, stability, and contractility remain elusive, as 

previous studies on SV recycling utilizing pharmacological manipulations of 

cytoskeleton dynamics have yielded inconclusive, often conflicting data (Babu et al., 

2020; J. Bourne et al., 2006; Delvendahl et al., 2016; Z. Hua et al., 2011; Z. Li & Murthy, 

2001; Ogunmowo et al., 2023; Richards et al., 2004; Sankaranarayanan et al., 2003; 

Soykan et al., 2017; S. Watanabe, Rost, et al., 2013; L. G. Wu & Chan, 2022).  

 

To revisit the role of F-Actin dynamics in presynaptic endocytosis in hippocampal 

mouse neurons, the model system used in this study, we acutely treated cells with a 

pharmacological cocktail containing the G-Actin sequestering drug latrunculin A, 

F-Actin stabilizing compound jasplakinolide and Y-27632, an inhibitor of 

Rho-associated protein kinase (ROCK) signaling (Figure 29). This mixture has been 

shown to preserve the existing Actin-cytoskeleton architecture while blocking Actin 

assembly, disassembly and rearrangement, as well as the contractility of actomyosin 

strands through inhibition of ROCK (G. E. Peng et al., 2011).  

 

Figure 29: A pharmacological Cocktail to block Actin Dynamics  

The combination of latrunculin A, to sequester Actin monomers (G-Actin), jasplakinolide, to stabilize 

Actin filaments (F-Actin) and Y-27632, an inhibitor of Rho-associated protein kinase (ROCK) blocking 

myosin movement arrests Actin dynamics. 
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We investigated the effects of perturbing F-Actin dynamics by optically monitoring the 

exo- and endocytosis of exogenously expressed Synaptophysin (Syph) fused to a 

pH-sensitive super-ecliptic green fluorescent protein (pHluorin) on its luminal 

domain. Following exocytosis, pHluorin molecules are de-quenched due to their 

exposure to the neutral pH of the synaptic cleft and are re-quenched upon vesicle 

recycling and reacidification (Figure 24). Exocytosis is induced by field stimulation of 

cultured neurons with trains of action potentials (APs) at physiological temperature 

(37.5°C). SV endocytosis occurs on a timescale exceeding 10 seconds following these 

conditions, which is slower than the re-quenching reaction of pHluorin upon SV 

reacidification (López-Hernández et al., 2022; Soykan et al., 2017). Hence, the decay 

of pHluorin fluorescence post-stimulation serves as a measure of the time course of SV 

endocytosis. 

 

Blocking F-Actin dynamics by JLY application significantly impaired the endocytic 

retrieval of exogenously expressed Syph-pHluorin (Figure 30A/B), following 200 AP 

stimulation at physiological temperature in hippocampal synapses (Figure 30A/B). 

Interestingly, ROCK inhibition alone (Figure 30G/H), or the combined treatment of 

latrunculin A and jasplakinolide (Figure 30E/F) did not alter Syph-pHluorin 

endocytosis kinetics. Conversely, the co-application of Y-27632 and jasplakinolide 

resulted in a mild perturbation of endocytosis kinetics (Figure 30E/F). 

To mitigate potential artefacts stemming from exogenous expression of pHluorin 

reporters, we additionally assessed the internalization of the endogenous vesicular 

γ-aminobutyric acid transporter (vGAT) using antibodies targeting its luminal domain 

coupled to the pH-sensitive fluorophore CypHer5E (Y. Hua et al., 2011; López-

Hernández et al., 2022). This cyanine-based dye is quenched at neutral pH but exhibits 

bright fluorescence within the acidic lumen of SVs, serving as a marker for the exo- and 

endocytic cycling of endogenous SV proteins.  

Perturbation of Actin dynamics by JLY cocktail incubation significantly delayed the 

endocytic retrieval of endogenous vGAT in response to train stimulation with 200 Aps 

(Figure 30D/E), consistent with the observations from exogenously expressed Syph-

pHluorin.  
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Figure 30: Perturbation of Actin Dynamics blocks Endocytosis of Synaptophysin and 
vGAT. 
A: Averaged normalized Syph-pH fluorescence traces from transfected neurons stimulated with 200 
APs (40 Hz, 5s) at physiological temperature (37.5°C). Neurons were treated with 0.1% DMSO or JLY 
cocktail (containing 8 µM Jasplakinolide, 5 µM Latrunculin A and 10 µM Y-27632). N = 4; nDMSO = 23 
videos; nJLY = 36 videos. 
B: Endocytic decay constants (τ) of Syph-pHluorin traces in A: τDMSO = 29.1 ± 3.4 s; τJLY = 55.8 ± 7.2 s; 
p < 0.05, two-tailed student’s t-test. 
C: Averaged normalized bleach-corrected vGAT-CypHer fluorescence traces from hippocampal neurons 
treated with DMSO or JLY cocktail in response to 200 AP (40 Hz, 5s) stimulation. N = 4; nDMSO = 23 
videos; nJLY = 29 videos.D: Endocytic decay constants of vGAT-CypHer traces in C: τDMSO = 10.9 ± 0.7 s, 

τJLY = 24.6 ± 2.0 s; p < 0.001, two-tailed unpaired student’s t-test. 
E: Averaged normalized Syph-pH fluorescence traces from transfected hippocampal neurons treated 
with 0.1% DMSO, JY or JL combinations stimulated with 200 APs (40 Hz, 5s). N = 4; nDMSO = 24 videos; 
nJY = 19 videos; nJL = 21 videos. 
F: Endocytic decay constants (τ) of Syph-pHluorin traces in E: τDMSO = 19.0 ± 1.9 s; τJY = 28.5 ± 1.6 s; τJL 

= 18.2 ± 1.6 s; pDMSO vs JY < 0.01, one-way ANOVA with Tukey’s post-test. The dotted line indicates 
averaged τ from JLY treatments. 
G: Averaged normalized Syph-pH fluorescence traces from transfected hippocampal neurons treated 
with 0.1% DMSO or 10 µM Y-27632 following 200 AP (40 Hz, 5s) stimulation. N = 4; nDMSO = 25 videos; 
nY = 18 videos. 
H: Endocytic decay constants (τ) of Syph-pHluorin traces in G: τDMSO = 17.0 ± 2.2 s; τY = 20.2 ± 4.3 s. 
Data was generated together with Tolga Soykan. 

Taken together, these findings suggest that the dynamic Actin cytoskeleton facilitates 

presynaptic endocytosis in hippocampal neurons. 
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4.1. mDia1/3 Formins drive Synaptic Vesicle Endocytosis via 

presynaptic Actin  

 

The dynamics of F-Actin are tightly regulated by various protein classes, with filaments 

being rapidly assembled or severed in response to external stimuli (Rottner et al., 

2017). However, studies into the involvement of such Actin mediators in presynaptic 

endocytosis have been limited. Recent data suggests that formins, a class of proteins 

capable of nucleating, polymerizing, and stabilizing Actin filaments, in particular 

diaphanous-related formin 1 (mDia1), may promote the recycling of Synaptophysin-

pHluorin (Soykan et al., 2017), potentially by facilitating F-Actin assembly at the 

presynapse (Bingham et al., 2023; Ganguly et al., 2015). 

4.1.1. mDia Formin Activity bidirectionally controls the Kinetics of 

SV Recycling 
 

We confirmed that shRNA-mediated depletion of mDia1, targeting its 3’-untranslated 

region (3’-UTR), impaired Syph-pH endocytosis in response to 200 AP stimulation 

(Figure 31A/B) consistent with prior findings by (Soykan et al., 2017). This 

perturbation was rescued by reintroducing shRNA-resistant wild-type mDia1, as 

endocytosis kinetics were fully restored (Figure 31A/B).  

 

Figure 31: Loss of the Formin mDia1 impairs the Endocytosis of Synaptophysin. 
A: Averaged normalized Syph-pHluorin fluorescence traces from neurons transfected with shRNA-
encoding plasmids against no mammalian target (shCTR) or Diaph1 (shmDia1) in response to 200 AP 
(40 Hz, 5s) stimulation. Neurons were co-transfected with mDia1-mCherry (mDia1-WT) or mCherry 
alone (shCTR & shmDia1) to exclude artefacts from overexpression. N = 3; nshCTR = 28 videos, nshmDia1 = 
21 videos, nshmDia1 + mDia1-WT = 21 videos. 
B: Endocytic decay constants of Syph-pHluorin traces in E: τshCTR = 29.7 ± 1.9 s; τshmDia1 = 64.7 ± 3.9 s; 
τshmDia1 + mDia1-WT = 30.6 ± 3.7 s; pshCTR vs shmDia1 < 0.001, pshmDia1 vs shmDia1 + mDia1-WT < 0.001, one-way ANOVA 
with Tukey’s post-test. 
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Thus, these results underscore the critical involvement of the formin mDia1 in SV 

endocytosis. 

However, we noted that the impairment of SV endocytosis by genetic ablation of mDia1 

was less severe compared to the phenotypes observed following pharmacological 

inhibition of pan-formin activity by SMIFH2 application (Soykan et al., 2017). This 

discrepancy suggests potential compensatory mechanisms for the loss of mDia1 

function involving closely related formins. 

Based on domain architecture and function, the closest mDia1-related formins are the 

other isoforms of the diaphanous-related formin (DRF) family, namely mDia2 and 

mDia3. Previous studies on DRFs in the brain have indicated that mDia1 and mDia3 

are expressed in the hippocampi of adult mice and share over-lapping functions. In 

contrast, mDia2 serves distinct roles in neuronal development and in other brain 

regions of adult mice (Shinohara et al., 2012).  

Accordingly, we observed the expression of mDia1 and mDia3 in our hippocampal 

cultures (Figure 32A). To explore potential compensation between mDia1 and mDia3 

in presynaptic endocytosis, we generated lentivirus carrying shRNA targeting mDia1 

or mDia3. The combination of shmDia1+3 lentiviruses resulted in high transduction 

efficiency and depletion of both mDia1 and mDia3 levels in our hippocampal cultures 

12 days post-infection (Figure 32A).  

We further probed SV endocytosis by vesicular glutamate transporter 1 (vGLUT1)-

pHluorin expressed by lentiviral particles in those cultures to minimize artifacts from 

plasmid expression. Retrieval of vGLUT1-pHluorin in response to 40 or 80 AP 

stimulation was perturbed upon loss of mDia1 (Figure 32B-E), and the co-depletion of 

mDia3 tended to further exacerbate this effect (Figure 32B-E), while exocytic fusion 

remained unaffected (Figure 80). Similarly, significant blockage of endocytosis upon 

loss of mDia1/3 was observed when assessing the recycling of endogenous vGAT 

(Figure 32F/G). 

These findings suggest that mDia1/3 mediate SV endocytosis in both excitatory and 

inhibitory synapses, highlighting the overlapping functions of mDia1 and mDia3, 

consistent with previous studies (Deguchi et al., 2016; Litschko et al., 2019; Sakamoto 

et al., 2018; Shinohara et al., 2012; Thumkeo et al., 2011).  
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Figure 32: Loss of mDia1/3 impairs Kinetics of vGLUT1 and vGAT Recycling. 
A: Knockdown efficiency of lentiviral particles carrying shRNA against no mammalian target (shCTR) 
or Diaph1 and Diaph2 genes (shmDia1+3) in mouse hippocampal cultures harvested 12 days after 
transduction. Protein abundance of mDia1, mDia3 and Tubulin was immunoblotted with specific 
antibodies. 
B: Averaged normalized vGLUT1-pHluorin fluorescence traces from stimulated (40 APs; 20 Hz, 2 s) 
hippocampal neurons transduced with lentiviruses encoding shCTR, shmDia1 or both shmDia1 and 
shmDia3 combined (shmDia1+3). N = 4; nshCTR = 17 videos, nshmDia1 = 19 videos, nshmDia1+3 = 18 videos. C: 
Endocytic decay constants of vGLUT1-pHluorin fluorescence traces in B: τshCTR = 9.1 ± 0.8 s; τshmDia1 = 
14.3 ± 1.5 s; τshmDia1+3 = 16.4 ± 1.3 s; pshCTR vs shmDia1 < 0.05, pshCTR vs shmDia1+3 < 0.01, one-way ANOVA with 
Tukey’s post-test. 
D: Averaged normalized vGLUT1-pHluorin fluorescence traces for neurons transduced with shCTR, 
shmDia1 or shmDia1+3 in response to 80 AP stimulation (40 Hz, 2 s). N = 4; nshCTR = 12 videos; nshmDia1 

= 15 videos; nshmDia1+3 = 18 videos. 
E: Endocytic decay constants of vGLUT1-pHluorin fluorescence traces in D: τshCTR = 13.6 ± 1.6 s; τshmDia1 
= 22.0 ± 3.2 s; τshmDia1+3 = 26.9 ± 3.6 s; pshCTR vs shmDia1+3 < 0.05, one-way ANOVA with Tukey’s post-test. 
F: Averaged normalized bleach-corrected vGAT-CypHer fluorescence traces from hippocampal neurons 
transduced with shCTR or shmDia1+3 in response to 200 AP (40 Hz, 5s) stimulation. N = 8; nshCTR = 37 
videos, nshmDia1+3 = 35 videos.G: Endocytic decay constants of vGAT-CypHer traces in F: τshCTR = 14.1 ± 
1.3 s; τshmDia1+3 = 27.3 ± 2.6 s; p < 0.001, two-tailed unpaired student’s t-test. 

As blocking mDia1+3 activity by genetic ablation impaired SV endocytosis (Figure 

32A/B), we were prompted to test the effects of artificially activating mDia function on 

endocytic membrane retrieval. DRFs are autoinhibited by an intramolecular 

interaction of their N-terminal diaphanous-inhibitory domain (DID) with their 

C-terminal diaphanous-autoregulatory domain (DAD) (Rose et al., 2005). In vivo, this 

autoinhibition is relieved by binding to GTP-bound forms of small Rho GTPases, 

converting biochemical signaling to mechanical output (Blanchoin et al., 2014). 
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Here, we modulated mDia formin activity by the application of IMM-01 (IMM), an 

intramimic compound that binds to the armadillo-repeat region, displacing the DAD 

from its binding pocket within the DID (Lash et al., 2013). Consequently, IMM binding 

to mDia formins prevents intramolecular association with the DAD domain, resulting 

in a continuously-accessible FH2 domain to associate with Actin. In NIH 3T3 cells, the 

application of IMM phenocopies the effects of overexpressing constitutively active 

forms of mDia formins, inducing the formation of filopodia-like structures and 

gradually increasing F-Actin abundance over time (Lash et al., 2013). 

The acute treatment of neurons with IMM resulted in a moderate but significant 

acceleration of SV endocytosis, as monitored by vGLUT1-pHluorin (Figure 33), 

indicating that mDia activation facilitates SV kinetics. 

 

 

Figure 33: Activation of mDia1 facilitates vGLUT1 Endocytosis. 
A: Averaged normalized vGLUT1-pHluorin fluorescence traces from transduced neurons in response to 
80 AP (40 Hz, 2s) stimulation. Cells were treated with 0.1% DMSO or 10 µM mDia activator (IMM) in 
the imaging buffer. N = 3; nDMSO = 18 videos; nIMM = 16 videos. 
B: Endocytic decay constants of vGLUT1-pHluorin traces in A: τDMSO = 14.9 ± 0.8 s; τIMM= 9.8 ± 0.5 s; p 
< 0.05, two-tailed unpaired student’s t-test. 

 

Taken together, these results indicate that the activities of mDia1/3 formins 

bidirectionally drive synaptic vesicle recycling, as their perturbation blocks (Figure 

32), while stimulation accelerates (Figure 33) the kinetics of synaptic vesicle 

endocytosis. 

4.1.2. mDia1/3 modulate Ultrastructure of presynaptic Membranes 

The recycling of synaptic vesicles involves distinct and overlapping pathways that 

operate on different timescales depending on the initial stimulus and temperature. At 

physiological temperature, fast Clathrin-independent mechanisms drive the initial and 

immediate membrane retrieval to generate endocytic intermediates that are rapidly 

transported and fused to transient endosome-like vacuoles (ELVs) (Delvendahl et al., 
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2016; Kononenko et al., 2014; Soykan et al., 2017). Subsequently, synaptic vesicles are 

then regenerated via Clathrin-mediated budding from ELVs (Chanaday & Kavalali, 

2018a; S. Watanabe et al., 2014; Zhu et al., 2009). 

We previously identified a role for mDia1/3 in SV cycling, as genetic ablation of those 

formins blocks the endocytic retrieval of exogenous and endogenous SV proteins 

monitored in pHluorin and CypHer assays. However, these assays are limited in 

determining the precise stage at which formins act on SV recycling. The observed 

acidification phenotypes could stem from a) the blockage of initial membrane retrieval, 

b) failed transport of endocytic intermediates to ELVs, or c) perturbed cargo sorting of 

the v-ATPase, the synaptic vesicle protein pump, into newly generated vesicles. 

 

To elucidate the stages of the synaptic vesicle cycle in which formins are implicated, we 

investigated the ultrastructure of synaptic boutons upon genetic depletion of mDia1/3 

using electron microscopy (EM). EM analysis allows the quantification of 

membrane-bound compartments representing intermediates of the SV cycle, including 

coated and non-coated vesicles, coated and non-coated invaginations and ELVs 

(Figure 28). 

Synapses from mDia1/3-depleted neurons displayed drastic alterations of membrane-

bound compartments (Figure 34A). However, Clathrin-coated intermediates, such as 

pits and vesicles, were rarely observed in both control and mDia1/3-depleted cells 

(Data not shown). Interestingly, the loss of mDia1/3 resulted in a mild increase in 

Clathrin-coated pits, while the number of Clathrin-coated vesicles was not significantly 

altered (Data not shown). Those results are consistent with predominant Clathrin-

independent mechanisms of endocytic membrane retrieval and underscore that 

mDia1/3 are dispensable for vesicle uncoating mechanisms following budding from 

ELVs. 
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Figure 34: Loss of mDia1/3 alters Membrane Compartments and synaptic Ultrastructure. 
A: Representative synaptic electron micrographs of hippocampal neurons transduced with lentiviral 
particles encoding shCTR or shmDia1+3. Invaginations and ELVs are colored in blue and yellow, while 
postsynapse and synaptic cleft are colored in green and maroon, respectively. Scale bar, 250 nm. 
B-E: Averaged membrane compartments of boutons exemplified in A. [B: SVs/ μm2 : shCTR (92.2 ± 
2.5);  shmDia1+3 (81.4 ± 2.9; p < 0.0001, Mann-Whitney test)]; [C: Invaginations/μm2: shCTR (0.5 ± 
0.1); shmDia1+3 (0.9 ± 0.1; p < 0.0001, Mann-Whitney test)]; [D: ELVs/μm2: shCTR (1.4 ± 0.1); 
shmDia1+3 (2.7 ± 0.2; p < 0.0001, Mann-Whitney test); [E: Bouton size: shCTR (0.8 ± 0.0) and 
shmDia1+3 (0.9 ± 0.0; p < 0.01, Mann-Whitney test)]. N = 3; nshCTR = 326 synapses, nshmDia1+3 = 323 
synapses.Experiments were performed together with Svea Hohensee. 

Conversely, we found accumulations of non-coated plasma membrane invaginations 

both in the vicinity and distal of the active zone (Figure 34C).  
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Figure 35: Knockout of mDia1 alters synaptic Ultrastructure. 
A: Representative synaptic electron micrographs of hippocampal neurons from WT or mDia1 KO mice. 
Invaginations and ELVs are colored in blue and yellow, while postsynapse and synaptic cleft are colored 
in green and maroon, respectively. Scale bar, 250 nm. 
B-E: Averaged membrane compartments of boutons exemplified in A. [B: SVs/ μm2 : WT (117.6 ± 5.3); 
mDia1 KO (84.6 ± 5.2; p < 0.0001, Mann-Whitney test)]; [C: Invaginations/μm2: WT (0.1 ± 0.1); mDia1 
KO (0.4 ± 0.1; p < 0.01, Mann-Whitney test)]; [D: ELVs/μm2: WT (1.3 ± 0.2); mDia1 KO (3.1 ± 0.5; p < 
0.001, Mann-Whitney test)]; [E: Bouton size: WT (0.7 ± 0.0); mDia1 KO (0.9 ± 0.0; p < 0.05, Mann-
Whitney test)]. N = 1; nWT = 103, nmDia1KO= 96 synapses.Experiments were performed together with Atul 
Kumar and Dmytro Puchkov.  

Moreover, elevated numbers of ELVs (Figure 34D) were observed, suggesting a role as 

donor membranes for SV reformation (Kononenko & Haucke, 2015; S. Watanabe et al., 

2014), as supported by the observed reduction in SV numbers in mDia1/3-depleted 
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neurons (Figure 34B). Notably, significant accumulations of plasma membrane 

invaginations (Figure 35A/C) and ELVs (Figure 35D) correlated with reduced numbers 

of SVs (Figure 35B) were similarly found in hippocampal neurons from mDia1 KO 

mice. Interestingly, both in mDia1-KO (Figure 35E) and mDia1+3-depleted neurons, 

presynaptic boutons (Figure 34E) were enlarged in size, a phenotype previously 

observed in mDia1/3-KO mice following neuronal inactivation (Deguchi et al., 2016).  

Taken together, the loss of mDia formins significantly alters synaptic ultrastructure, 

characterized by the extension of bouton size, accumulations of endocytic 

intermediates such as invaginations and ELVs, and a reduction in SV density. Our 

observations suggest that mDia formins act at the early stages of endocytosis, 

specifically in the membrane retrieval step involving the deformation of membranes. 

In addition, formins mediate the reformation of synaptic vesicles from ELVs.  

 

We conducted further analysis of ultrastructural changes in mDia1/3-depleted boutons 

upon induction of endocytosis following stimulation with 200 APs, as well as 

inactivation of network activity by silencing neurons through the application of 

tetrodotoxin (TTX), a voltage-gated sodium channel blocker, inhibiting AP 

propagation and evoked neurotransmission (Horvath et al., 2020).  

Electrical stimulation exacerbated the accumulation of membrane invaginations and 

ELVs in the loss of mDia1/3 (Data not shown), in stark contrast to EM phenotypes 

observed in stimulated boutons after pharmacological inhibition of pan-formin activity 

by SMIFH2 (Soykan et al., 2017). Interestingly, the depletion of the synaptic vesicle 

pool upon mDia1/3 perturbation was rescued by blocking evoked and asynchronous 

release through TTX treatment (Figure 36A/B), indicating that the phenotype of SV 

reduction in mDia1/3-depleted neurons is activity-dependent. Conversely, silencing 

neuronal cultures for three days did not resolve the accumulations of membrane 

invaginations and endosome-like-vacuoles (Figure 36C/D), suggesting that the 

formation of those intermediates is not dependent on evoked neurotransmission. 
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Figure 36: Neuronal Inactivation partially rescues ultrastructural Phenotypes upon 
mDia1/3 depletion. 
A: Representative synaptic electron micrographs from neurons transduced with shCTR or shmDia1+3 
and treated with 0.1% Vehicle or 1 µM TTX for 36 h before fixation. Invaginations and ELVs are colored 
in blue and yellow, postsynapse and synaptic cleft are colored in green and maroon, respectively. Scale 
bar, 250 nm. 
B-D: Averaged membrane compartments of boutons exemplified in A. N = 2, nshCTR + Vehicle = 225 
synapses, nshmDia1+3 + Vehicle = 225 synapses, nshCTR + TTX = 204 synapses, nshmDia1+3 + TTX = 221 synapses.  
B: Averaged SVs/ μm2 : shCTR + Vehicle (90.7 ± 3.1); shmDia1+3 + Vehicle (83.2 ± 2.9); shCTR + TTX 
(98.4 ± 3.3); shmDia1+3 + TTX (93.8 ± 3.1); pshmDia1+3 + Vehicle vs shmDia1+3 + TTX < 0.05, Kruskal-Wallis test 
with Dunn’s post-test.  
C: Averaged Invaginations/μm2: shCTR + Vehicle (0.5 ± 0.1); shmDia1+3 + Vehicle (0.9 ± 0.1); shCTR 
+ TTX (0.4 ± 0.1); shmDia1+3 + TTX (0.9 ± 0.1). Legend continued on next page. 
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D: Averaged ELVs/μm2: shCTR + Vehicle (1.2 ± 0.1); shmDia1+3 + Vehicle (2.4 ± 0.2); shCTR + TTX 
(1.0 ± 0.1); shmDia1+3 + TTX (2.1 ± 0.2). 
Experiments were performed together Svea Hohensee. 

As the genetic perturbation of mDia1/3 results in accumulations of plasma membrane 

invaginations in an activity-independent manner, we questioned whether the observed 

undulations were of an endocytic nature. When endocytosis is drastically perturbed, 

SV proteins accumulate on stalled endocytic invaginations at the plasma membrane 

(López-Hernández et al., 2022; Raimondi et al., 2011) Stalled synaptic vesicle proteins 

can be visualized by antibodies recognizing exposed luminal domains on the plasma 

membrane surface under non-permeabilizing conditions. To determine if membrane 

deformations observed in our study can be classified as endocytic intermediates, we 

differentially accessed surface (stalled at the plasma membrane) and total (present at 

the plasma membrane and internalized) pools of SV proteins by performing 

immunostaining in non-permeabilized and detergent-permeabilized conditions 

(Figure 26). 

Following confocal microscopy analysis of the total and surface pools of synaptic 

vesicle proteins Synaptotagmin1, vGLUT1, and vGAT, we found that Synaptotagmin1 

surface levels remained unchanged in mDia1/3-depleted boutons marked by Synapsin1 

staining (Figure 37A/B). In contrast, vGLUT1 and vGAT abundance on the plasma 

membrane was significantly reduced in neuronal cultures lacking mDia1/3, suggesting 

a potential endocytosis overshoot at steady-state (Figure 37C-F). These findings are in 

stark contrast to the loss of endocytic proteins such as AP-2 (López-Hernández et al., 

2022) or Dynamin1/3 (Raimondi et al., 2011), indicating that mDia formins act on 

endocytosis via distinct mechanisms.  

Hence, the accumulated membrane invaginations of the plasma membrane observed 

in electron microscopy (Figure 34/Figure 36) are not decorated with stalled SV 

proteins (Figure 37), indicating that they differ from activity-dependent endocytic pit 

formation.  
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Figure 37: Depletion of mDia1/3 perturbs surface Levels of SV Proteins. 
A: Representative confocal images of the surface (yellow) and total (magenta) pool of Synaptotagmin1 
(Syt1) in hippocampal neurons treated with lentiviral particles against shCTR and shmDia1+3. Scale bar, 
2.5 µm.  
B: Analysis of surface levels of Synaptotagmin1 in shCTR (1.0 ± 0.0) and shmDia1+3 (1.0 ± 0.1) treated 
neurons in Synapsin1 positive boutons. Levels are expressed as the ratio of surface to total 
Synaptotagmin1 and are normalized to shCTR, which was set to 1. N = 5; nshCTR = 37 images, nshmDia1+3 = 
38 images. 
C: Representative confocal images of the surface (yellow) and total (magenta) pool of vGLUT1 in 
hippocampal neurons treated with lentiviral particles against shCTR and shmDia1+3. Scale bar, 2.5 µm. 
D: Analysis of surface levels of vGLUT1 in shCTR (1.0 ± 0.1) and shmDia1+3 (0.8 ± 0.1) treated neurons 
in Synapsin1 positive boutons. Levels are expressed as the ratio of surface to total Synaptotagmin1 and 
are normalized to shCTR values, which was set to 1. N = 5; nshCTR = 38 images, nshmDia1+3 = 35 images. 
E: Representative confocal images of the surface (yellow) and total (magenta) pool of vGAT in 
hippocampal neurons treated with lentiviral particles against shCTR and shmDia1+3. Scale bar, 2.5 µm. 
F: Analysis of surface levels of vGAT in shCTR (1.0 ± 0.1) and shmDia1+3 (0.9 ± 0.1) treated neurons in 
Synapsin1 positive boutons. Levels are expressed as the ratio of surface to total Synaptotagmin1. Values 
were set to 1 for shCTR. N = 2; nshCTR = 15 images, nshmDia1+3 = 13 images. 
Experiments were performed together with Hannah Gelhaus. 

Taken together, mDia1/3 play a critical role in driving the replenishment of the SV pool 

by modulating endocytic membrane retrieval and reformation of SVs from transient 

endosomal intermediates (Figure 34). Furthermore, membrane accumulations in 
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mDia1/3-depleted neurons are present at steady-state and do not resolve under 

silencing conditions (TTX) (Figure 36), indicating an activity-independent non-

endocytic nature (Figure 37). Hence, our data support a more general role for mDia 

formins in maintaining presynaptic membrane architecture and homeostasis. 

4.1.3. mDia1 interacts with the presynaptic Membrane 

 

Ultrastructural analysis of the genetic depletion of mDia1/3 revealed significant 

phenotypes on presynaptic membrane architecture. Building upon earlier findings 

implicating formins in mediating endocytosis kinetics, we argued that mDia formins 

must be targeted to membranes to drive SV retrieval. Interestingly, mDia1 harbors an 

unstructured N-terminal region that has been implicated in membrane association and 

insertion (Ramalingam et al., 2010). The membrane-binding region of mDia1 contains 

three stretches of basic amino acid sequences that mediate binding to negatively 

charged phospholipids such as PI(4,5)P2 at the plasma membrane (Bucki et al., 2019). 

This architecture suggests that mDia1’s function in SV retrieval involves the 

recruitment to and association with presynaptic membranes.  

 

To test this hypothesis, we generated an N-terminal truncation mutant of mDia1 

(mDia1-ΔN) lacking its first 60 amino acids (Figure 38A). Following membrane 

isolation through ultracentrifugation, we found that this truncation mutant displayed 

reduced association with the membrane fraction, marked by lysosomal associated 

membrane protein 1 (LAMP-1) enrichment in transfected HEK293T cells (Figure 

38A/B). The perturbed membrane association rendered mDia1-ΔN unable to restore 

the kinetics of Syph-pHluorin endocytosis in comparison to the wild-type protein in 

neurons depleted of endogenous mDia1 using microRNA (Figure 38C/D).  

Hence, our findings suggest that the N-terminal domain of mDia1 is crucial for SV 

endocytosis, likely through direct binding to membranes. 
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Figure 38: Membrane Association of mDia1 is mediated by its N-terminus to modulate SV 
Recycling.  
A: Schematic representation of functional domains of mDia1. Rho-binding domain (RBD), Diaphanous 
inhibitory domain (DID), Dimerization domain (DD), Coiled coil domain (CC), Formin homology 
domain 1 (FH1), Formin homology domain 2 (FH2), Diaphanous autoinhibitory domain (DAD). The 
unstructured N-terminus (first 60 amino acids) contains three basic stretches and was truncated in the 
ΔN mutant. 
B: Membrane levels of mDia1-WT-mCherry versus mDia1-ΔN-mCherry proteins overexpressed in 
HEK293T cells. Membrane and cytosolic cellular fractions were isolated by ultracentrifugation and 
analyzed by immunoblotting with specific antibodies (LAMP1) and in-gel fluorescence of mCherry tags. 
C: Densitometric quantification of mDia1-WT versus mDia1-ΔN (0.6 ± 0.1; p < 0.05, one sample t-test) 
membrane-associated protein levels. Data shown are normalized to mDia1-WT (set to 1). N = 5 
independent experiments. 
D: Averaged normalized Syph-pHluorin fluorescence from stimulated (200 APs, 40 Hz, 5s) 
hippocampal neurons transfected with shCTRmiR or shmDia1miR. For rescue experiments, neurons 
were co-transfected with plasmids encoding mDia1-WT-mCherry, mDia1-ΔN-mCherry or mCherry 
alone (shCTRmiR & shmDia1miR). N = 5; nshCTRmiR = 41 videos, nshmDia1miR = 51 videos, nshmDia1miR + mDia1-

WT = 35 videos, nshmDia1miR + mDia1-ΔN = 37 videos. 
E: Endocytic decay constants of Syph-pHluorin traces from D: τshmDia1miR + mDia1-WT = 20.0 ± 0.8 s; 
τshmDia1miR + mDia1-ΔN = 34.5 ± 2.9 s; τshCTRmiR = 21.8 ± 1.1 s, τshmDia1miR = 30.4 ± 1.9 s; pshCTRmiR vs shmDia1miR < 
0.05; pshmDia1miR vs shmDia1miR + mDia1-WT < 0.01; pshmDia1miR + mDia1-WT vs shmDia1miR + mDia1-ΔN < 0.01, one-way 
ANOVA with Tukey’s post-test).  

As assaying the mDia1-ΔN mutant in pHluorin rescue experiments indicated a role of 

membrane binding of formins in SV endocytosis, we were prompted to analyze the 

nanoscale localization of mDia1. In order to resolve small structures like synapses 

(Nosov et al., 2020), super-resolution microscopy has to be applied. Here, we 

employed multicolor time-gated stimulated emission depletion (gSTED) microscopy 
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to investigate the distribution of synaptic mDia1 with respect to marker proteins of the 

pre- and postsynapse. 

Hippocampal neurons were stained for mDia1, the presynaptic active zone marker 

Bassoon, and Homer 1, a scaffold protein of the postsynaptic density (PSD). Synapses 

were selected based on their orientation, i.e., synapses exhibiting a clear juxtaposition 

of Bassoon (presynapse) and Homer1 (postsynapse) punctae in the xy-plane were 

taken into account. Line profiles perpendicular to the synaptic cleft, representing the 

space between Bassoon and Homer1 clusters, were generated and analyzed to assess 

the distributions of the three proteins (Gerth et al., 2019) (Figure 27). This analysis 

revealed that endogenous mDia1 is primarily localized to the presynaptic compartment 

(Figure 39A/D), where it is concentrated at or very close to the plasma membrane, i.e., 

within 50 nm from the presynaptic membrane (Dani et al., 2010).  

Hence, our findings underscore that at steady-state, mDia1 is concentrated at the 

presynaptic plasma membrane in hippocampal neurons. 

Given the presence of mDia1 at putative endocytic sites under steady-state conditions 

(Figure 39), we were prompted to investigate alterations in the localization or 

distribution of mDia1 when endocytosis is induced or perturbed. To quantify the 

abundance of presynaptic mDia1, we integrated the individual absolute synaptic line 

profiles corresponding to the defined presynapse, delineated by the relative Bassoon 

distribution (Bolz et al., 2023) (Figure 27). 

To investigate the dynamics of mDia1 when endocytosis is induced, we fixed and 

stained cultures after electrical stimulation with 200 AP trains. Interestingly, mDia1 

levels at the presynaptic membrane were reduced at stimulated boutons (Data not 

shown), indicating the removal of mDia1 from sites of endocytosis following high 

activity. To block endocytosis, we utilized the pan-Dynamin inhibitor Dynasore, known 

to acutely induce accumulation of endocytic intermediates in electron microscopy 

studies (Macia et al., 2006), as a result of impaired membrane scission. Notably, 

Dynasore-treated synapses did not exhibit changes in mDia1 levels or localization 

under steady-state conditions (Data not shown). 
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Figure 39: mDia1 is localized to endocytic Spots at the presynaptic Membrane.  
A: Representative three-channel time-gated STED images of synapses from hippocampal cultures 
treated with 0.1% DMSO or 80 μM Dynasore for 10 min before fixation and immunostained for Bassoon 
(presynaptic marker, magenta), mDia1 (cyan) and Homer1 (postsynaptic marker, green). Scale bar, 
250 nm. 
B: Representative STED images of synapses from hippocampal cultures transduced with wildtype 
Dynamin1 (WT) or GTPase-deficient Dynamin1 (K44A) in response to 200 AP (40 Hz, 5s) stimulation. 
Cells were immunostained for Bassoon (magenta), mDia1 (cyan) and Homer1 (green). Scale bar, 
250  nm. 
C: Expression levels of Dynamin1 in neurons transduced with Dynamin1 WT or K44A for 12 days. 
Protein abundance of Dynamin1 and Actin were immunoblotted with specific antibodies. 
D: Averaged normalized line profiles for synaptic distribution of mDia1 and Homer1 relative to Bassoon 
(Maximum set to 0 nm). N = 3; n = 235 synapses. 
E/F: Presynaptic (E) and postsynaptic (F) mDia1 levels in synapses in A; presynaptic DMSO = 100 ± 
7.3; presynaptic Dynasore = 145.8 ± 9.3; p = 0.0001; one sample Wilcoxon test; postsynaptic DMSO = 
42.6 ± 3.4, postsynaptic Dynasore 56.5 ± 3.3; p < 0.001, Mann-Whitney test. Data shown are normalized 
to presynaptic DMSO (set to 100). N = 3; nDMSO = 92 synapses, nDynasore = 135 synapses. 
G/H: Quantification of Bassoon (G) and Homer1 (H) levels in synapses from A: Bassoon DMSO 100.0 
± 4.5; Bassoon Dynasore 103.7 ± 4.1; Homer1 DMSO 100.0 ± 4.3; Homer1 Dynasore 98.6 ± 5.3. 
I: Presynaptic mDia1 levels in synapses from B: Dynamin1-WT 100 ± 6.2; Dynamin1-K44A 142.9 ± 8.3, 
p < 0.0001, one sample Wilcoxon test. Data shown are normalized to Dynamin1-WT (set to 100). N = 2; 
nWT = 43 synapses, nK44A = 51 synapses. 

However, if Dynasore was applied to cells additionally subjected to electrical 

stimulation with 200 APs, we observed a significant accumulation of mDia1 at 

presynaptic sites marked by Bassoon (Figure 39E). Similarly, Dynasore treatment 
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increased mDia1 levels at the postsynapse (Figure 39F); however, the abundance of 

Bassoon and Homer1 was unaffected (Figure 39G/H).  

We further substantiated those findings, by lentivirally overexpressing dominant-

negative Dynamin1 K44A, a GTPase inactive mutant, in hippocampal cultures (Figure 

39C). Similarly, stimulated neurons expressing the mutant Dynamin1 K44A exhibited 

a significant increase in presynaptic mDia1 levels (Figure 39B/I) mirroring the effects 

observed following pharmacological pan-Dynamin inhibition. 

Hence, our findings further underline the role of mDia1 in the early stages of SV 

endocytosis, as mDia1 accumulates on endocytic intermediates that are stalled when 

Dynamin function is impaired. 

Taken together, these results indicate that mDia1 localizes at the presynaptic 

membrane (Figure 39) and this association is a crucial determinant for its role in 

mediating SV endocytosis (Figure 38). 

4.1.4. mDia1 associates with Proteins of the Endocytic Machinery 
 

We observed an accumulation of mDia1 at presynaptic sites upon disruption of 

endocytosis by interfering with Dynamin function (Figure 39). Previous studies have 

shown that genetic ablation of Dynamin isoforms results in the accumulation of 

endocytic machinery (Ferguson et al., 2009). Consequently, we hypothesized that 

mDia1 might associate with or directly interact with endocytic proteins to drive SV 

recycling. Hence, we were prompted to investigate the interactome of synaptic mDia1 

to identify potential pathways involved in its role in endocytosis. 

We discovered that mDia1 was localized in synaptosomes (P2’) isolated by 

ultracentrifugation (Figure 40C), indicating its synaptic localization, consistent with 

our STED analysis (Figure 39). We further isolated synaptic mDia1 by 

immunoprecipitation from lysates using specific antibodies (Figure 40C/D). 

We conducted an unbiased quantitative proteomic (MS) analysis of 

immunoprecipitates from detergent-extracted mouse synaptosomes to dissect the 

interactome of synaptic mDia1. In our analysis, we identified a total of 625 proteins in 

synaptic immunoprecipitates of mDia1, of which 318 were enriched (> 1-fold) 

compared to precipitates of a control (CTR) antibody (Figure 40A). Alongside the bait 

protein mDia1 and Actin itself, our analysis revealed the presence of various 

Actin-regulatory proteins, including Myosin IIB (MyoIIB) and the small GTPase Rac1, 

as confirmed by both MS analysis and immunoblotting (Figure 40B/C).  
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Figure 40: Synaptic mDia1 associates with cytoskeletal and endocytic Proteins. 
A: Volcano plot of proteins associating with synaptic mDia1 analyzed by label-free proteomics of anti-
mDia1 versus control (CTR) immunoprecipitates from detergent-extracted mouse synaptosomes (P2’ 
fraction). The logarithmic ratios of protein intensities are plotted against negative logarithmic p-values 
derived from two-tailed student’s t-test. The cyan dot shows the specific enrichment of mDia1 as the bait 
protein of the immunoprecipitation (p < 0.001, two-tailed student’s t-test). N = 3 independent 
experiments. 
B: Zoom into volcano plot in A highlighting specific proteins association with synaptic mDia1: Selected 
cytoskeletal hits include β/γ-Actin, Myosin IIB (MyoIIB) and Rac1. Selected endocytic hits include 
Amphiphysin (p < 0.05), Dynamin1, Endophilin-A1, PACSIN1, PACSIN2 (p < 0.05) and Synaptojanin1. 
C: Endogenous immunoprecipitation of mDia1 from detergent-extracted mouse synaptosomes using 
mDia1-specific antibodies. Samples were analyzed by immunoblotting using specific antibodies against 
mDia1, MyoIIB and β-Actin. 
D: Endogenous immunoprecipitation of endocytic proteins by mDia1 from detergent-extracted mouse 
synaptosomes (P2’ fraction). Precipitates were analyzed by immunoblotting for mDia1, Synaptojanin1, 
Dynamin1 and PACSIN1. 
E: Pulldown of overexpressed F- and N-BAR proteins from HEK293T cells by truncated mDia1 
expressed from E. coli. Samples were analyzed by immunoblotting for GST and the respective protein 
tags of the BAR proteins. 
Mass spectrometry was performed by Heike Stepahnowitz. 

Interestingly, several proteins previously implicated in SV endocytosis were also 

enriched in mDia1 immunoprecipitates. These proteins include the lipid phosphatase 

Synaptojanin1, the bin-amphiphysin-rvs (BAR) domain proteins Amphiphysin, 

Endophilin-A1, and PACSIN1/2, and the GTPase Dynamin1 (Andersson et al., 2008; 

Raimondi et al., 2011; S. Watanabe et al., 2018) as confirmed by immunoblotting 

(Figure 40D). Proteins of the BAR family have previously been implicated in binding 

to formins and regulating their activity and localization (Aspenström, 2010; Echarri et 

al., 2019). It has been proposed that their direct interaction is mediated by the proline-
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rich formin homology 1 (FH1) domain of mDia1 and the Src-homology 3 (SH3) domain 

found in BAR proteins (Wallar & Alberts, 2003). 

Consistently, we narrowed down the interaction site of BAR proteins within mDia1 to 

a C-terminal fragment containing the FH1, FH2, and DAD domains (Figure 40E). This 

affinity-purified immobilized mDia1 fragment successfully isolated a myriad of 

different F-BAR proteins when overexpressed in HEK293T cells following pulldown 

experiments.  

Taken together, the synaptic interactome of mDia1, enriched with endocytic and 

cytoskeletal machinery, underscores its potential role in synaptic vesicle endocytosis, 

likely through modulation of the Actin cytoskeleton. 

 

Surprisingly, the number of identified proteins in the interactome of mDia1 was low, 

possibly limited by its reduced presynaptic abundance (Wilhelm et al., 2014). To 

complement our findings from the immunoprecipitation of mDia1, we additionally 

investigated the proximal protein environment of mDia1 using proximity labeling (PL) 

with TurboID. TurboID is an optimized biotin ligase that covalently biotinylates 

proximal proteins (within a range of 10 nm; (Cho et al., 2020)) in an ATP- and biotin-

rich environment. When used as a protein tag, TurboID can enable the preservation of 

the native state of spatial relationships, as the isolation and analysis of labeled 

proximal neighbor proteins are straightforward. 

To investigate the synaptic protein environment of mDia1, we compared proteins 

biotinylated by mDia1-TurboID with a non-specific cytosolic TurboID, which 

promiscuously biotinylates proteins in its reference compartment, the neuronal 

cytosol. This comparison allows us to identify proteins that are specifically proximal to 

mDia1 at synaptic sites. 

To test the experimental setup, hippocampal neurons were transduced with lentiviral 

particles expressing cytosolic TurboID control (CTR) or mDia1-TurboID and  

biotinylation efficiency was analysed. Cells were treated with DMSO or exogenous 

biotin to increase substrate availability for the ligase tag. Biotinylated proteins were 

visualized by fluorophore-coupled Streptavidin alongside Synapsin1, serving as a 

synaptic marker. Synaptic levels of biotinylated proteins were increased when TurboID 

CTR was expressed and further enhanced by overnight treatment with exogenous 

biotin (Figure 41A).  
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Figure 41: The proximal Protein Environment of neuronal mDia1. 
A: Representative images of neurons transduced with the cytosolic biotin ligase TurboID, treated with 
100 μM Biotin for 12 h and stained for Synapsin1 (magenta) and biotinylated proteins (cyan). Scale bar, 
1 µm. 
B: Analysis of biotinylated protein abundance in neurons transduced with cytosolic TurboID (CTR) or 
mDia1 fused to TurboID (mDia1-TurboID) and treated with 100 μM Biotin for 12 h. Biotinylated proteins 
were enriched by pulldown via immobilized Streptavidin and visualized by immunoblotting utilizing 
mDia1-specific antibodies and chemiluminescent Streptavidin. 
C/E: Volcano plot of proteins in the proximal environment of neuronal mDia1 analyzed by label-free 
proteomics of biotinylated proteins in neurons transduced with mDia1-TurboID or mock-treated cells. 
The logarithmic ratios of protein intensities are plotted against negative logarithmic p-values derived 
from two-tailed student’s t-test. Each dot represents one protein. The cyan dot shows the specific 
enrichment of mDia1 as the bait protein (p < 0.01, two-tailed student’s t-test). Zoom-in on endocytic 
and cytoskeletal hits is presented in E. N = 3 independent experiments. 
D/F: Volcano plot of proteins in the proximal environment of neuronal mDia1 analyzed by label-free 
proteomics of biotinylated proteins in neurons transduced with cytosolic CTR or mDia1-TurboID. The 
cyan dot shows the specific enrichment of mDia1 as the bait protein (p < 0.01, two-tailed student’s t-
test). Zoom-in on endocytic and cytoskeletal hits is presented in F. N = 3 independent experiments. 
Experiments were performed together with Gresy Bregu and Heike Stepahnowitz. 

As proximal biotinylation was successful, we further tested the isolation of biotinylated 

proteins by pulldown utilizing immobilised Streptavidin. Immunoblotting indicated 

the enrichment of biotinylated proteins in both the CTR and mDia1 conditions with 

respect to a non-infected control (mock) (Figure 41B). We further analysed the 
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respective isolated proteomes in three conditions: mock-treated (to exclude proteins 

non-specifically bound to immobilized Streptavidin), cytosolic TurboID as the control 

(CTR) and wild-type mDia1. This analysis identified 2750 proteins in eluates stemming 

from mDia1 alone, of which 2295 were specifically enriched with respect to the mock 

(Figure 41C/E), and 1370 proteins were specifically biotinylated by mDia1 compared 

to the promiscuous cytosolic CTR (Figure 41D/F). Significantly higher amounts of 

biotinylated proteins were identified in the CTR compared to mDia1, possibly due to 

the higher expression of the small ligase tag alone or the random localization in 

comparison to the directed localization of mDia1.  

Hence, highly abundant neuronal proteins could be specific mDia1 neighbors but 

might not show significant enrichment over the CTR, prompting us to analyze both 

mock and CTR enrichment. TurboID-based proximity labeling coupled with proteomic 

identification of biotinylated proteins complemented the interactome analysis by 

direct immunoprecipitation of mDia1 from synaptosomes, as over 50% of proteins 

identified in the immunoprecipitates were also identified by proximity-labeling. 

Common hits included cytoskeletal components like Actin, MyoIIB and Rac1, as well 

as endocytic proteins like N-BAR proteins Amphiphysin, Endophilin, F-BAR proteins 

PACSIN1/2, Synaptojanin1 and Dynamin1 (Figure 41E/F). Interestingly, mDia3 was 

also highly biotinylated by mDia1, indicating the action of both isoforms in similar 

synaptic compartments, underscoring their compensation ability, as observed before 

(Figure 32). 

 

Taken together, the MS analysis of the synaptic protein environment of mDia1 either 

by immunoprecipitation (Figure 40) or proximity-ligation (Figure 41) further 

substantiates the notion that mDia1 mediates endocytosis by modulating the 

cytoskeleton at endocytic sites, where additional endocytic factors are present. 

4.1.5. mDia1/3 Formins control the presynaptic Actin Cytoskeleton 
 

Among the most enriched proteins identified in the synaptic environment of mDia1, 

were β/γ-Actin isoforms, underlining that mDia1’s role in SV endocytosis might be 

Actin-based. As mDia formins regulate various aspects of Actin dynamics including the 

nucleation, polymerization, and stabilization of filaments mediated by a conserved F-

Actin binding surface within the dimeric FH2 domains, we were prompted to dissect 

whether these functions are crucial for the function of mDia1 in driving the kinetics of 

SV endocytosis.  
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To this end, we generated an Actin-null variant of mDia1 using site-directed 

mutagenesis of lysine994 to alanine (K994A), a modification known to completely 

abolish Actin nucleation and polymerization functions of mDia1 (Daou et al., 2014), as 

well as perturbing its ability to protect F-Actin from barbed end capping (Xu et al., 

2004).  

In our experiments, we observed that the K994A variant failed to restore delayed 

vGLUT1-pHluorin endocytosis in mDia1-depleted hippocampal neurons in contrast to 

the wild-type (WT) protein (Figure 42A/B). 

Hence, this suggests that the Actin-related functions of the mDia1-FH2 domain, 

including the nucleation, assembly and stabilization of filamentous Actin, facilitate SV 

endocytosis. 

 

Figure 42: mDia1 modulates SV Endocytosis through its Actin Functions.  
A: Averaged normalized vGLUT1-pHluorin fluorescence traces for neurons transduced with shCTR or 
shmDia1 in response to 200 AP (40 Hz, 5s) stimulation. For rescue purposes, cells were co-transduced 
with mDia1-WT-SNAP or mDia1-K994A-SNAP. N = 6; nshCTR = 21 videos; nshmDia1 = 21 videos; nshmDia1 + 

mDia1-WT = 16 videos; nshmDia1 + mDia1-K994A = 19 videos.  
B: Endocytic decay constants of vGLUT1-pHluorin traces from A: τshCTR = 20.7 ± 0.9 s; τshmDia1 = 26.4 ± 
2.0 s; τshmDia1 + mDia1-WT = 16.1 ± 1.9 s; τshmDia1 + mDia1-K994A = 29.0 ± 1.9 s; pshmDia1 vs shmDia1 + mDia1-WT < 0.01; 
pshmDia1 + mDia1-WT vs shmDia1 + mDia1-K994A < 0.001, one-way ANOVA with Tukey’s post-test.  

To further study the relationship between mDia1 and the cytoskeleton in neurons, we 

investigated the synaptic nanoscale localization of F-Actin using phalloidin labeling. 

Multicolor gSTED imaging confirmed the high enrichment of F-Actin at the 

postsynapse (Korobova & Svitkina, 2010), with a dendritic density of around 200 nm 

thickness (Frost et al., 2010). However, Actin filaments were also detected, albeit at 

reduced levels, at presynaptic boutons marked by Bassoon. To quantify presynaptic F-

Actin, we integrated absolute F-Actin line profiles that overlapped with the relative 

Bassoon distribution, stemming from the analysis of individual synapses. This 
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approach allowed us to assess the abundance of F-Actin specifically within the 

presynapse. 

Induction of endocytosis in neuronal cultures by stimulation trains of 200 APs, did not 

alter F-Actin levels at presynaptic terminals (Data not shown). However, blocking 

endocytosis either through the application of Dynasore or the expression of 

Dynamin1-K44A resulted in a significant elevation in presynaptic F-Actin within the 

Bassoon-marked area both under steady-state conditions and at stimulated boutons 

(Figure 43). 

 

Figure 43: F-Actin accumulates at endocytic Sites upon impaired SV Endocytosis. 
A: Representative three-channel time-gated STED images of synapses from hippocampal cultures 
treated with 0.1% DMSO or 80 µM Dynasore for 10 min. Cells were fixed and stained for Bassoon 
(magenta), F-Actin (cyan) and Homer1 (green). Scale bar, 250 nm. 
B: Representative three-channel time-gated STED images of synapses from hippocampal cultures 
transduced with Dynamin1-WT or Dynamin1-K44A. Cells were fixed and stained for Bassoon (magenta), 
F-Actin (cyan) and Homer1 (green). Scale bar, 250 nm.  
C: Averaged normalized line profiles for synaptic distribution of F-Actin and Homer1 relative to Bassoon 
(Maximum set to 0 nm). N = 4; n = 154 synapses. 
D: Presynaptic F-Actin levels in synapses treated with 0.1% DMSO (100 ± 4.8) or 80 µM Dynasore (134.7 
± 6.8; p = 0.001, one sample Wilcoxon test) from A. Absolute line profiles of F-Actin overlapping with 
Bassoon (presynapse) distribution were integrated. Data shown are normalized to DMSO (set to 100). 
N = 3; nDMSO = 207 synapses, nDynasore = 211 synapses. 
E: Presynaptic F-Actin levels in synapses from neurons transduced with Dynamin1-WT (100 ± 5.9) or 
Dynamin1-K44A (119.8 ± 6.2, p < 0.01, one sample Wilcoxon test) in B. Absolute line profiles of F-Actin 
overlapping with Bassoon (presynapse) distribution were integrated. Data shown are normalized to WT 
(set to 100). N = 1; nWT = 54 synapses, nK44A = 49 synapses. 

Hence, these findings suggest a dynamic interplay between endocytic processes and 

the regulation of F-Actin dynamics at presynaptic sites. 
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Given that F-Actin was present at endocytic sites (Figure 43) and mDia1’s role in SV 

endocytosis relies on its Actin regulatory activities mediated by the FH2 domain 

(Figure 42), we were prompted to investigate the impact of formin depletion on the 

abundance of presynaptic F-Actin in hippocampal neurons.  

Utilizing gSTED microscopy, we observed a significant reduction in the detectable 

amount of F-Actin within the Bassoon area upon depletion of mDia1 (Data not shown) 

and co-depletion of mDia1/3 further exacerbated this phenotype (Figure 44A). 

 

Figure 44: Depletion of mDia1/3 reduces presynaptic F-Actin. 
A: Representative three-channel time-gated STED images of synapses from hippocampal cultures 
transduced with shCTR or shmDia1+3, fixed and immunostained for Bassoon (presynaptic marker, 
magenta), F-Actin (cyan) and Homer1 (postsynaptic marker, green). Scale bar, 250 nm. 
B/C: mDia1 levels at the presynapse (B) and postsynapse (C) of neurons transduced with shCTR or 
shmDia1+3.  
B: 100 ± 6.4 for shCTR; 58.1 ± 2.9 for shmDia1+3; p < 0.001, one sample Wilcoxon test.  
C: 100.0 ± 6.4 for shCTR; 89.3 ± 6.4 for shmDia1+3. Data shown are normalized to shCTR (set to 100). 
N = 4; nshCTR = 155 synapses, nshmDia1+3 = 158 synapses. 
D/E: Bassoon (D) and Homer1 (E) levels in synapses transduced with shCTR (100.0 ± 4.7 for Bassoon; 
100.0 ± 4.5 for Homer1) or shmDia1+3 (101.4 ± 4.8 for Bassoon; 92.4 ± 4.0 for Homer1). Data shown 
are normalized to DMSO values (set to 100). 
F: Presynaptic F-Actin levels in synapses from hippocampal cultures transduced with shCTR (100 ± 9.0) 
or shmDia1+3 (61.2 ± 4.9; pshCTR + DMSO vs shmDia1+3 + DMSO < 0.01) and treated with 0.1% DMSO or 80 µM 
Dynasore (131.4 ± 7.8 for shCTR + Dynasore; 109.7 ± 7.6 for shmDia1+3 + Dynasore; pshCTR + DMSO vs shCTR 

+ Dynasore < 0.01, pshmDia1+3 + DMSO vs shmDia1+3 + Dynasore < 0.0001; Kruskal-Wallis test with Dunn’s post-test) for 
10 min before fixation. Cells were immunostained for Bassoon (magenta), F-Actin (cyan), and Homer1 
(green). Absolute line profiles of F-Actin overlapping with Bassoon (presynapse) distribution were 
integrated. Data shown are normalized to DMSO (set to 100). N = 1; nshCTR + DMSO = 59 synapses, nshmDia1+3 

+ DMSO = 45 synapses, nshCTR + Dynasore = 63 synapses, nshmDia1+3 + DMSO = 47 synapses. 
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Interestingly, postsynaptic F-Actin abundance was not significantly altered by the loss 

of mDia1/3 (Figure 44C), similar to Bassoon and Homer1 distribution and abundance 

(Figure 44D/E), indicating mDia1/3 specifically modulate F-Actin levels at the 

presynapse. 

Following our observations that inhibition of Dynamin function caused the 

accumulation of mDia1 and F-Actin at stimulated boutons (Figure 39 and Figure 43), 

we sought to determine if stalled mDia1 was causative of the increased F-Actin level 

upon Dynasore application. Surprisingly, Dynasore treatment still resulted in the 

accumulation of F-Actin at presynaptic sites co-localizing with Bassoon in the absence 

of mDia1/3 (Figure 44F). 

The accumulation of F-Actin in an mDia-depleted background suggests the presence 

of additional compensation mechanisms to polymerize F-Actin upon stimulation in 

neurons lacking mDia1+3.  

We reasoned that if the reduction of presynaptic Actin in mDia1/3-depleted neurons 

was causative for the observed defect in SV endocytosis, pharmacological stabilization 

of F-Actin might rescue this effect. Treatment of neurons lacking mDia1/3 with 

jasplakinolide indeed fully restored the kinetics of SV endocytosis monitored by 

vGLUT1-pHluorin (Figure 45A/B).  

 

Figure 45: mDia1+3 drive SV Endocytosis by modulating synaptic F-Actin. 
A: Averaged normalized vGLUT1-pHluorin fluorescence traces for neurons transduced with shCTR or 
shmDia1+3 in response to 40 AP (20 Hz, 2s) stimulation. Neurons were pre-incubated with 0.1 % DMSO 
or 1 µM Jasplakinolide (Jasp) for 30 min in the cell media before imaging. N = 6; nshCTR + DMSO = 32 
videos, nshmDia1+3 + DMSO = 35 videos, nshCTR + Jasp = 33 videos; nshmDia1+3 + Jasp = 34 videos.  
B: Endocytic decay constants of vGLUT1-pHluorin traces in A: τshCTR + DMSO = 13.4 ± 1.0 s, τshCTR + Jasp = 
15.0 ± 2.2 s, τshmDia1+3 + DMSO = 25.0 ± 2.7 s, τshmDia1+3 + Jasp = 15.6 ± 2.4 s; pshCTR vs shmDia1+3 < 0.01; pshmDia1+3 

+ DMSO vs shmDia1+3 + Jasp < 0.05, one-way ANOVA with Tukey’s post-test). Data are expressed as mean ± 
SEM. 

These results indicate that diminished F-Actin levels impair SV kinetics upon 

perturbation of mDia function. 
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Taken together, the formins mDia1/3 drive the kinetics of SV endocytosis by 

modulating presynaptic F-Actin abundance (Figure 44/Figure 45) mediated by the 

functions of their FH2 domains (Figure 42). 

 

4.2. Crosstalk between Rho GTPase Signaling and mDia1/3 

facilitates SV Endocytosis 
 

4.2.1. Regulation of the Formin mDia1 by RhoA/B 

 

Many formins, including the mDia subfamily are regulated by small Rho GTPases 

(Kühn & Geyer, 2014). For mDia1 it has been shown that in particular, RhoA, when 

bound to GTP, associates with the Rho-binding domain (RBD) in mDia1 and releases 

it from autoinhibition, resulting in the stimulation of its FH2 domain to perform its 

Actin functions (Otomo et al., 2005). As pharmacological activation of mDia1 by 

application of IMM facilitated SV membrane retrieval (Figure 33), we reasoned that 

synaptic RhoA activation could regulate mDia-mediated SV recycling at presynaptic 

nerve terminals in a similar manner.  

Consistently, we found endogenous RhoA concentrated at the presynapse marked by 

Bassoon in multicolor gSTED imaging (Figure 46A/B). Surprisingly, genetic ablation 

of RhoA (Data not shown) or overexpression of dominant negative (GDP-locked) forms 

of RhoA (Oevel et al., 2024) did not hamper SV endocytosis monitored by Syph-

pHluorin in hippocampal neurons. However, when RhoA was co-depleted with its 

closely-related isoform RhoB (Figure 46C/D) or dominant-negative variants of both 

proteins were co-expressed (Oevel et al., 2024), Syph-pHluorin retrieval in response 

to 200 AP stimulation was significantly impaired, suggesting a redundancy between 

RhoA and RhoB isoforms at presynaptic terminals. 

These findings indicate the importance of Rho-mediated signalling in regulating the 

dynamic processes underlying neurotransmission at the synapse. 
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Figure 46: Presynaptic RhoA/B drive SV Endocytosis. 
A: Representative three-channel time-gated STED image of a synapses from hippocampal cultures, 
fixed and immunostained for Bassoon (magenta), RhoA (cyan) and Homer1 (green). Scale bar, 250 nm. 
B: Averaged normalized line profiles for synaptic distribution of RhoA and Homer1 relative to Bassoon 
(Maximum set to 0 nm). N = 5; n = 230 synapses. 
C: Averaged normalized Synaptophysin-pHluorin fluorescence traces from stimulated (200 APs; 40 Hz, 
5s) hippocampal neurons transfected with shRNA against no mammalian target (shCTR) or against 
RhoA and RhoB (shRhoA+B). N = 4; nshCTR = 28 videos, nRhoA+B= 27 videos. 
D: Endocytic decay constants of Syph-pHluorin traces in C: τshCTR = 15.8 ± 1.9 s; τshRhoA+B = 29.6 ± 4.1; p 
< 0.05, two-tailed student’s t-test. 
Experiments from A/B were performed together with Gresy Bregu and Hannah Gelhaus. Experiments 
from C/D were performed together with Tolga Soykan. 

Given the overlapping presynaptic distribution of endogenous RhoA and mDia1 

(Figure 46A/B and Figure 39A/D), along with phenocopying of formin loss when 

interfering with Rho activity in pHluorin experiments (Figure 46C/D), we were 

prompted to test if mDia-related phenotypes were dependent on its activation by 

RhoA.  

To this end, we investigated the molecular interaction between mDia1 and RhoA and 

its impact on their subcellular localization. mDia1 is autoinhibited by an 

intramolecular association of its C-terminal DAD with the N-terminal DID (Figure 14). 

Autoinhibition is relieved upon binding of RhoA-GTP to the RBD of mDia1, a domain 

that partially overlaps with the DAD binding site on the DID sequence (Otomo et al., 

2010). We generated a double point mDia1 mutant, by replacing valine161 and 

asparagine165 with aspartate (V161D + N165D; mDia1-VN), within the overlapping 

region of the RBD and DID, known to be crucial for Rho association (Rose et al., 2005), 

while preserving DID-DAD auto-inhibitory binding (Lammers et al., 2005). We 

hypothesized that these modifications would render mDia1 deficient in Rho binding. 

To test this hypothesis, we co-expressed the mDia1 variants with constitutively active 

RhoA (RhoA-CA, Q63L, GTP-locked) in HEK293T cells and analyzed their interaction 

through co-immunoprecipitation. Unexpectedly, we did not observe mDia1-WT in 

immunoprecipitates of RhoA-CA (Figure 47A), limiting our ability to verify mDia1-VN 
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as a Rho-binding deficient mutant. Therefore, we generated a constitutively active 

variant of mDia1 (mDia1-ML) by mutating methionine1182 and leucine1185to alanine 

(M1182A + L1185A), critical residues involved in autoinhibition (Lammers et al., 2005; 

Nezami et al., 2010). Interestingly, this mutant exhibited strong interaction with 

RhoA-CA (Figure 47A), indicating that its conformation is facilitating Rho binding. We 

utilized the strong association of mDia1-ML and RhoA, to validate the role of valine161 

and asparagine165 residues in RhoA binding, by introducing aspartate at those 

positions to generate mDia1-VNML (V161D +N165D and M1182A + L1185A). 

Overexpressed RhoA-CA failed to co-immunoprecipitate mDia1-VNML from 

HEK293T cells (Figure 47A) with respect to the efficient isolation of mDia1-ML.  

These findings indicate that valine161 and asparagine165 are crucial residues mediating 

the interaction between RhoA and mDia1 in cells, rendering mDia1-VN a bona fide 

Rho-binding deficient variant, consistent with the characterized binding interface in 

crystallography studies (Lammers et al., 2008). 

 

Figure 47: RhoA Association regulates Subcellular Localization of mDia1. 
A: Co-immunoprecipitation of exogenously expressed mDia1 variants by constitutively-active RhoA 
(RhoA-CA). HEK293T cells were co-transfected with mDia1-mCherry constructs and HA-tagged RhoA-
CA.  Proteins were isolated by utilizing HA-traps and samples were analyzed by immunoblotting using 
specific antibodies against RFP and RhoA. 
B: Membrane levels of mDia1-mCherry variants overexpressed in HEK293T cells together with 
constitutively-active RhoA. Membrane and cytosolic cellular fractions were isolated by 
ultracentrifugation and analyzed by immunoblotting with specific antibodies against LAMP1 and 
GAPDH, and in-gel fluorescence of mCherry tags. 
C: Densitometric quantification of mDia1-WT versus mDia1-VN (0.6 ± 0.1; p < 0.05), mDia1-ML (1.4 ± 
0.1; p < 0.05), and mDia1-VNML (0.3 ± 0.2; p < 0.05, one sample t-test) membrane-associated protein 
levels. pmDia1-ML vs mDia1-VNML < 0.001, student’s t-test. Data shown is normalized to mDia1-WT (set to 1). 
N = 4 independent experiments. 

In non-neuronal cells, the RhoA-mDia1 interaction serves both regulatory functions 

(mDia1 activation through release of autoinhibition) and mediates the recruitment of 

mDia1 to specific sites of Actin polymerization (Colucci-Guyon et al., 2005; Higashi et 

al., 2008). Given the varied degrees to which our mutants associate with RhoA, we 
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investigated the impact of Rho binding on the subcellular localization of the mDia1 

variants through biochemical assays.  

To assess the impact of Rho binding on mDia1 localization, we expressed the mDia1 

variants in HEK293T cells and isolated membrane and cytosolic fractions via 

ultracentrifugation. We found that exogenous wildtype mDia1 is primarily localized in 

the cytosol, as indicated by its co-fractionation with the cytosolic marker 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Figure 47A B/C). In contrast, 

enhanced association with RhoA in mDia1-ML leads to its recruitment to the 

membrane, evident from its enrichment in the membrane fraction alongside the 

membrane marker lysosome-associated membrane protein-1 (LAMP-1) (Figure 47A 

B/C). Conversely, impeding RhoA binding by the introduction of aspartate mutations 

in the binding surface of mDia1, reduces the association of both mDia1-VN and 

mDia1-VNML variants with membranes.  

These results indicate that RhoA-binding of mDia1 plays a crucial role in its 

recruitment to cellular membranes, controlling its subcellular localization. 

To examine the relationship between Rho-dependent recruitment and activation of 

mDia1 and its role in SV endocytosis, we tested whether strong RhoA-binding 

(mDia1-ML) versus RhoA-binding deficient mutants (mDia1-VN/VNML) could rescue 

impaired vGLUT1-pHluorin retrieval in mDia1-depleted synaptic boutons.  

Surprisingly, altering the Rho-binding ability of mDia1 did not affect its role in 

mediating SV endocytosis in our assays, as both strong-binding (mDia1-ML) and 

binding-deficient mutants (mDia1-VN/VNML) were able to restore impaired SV 

kinetics in response to stimulation with 200 AP trains (Figure 48A/B). Although the 

association of synaptic mDia1 with RhoA does not directly impact SV endocytosis 

(Figure 48A/B), the synaptic environment of mDia1-VN significantly differed from that 

of the WT protein, as probed by proximity-ligation analysis (Figure 48C). Notably, 

early endocytic proteins including FCHO2, Intersectin1, Amphiphysin and 

Endophilin-A1 were significantly reduced in the proximity of mDia1-VN, proteins like 

Dynamin1/3 and Synaptophysin were enriched. Furthermore, mDia1-VN exhibited 

less association with actomyosin-regulators mDia3 and MyoIIB but was increasingly 

surrounded by cytoskeletal factors including Cdc42, IQGAP1, Protein kinase C (PKC) 

and ROCK2 (Figure 48C).  
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Figure 48: mDa1 mediates SV endocytosis independent of RhoA. 
A: Averaged normalized vGLUT1-pHluorin fluorescence traces from hippocampal neurons transduced 
with lentiviral particles encoding shCTR or shmDia1 in response to 200 AP (40 Hz, 5s) stimulation. For 
rescue purposes, cells were co-transduced with mDia1-WT-SNAP, mDia1-VN-SNAP, mDia1-ML-SNAP, 
or mDia1-VNML-SNAP encoding lentivirus. N = 4; nshCTR = 17 videos, nshmDia1 = 21 videos, nshmDia1 + mDia1-

WT = 12 videos, nshmDia1 + mDia1-VN = 13 videos, nshmDia1 + mDia1-ML = 13 videos, nshmDia1 + mDia1-VNML = 13 videos. 
B: Endocytic decay constants of vGLUT1-pHluorin traces in A: τshCTR = 16.3 ± 1.5 s; τshmDia1 = 25.7 ± 2.1 
s; τshmDia1 + mDia1-WT = 14.1 ± 2.6 s; τshmDia1 + mDia1-VN = 16.4 ± 2.4 s; τshmDia1 + mDia1-ML = 15.4 ± 2.8 s; τshmDia1 + 

mDia1-VNML = 14.7 ± 3.3 s; pshmDia1 vs shmDia1 + mDia1-WT < 0.05; pshmDia1 vs shmDia1 + mDia1-ML < 0.05, pshmDia1 vs shmDia1 

+ mDia1-VNML < 0.05 one-way ANOVA with Tukey’s post-test. 
C: Volcano plot of proteins proximal to neuronal mDia1 in dependence of RhoA. Neurons were 
transduced with lentiviral particles carrying mDia1-WT/VN-TurboID and treated with 100 μM Biotin 
for 12 h. Biotinylated proteins were enriched through immobilised Streptavidin and analyzed by label-
free proteomics. Black and green dots present proteins specifically (p < 0.05, two-tailed student’s t-test) 
surrounding wildtype (WT) and Rho-binding deficient (VN) mDia1, respectively. N = 3 independent 
experiments. 
Experiments in A/B/C/F were performed together with Gresy Bregu. 

 

These results indicate that RhoA regulation of synaptic mDia1 plays a subordinate role 

in its mediation of SV endocytosis, possibly by acting through RhoA-independent 

signaling that enables endocytic membrane retrieval (e.g. acting through Cdc42, 

ROCK2, IQGAP1, etc.). 

Taken together, synaptic vesicle endocytosis is modulated by redundant RhoA/B 

signaling (Figure 46) that can act on the subcellular localization of mDia1 (Figure 47). 

However, at synapses mDia1 can act on SV endocytosis through RhoA-independent 

signaling cascades potentially involving proteins such as Cdc42, PKC, and ROCK2 

(Figure 48). 
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4.2.2. mDia1/3 Formins regulate Rho GTPase Signaling 

 

4.2.2.1. mDia1/3 regulate RhoA Activity in a positive Feedback Loop 
 

The co-depletion of RhoA and RhoB significantly impairs the endocytic retrieval of 

Synaptophysin (Figure 46), suggesting that shared effectors of RhoA/B are vital for 

synaptic vesicle endocytosis. However, the direct association of RhoA with its effector 

mDia1 appears to play a secondary role in modulating SV endocytosis (Figure 48), 

possibly through unknown compensatory pathways that likely involve F-Actin 

dynamics. The cytoskeleton is known to be controlled by interdependent signaling 

networks characterized by feedback regulation between components within the same 

pathway and between the key regulatory switches of the small Rho GTPase family 

(Lawson & Ridley, 2018). Studies have also demonstrated that mDia1 can exert positive 

feedback on the nucleotide binding status of RhoA by stimulating the activity of the 

leukemia-associated RhoGEF (LARG) (Kitzing et al., 2007).  

To investigate whether synaptic mDia1 similarly regulates RhoA activity, we conducted 

pulldown assays using immobilized Rhotekin, an effector protein that binds 

specifically to GTP-bound RhoA.  

 

Figure 49: mDia1/3 regulate RhoA Activity. 
A: Schematic representation of activation of mDia1 by RhoA-GTP and positive feedback loop of mDia1 
on RhoA-GTP levels through GEF stimulation. 
B: Analysis of RhoA activity by RhoA-GTP pulldown (PD) from whole-cell lysates (input) of mouse 
hippocampal neurons expressing shCTR or shmDia1+3 using immobilized Rhotekin as a bait. Samples 
were analyzed by immunoblotting for mDia1, mDia3, RhoA and Tubulin using specific antibodies. 
Input, 10% of material used for the pulldown.  
C: Densitometric quantification of RhoA-GTP normalized to total RhoA levels (input) in lysates from 
neurons transduced with shCTR or shmDia1+3 (0.7 ± 0.0, p < 0.001, one sample t-test) from 
immunoblots exemplified in E. Values for shCTR were set to 1. N = 3 independent experiments. 

https://doi.org/10.1101%2Fgad.424807
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Our results revealed a reduction in RhoA-GTP levels in lysates of mDia1/3-depleted 

neurons (Figure 49B/C), indicating that neuronal mDia1 activity is implicated in the 

upstream activation of RhoA in a positive feedback loop. 

Hence, the loss of neuronal mDia1/3 results in the downregulation of RhoA activity. 

4.2.2.2. RhoA-mDia1/3 Axis modulates Cdc42 and Rac1 Signaling 
 

Cytoskeletal dynamics are regulated by a network of signaling pathways mediated by 

small Rho GTPases. The canonical members Cdc42, Rac1 and RhoA signal to distinct 

yet partially overlapping effectors, leading to the formation of various Actin structures, 

including filopodia, lamellipodia and stress fibers, respectively. Moreover, these 

signaling pathways are highly interconnected to facilitate coordinated control of 

cytoskeletal organization, resulting in crosstalk between Rho GTPases to additionally 

regulate one another (Müller et al., 2020). 

In neurons depleted of mDia1/3 formins, RhoA activity is reduced. Multiple studies in 

non-neuronal cells have demonstrated that RhoA activity antagonizes the activation of 

other small GTPases like Rac1 (Chauhana et al., 2011; MacHacek et al., 2009; Nimnual 

et al., 2003; Ohta et al., 2006; Rottner et al., 1999), prompting us to assess the activities 

of closely related GTPases in conditions of mDia perturbation. Using immobilized PAK 

as a bait, we observed significantly elevated levels of active and GTP-bound forms of 

Rac1 and Cdc42 in hippocampal neurons depleted of mDia1+3 (Figure 50B/C).  

To further validate if the increased Rac1 and Cdc42 activities are directly linked to 

diminished GTP-bound RhoA in cells lacking mDia1/3, we treated cells with pan-Rho 

inhibitor Rhosin, blocking association of Rho proteins with their GEF LARG (Shang et 

al., 2012). In the presence of Rhosin, a similar enhancement in Rac1-GTP levels was 

observed, while the activity of Cdc42 was unchanged (Figure 50E).  

These results indicate that loss of mDia formins leads to hyperactivation of Rac1 and 

Cdc42 (Figure 50B/C), and the increased activity of Rac1 stems from decreased Rho-

GTP levels (Figure 50E) in mDia1+3-depleted neurons (Figure 49). 
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Figure 50: Loss of mDia1/3 activates Cdc42/Rac1 Signaling. 
A: Schematic of the interplay between RhoA and Rac1 signaling via GTPase regulatory proteins (e.g. 
GTPase activating proteins (GAPs) among others). 
B: Analysis of Cdc42 and Rac1 activity by Cdc42/Rac1-GTP pulldown (PD) from whole-cell lysates 
(input) of mouse hippocampal neurons expressing shCTR or shmDia1+3 utilizing immobilized PAK as 
a bait. Samples were analyzed by immunoblotting for mDia1, mDia3, Cdc42, Rac1 and Tubulin using 
specific antibodies. Input, 10% of material used for the pulldown. Contrast of pulldown and input blots 
was seperatly adjusted for visualisation purposes. 
C: Densitometric quantification of Cdc42-GTP normalized to total Cdc42 levels (input) in lysates from 
shmDia1+3 transduced neurons (2.7 ± 0.6; p < 0.05, one sample t-test). Values for shCTR were set to 1. 
N = 5 independent experiments. 
D: Densitometric quantification of Rac1-GTP normalized to total Rac1 levels (input) in lysates from 
neurons transduced with shCTR or shmDia1+3 (2.2 ± 0.2; p < 0.05, one sample t-test). Values for shCTR 
were set to 1. N = 3 independent experiments. 
E: Analysis of Cdc42 and Rac1 activity by Cdc42/Rac1-GTP pulldown (PD) from whole-cell lysates 
(input) of mouse hippocampal cultures upon inhibition of Rho activity utilizing immobilized PAK as 
bait. Cells were treated with 0.1 % DMSO or 10 µM Rho Inhibitor (Rhosin) for 2 h before harvest. 
Samples were analyzed by immunoblotting for Rac1 and Tubulin using specific antibodies. Input, 10% 
of material used for the pulldown. Contrast of pulldown and input blots was seperatly adjusted for 
visualisation purposes. 

 

4.2.3. Rac1 Signaling drives Synaptic Vesicle Endocytosis via 

presynaptic Actin 

 

Following our observations of activation of Cdc42 and Rac1 signaling upon genetic 

depletion of mDia1/3, we hypothesized a potential compensatory role for Rho GTPase 

signaling in SV endocytosis.  

To test this hypothesis we first examined the nanoscale localization of Cdc42 and Rac1 

at synapses utilizing multicolor gSTED imaging. Microscopic analysis revealed that 

Cdc42 was concentrated at presynaptic boutons, while Rac1 was equally distributed 

between pre- and postsynaptic compartments in unperturbed hippocampal neurons 
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(Figure 51), consistent with its previously described functions at both pre-(Keine et al., 

2022; O’neil et al., 2021) and postsynaptic sites (Duman et al., 2022; Oh et al., 2010). 

 

Figure 51: Cdc42 and Rac1 localize at presynaptic Boutons. 
A: Representative three-channel time-gated STED image of a synapse from hippocampal mouse 
cultures, fixed and immunostained for Bassoon (magenta), Cdc42 (cyan) and Homer1 (green). Scale bar, 
250 nm. 
B: Averaged normalized line profiles for synaptic distribution of Cdc42 and Homer1 relative to Bassoon 
(Maximum set to 0 nm). N = 3; n = 96 synapses. 
C: Representative three-channel time-gated STED image of a synapse from hippocampal cultures, fixed 
and immunostained for Bassoon (magenta), Rac1 (cyan) and Homer1 (green). Scale bar, 250 nm. 
D: Averaged normalized line profiles for synaptic distribution of Rac1 and Homer1 relative to Bassoon 
(Maximum set to 0 nm). N = 3; n = 79 synapses. 

 

Secondly, we investigated the role of presynaptic Cdc42 and Rac1 activity on SV 

endocytosis by assaying the action of specific pharmacological inhibitors in CypHer 

and pHluorin assays. Blocking Cdc42 activity by treating cultures with ML141, an 

inhibitor of GTP binding of Cdc42 (Surviladze et al., 2010), did not affect the recycling 

kinetics of neither vGAT nor vGLUT1 endocytosis (Figure 52). Conversely, we found 

that acute application of EHT 1864, a selective blocker of pan-Rac family activity 

through nucleotide displacement (Onesto et al., 2008; Raynaud et al., 2014), caused a 

delay in the endocytic retrieval of both endogenous vGAT and exogenously expressed 

vGLUT1 (Figure 53) in response to 200 AP or 40 AP stimulation trains, respectively.  

These results indicate that the activity of Rac1 but not Cdc42 drives synaptic vesicle 

endocytosis. 
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Figure 52: Cdc42 Activity does not affect Synaptic Vesicle Endocytosis. 
A: Averaged normalized vGAT-CypHer fluorescence traces for neurons transduced with shCTR or 
shmDia1+3 in response to 200 AP (40 Hz, 5s) stimulation. Cells were acutely treated with 0.1 % DMSO 
or 10 µM Cdc42 Inhibitor (ML141) in the imaging buffer. N = 6; nshCTR + DMSO = 31 videos, nshmDia1+3 + DMSO 
= 33 videos, nshmDia1+3 + ML141 = 32 videos. 
B: Endocytic decay constants of vGAT-CypHer traces in A: τshCTR + DMSO = 15.6 ± 1.0 s, τshmDia1+3 + DMSO = 
28.0 ± 3.1 s, τshCTR + ML141 = 17.6 ± 1.6 s, τshmDia1+3 + ML141 = 33.1 ± 7.7 s; pshCTR + DMSO vs shmDia1+3 + DMSO < 0.01, 
Kruskal-Wallis test with Dunn’s post-test. 
C: Averaged normalized vGLUT1-pHluorin fluorescence traces for neurons transduced with shCTR or 
shmDia1+3 in response to 40 AP (20 Hz, 2s) stimulation. Cells were acutely treated with 0.1 % DMSO 
or 10 µM Cdc42 Inhibitor (ML141) in the imaging buffer. N = 4; nshCTR + DMSO = 22 videos, nshmDia1+3 + DMSO 
= 25 videos, nshCTR + ML141 = 19 videos nshmDia1+3 + ML141 = 19 videos. 
D: Endocytic decay constants of vGLUT1-pHluorin traces in C: τshCTR + DMSO = 14.1 ± 0.9 s, τshmDia1+3 + DMSO 

= 20.4 ± 1.2 s, τshCTR + ML141 = 19.5 ± 2.2 s, τshmDia1+3 + ML141 = 24.1 ± 5.2 s.  

Given the activation of Cdc42 and Rac1 in cultures depleted of mDia1/3 (Figure 50), 

we were prompted to test the impact of hyperactive Rac1 and Cdc42 on SV endocytosis 

phenotypes associated with mDia formin loss. While perturbation of Cdc42 in 

mDia1/3-depleted neurons had no effect on the kinetics of exogenous vGLUT1 or 

endogenous vGAT retrieval (Figure 52), inhibition of Rac activity further aggravated 

impaired vGAT and vGLUT1 endocytosis in neurons lacking mDia1+3 (Figure 53).  
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Figure 53: Rac1 Activity modulates Synaptic Vesicle Endocytosis. 
A: Averaged normalized vGAT-CypHer fluorescence traces for neurons transduced with shCTR or 
shmDia1+3 in response to 200 AP (40 Hz, 5 s) stimulation. Cells were acutely treated with 0.1 % DMSO 
or 10 µM Rac1 Inhibitor (EHT 1864) in the imaging buffer. N = 8; nshCTR + DMSO = 46 videos, nshmDia1+3 + 

DMSO = 45 videos, nshCTR + EHT 1864 = 42 videos, nshmDia1+3 + EHT 1864 = 43 videos. 
B: Endocytic decay constants of vGAT-CypHer traces in A: τshCTR + DMSO = 14.7 ± 0.9 s, τshmDia1+3 + DMSO = 
27.5 ± 2.3 s, τshCTR + EHT 1864 = 30.3 ± 6.7 s, τshmDia1+3 + EHT 1864 = 41.0 ± 4.3 s; pshCTR + DMSO vs shmDia1+3 + DMSO < 
0.05, pshCTR + DMSO vs shmDia1+3 + EHT 1864 < 0.0001, Kruskal-Wallis test with Dunn’s post-test. 
C: Averaged normalized vGLUT1-pHluorin fluorescence traces for neurons transduced with shCTR or 
shmDia1+3 in response to 40 AP (20 Hz, 2 s) stimulation. Cells were acutely treated with 0.1 % DMSO 
or 10 µM Rac Inhibitor (EHT 1864) in the imaging buffer. N = 4; nshCTR + DMSO = 16 videos, nshmDia1+3 + DMSO 
= 19 videos, nshCTR + EHT 1864 = 16 videos, nshmDia1+3 + EHT 1864 = 15 videos. 
D: Endocytic decay constants of vGLUT1-pHluorin traces in C: τshCTR + DMSO = 13.7 ± 1.2 s, τshmDia1+3 + DMSO 

= 21.5 ± 0.9 s, τshCTR + EHT 1864 = 22.7 ± 4.2 s, τshmDia1+3 + EHT 1864 = 33.7 ± 6.0 s; pshCTR + DMSO vs shmDia1+3 + EHT 

1864 < 0.05, one-way ANOVA with Tukey’s post-test. 

To substantiate those findings, we probed the effects of expressing constitutively active 

GTP-locked Rac1 (Rac1-CA; Q61L), incapable of GTP hydrolysis, or dominant-negative 

Rac1 (Rac1-DN; T17N), which sequesters Rac1-GEFs, thereby impairing endogenous 

Rac1 activation (Wong et al., 2006), on Synaptophysin-pHluorin endocytosis. The 

constitutive activation of Rac1 had no effect on Synaptophysin retrieval. Conversely, 

overexpression of dominant-negative Rac1 perturbed the kinetics of SV endocytosis 

(Figure 54) in line with findings from pharmacological inhibition (Figure 53). 
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Figure 54: Rac1 Activity compensates for mDia1/3 to drive Synaptic Vesicle Endocytosis. 
A/B: Averaged normalized Synaptophysin-pHluorin fluorescence traces from stimulated (200 APs; 40 
Hz, 5s) hippocampal neurons transduced with lentiviruses encoding shCTR or shmDia1+3 and 
transfected with plasmids for expression of constitutively-active Rac1 (Rac1-CA; Q61L variant) or 
dominant-negative Rac1 (Rac1-DN; T17N variant). N = 3; nshCTR = 12 videos, nshmDia1+3 = 23 videos, nshCTR 

+ Rac1-CA = 10 videos, nshmDia1+3 + Rac1-CA = 14 videos, nshCTR + Rac1-DN = 9 videos; nshmDia1+3 + Rac1-DN = 13 videos. 
C: Endocytic decay constants of SypH-pHluorin traces in A/B: τshCTR = 12.0 ± 0.7 s, τshmDia1+3 = 22.7 ± 
2.0 s, τshCTR + Rac1-CA = 13.6 ± 1.2 s, τshmDia1+3 + Rac1-CA = 13.3 ± 1.4 s, τshCTR + Rac1-DN = 27.8 ± 1.3 s, τshmDia1+3 + 

Rac1-DN= 33.4 ± 1.6 s; pshCTR vs shmDia1+3 < 0.01; pshCTR vs shCTR + Rac1-DN < 0.0001, pshCTR vs shmDia1+3 + Rac1-DN < 0.01, 
pshmDia1+3 vs shmDia1+3 + Rac1-DN < 0.01, one-way ANOVA with Tukey’s post-test. 
D: Maxima of background-corrected SypH-pHluorin fluorescence traces from A/B. Fmax/F0 shCTR = 1.3 ± 
0.0, Fmax/F0 shmDia1+3 = 1.5 ± 0.0, Fmax/F0 shCTR + Rac1-CA = 1.4 ± 0.2; Fmax/F0 shmDia1+3 + Rac1-CA = 1.5 ± 0.1, 
Fmax/F0 shCTR + Rac1-DN = 1.2 ± 0.1, Fmax/F0 shmDia1+3 + Rac1-DN = 1.3 ± 0.1. 

Similarly, we monitored the effects of Rac1 nucleotide loading on SV endocytosis 

kinetics in the absence of mDia1/3. Interestingly, the expression of constitutively-

active Rac1 restored normal Syph-pHluorin endocytosis kinetics in mDia1+3-depleted 

cultures (Figure 54), consistent with a compensatory role for Rac1 signaling when 

mDia formin activity is abolished. In contrast, Syph-pHluorin retrieval was delayed 

upon expression of dominant negative Rac1, and the loss of mDia1+3 exacerbated that 

phenotype (Figure 54). Expression of neither Rac1 isoform affected Syph-pH 

exocytosis in contrast to previous reports (Keine et al., 2022; O’neil et al., 2021) (Figure 

54D). 

Hence, Rac1 activity is modulated by the loss of mDia1/3 formins and is a crucial 

determinant for SV endocytosis kinetics. 
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Figure 55: Rac Inhibition reduces presynaptic F-Actin Signaling. 
A: Representative three-channel time-gated STED images of synapses from hippocampal cultures 
treated with 0.1 % DMSO or 10 µM Rac inhibitor (EHT 1864) for 2 h. Cells were fixed and stained for 
Bassoon (magenta), F-Actin (cyan) and Homer1 (green). Scale bar, 250 nm. 
B: Presynaptic F-Actin levels in synapses of neurons treated with 0.1 % DMSO (100 ± 8.5) or 10 µM 
Rac1 Inhibitor (EHT 1864; 58.6 ± 6.5; p < 0.0001, one sample Wilcoxon test) for 2 h before fixation. 
Line profiles of F-Actin overlapping with Bassoon (presynapse) distribution were integrated. Data 
shown are normalized to DMSO (set to 100). N= 2; nDMSO = 30, nEHT 1864 = 46. 
C: Analysis of GTPase activity by Cdc42/Rac1-GTP pulldown (PD) from whole-cell lysates (input) of 
mouse hippocampal cultures upon inhibition of pan-Rac activity utilizing immobilized PAK as bait. Cells 
were treated with 0.1 % DMSO or 10 µM Rac inhibitor (EHT 1864) for 2 h before harvest. Samples were 
analyzed by immunoblotting for Cdc42, Rac1 and Tubulin using specific antibodies. Input, 10% of 
material used for the pulldown. Contrast of pulldown and input blots was separately adjusted for 
visualization purposes. 

Previous experiments indicated the compensatory activation of Rac1 in response to 

mDia formin depletion to drive SV endocytosis, potentially via RhoA signaling. Work 

in non-neuronal cells has shown that the antagonism of RhoA and Rac1 activity 

promotes crosstalk between the GTPases to modulate compensatory Actin dynamics 

(Chauhana et al., 2011). We hypothesized that similar reciprocally interdependent 

Rho/Rac1 signaling mechanisms might govern presynaptic F-Actin assembly, thereby 

impacting SV endocytosis.  

In support of this hypothesis, we observed a reduction in presynaptic F-Actin 

abundance upon application of EHT 1864 in multicolor gSTED imaging as a result of 

decreased GTP-bound Rac1 activity (Figure 55A/B). Interestingly, EHT 1864 treatment 

additionally resulted in diminished activity of Cdc42, suggesting potential crosstalk 

between regulatory pathways controlling Cdc42 and Rac1 activity (Figure 55C). 

These results indicate that Rac1 signaling mediates F-Actin dynamics at presynaptic 

sites, which potentially compensates for perturbed Actin functions of mDia1/3 in 

mediating SV endocytosis. 
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We further probed this model by analyzing the ultrastructure of synapses following 

Rac1 inhibition alone or in combination with mDia1/3-depletion.  

 

Figure 56: Inhibition of Rac Signaling alters presynaptic Ultrastructure and partially 
exacerbates mDia1/3 phenotypes. 
A: Representative synaptic electron micrographs from hippocampal neurons transduced with lentiviral 
particles encoding shCTR or shmDia1+3 and treated with 0.1 % DMSO or 10 µM Rac1 Inhibitor (EHT 
1864) for 2 h before fixation. Invaginations and ELVs are colored in blue and yellow, while postsynapse 
and synaptic cleft are colored in green and maroon, respectively. Scale bar, 250 nm. 
B-E: Averaged membrane compartments of boutons exemplified in A. N = 1; nshCTR + DMSO = 144 
synapses, nshmDia1+3 + DMSO = 143 synapses, nshCTR + EHT 1864 = 136 synapses, nshmDia1+3 + EHT 1864 = 153 
synapses.  
B: Averaged SVs/ μm2 : shCTR + DMSO (106.0 ± 3.5);  shmDia1+3 + DMSO (96.2 ± 3.6); shCTR + EHT 
1864 (115.2 ± 4.1); shmDia1+3 + EHT 1864 (122.1 ± 4.2); pshmDia1+3 + DMSO vs shmDia1+3 + EHT 1864 < 0.001, 
Kruskal-Wallis test with Dunn’s post-test. Legend continued on next page. 



4. Results 
 

108 
 

C: Averaged ELVs/μm2: shCTR + DMSO (2.2 ± 0.2); shmDia1+3 + DMSO (3.3 ± 0.3); shCTR + EHT 
1864 (2.6 ± 0.3); shmDia1+3 + EHT 1864 (4.3 ± 0.4); pshCTR + DMSO vs shmDia1+3 + DMSO < 0.05; pshCTR + DMSO vs 

shmDia1+3 + EHT 1864 < 0.001, pshCTR + EHT 1864 vs shmDia1+3 + EHT 1864 < 0.01, Kruskal-Wallis test with Dunn’s post-
test. 
D: Averaged Invaginations/μm2: shCTR + DMSO (0.8 ± 0.1); shmDia1+3 + DMSO (1.2 ± 0.1); shCTR + 
EHT 1864 (1.8 ± 0.1); shmDia1+3 + EHT 1864 (1.9 ± 0.2); pshCTR + DMSO vs shmDia1+3 + DMSO < 0.01, pshCTR + 

DMSO vs shCTR + EHT 1864 < 0.0001, pshCTR + DMSO vs shmDia1+3 + EHT 1864 < 0.0001, pshmDia1+3 + DMSO vs shmDia1+3 + EHT 1864 
< 0.05, Kruskal-Wallis test with Dunn’s post-test. 
E: Average invagination length: shCTR + DMSO (97.6 ± 4.5 nm); shmDia1+3 + DMSO (136.8 ± 6.0 nm); 
shCTR + EHT 1864 (130.9 ± 4.5 nm); shmDia1+3 + EHT 1864 (143.1 ± 4.9 nm); pshCTR + DMSO vs shmDia1+3 + 

DMSO < 0.0001, pshCTR + DMSO vs shCTR + EHT 1864 < 0.001, pshCTR + DMSO vs shmDia1+3 + EHT 1864 < 0.0001, Kruskal-
Wallis test with Dunn’s post-test. N = 1; nshCTR + DMSO = 77 invaginations, nshmDia1+3 + DMSO = 141 
invaginations, nshCTR + EHT 1864 = 176 invaginations, nshmDia1+3 + EHT 1864 = 189 invaginations. 
F: Average invagination width: shCTR + DMSO (124.5 ± 5.6 nm); shmDia1+3 + DMSO (184.1 ± 6.6 nm); 
shCTR + EHT 1864 (179.0 ± 5.8 nm); shmDia1+3 + EHT 1864 (191.0 ± 5.4 nm); pshCTR + DMSO vs shmDia1+3 + 

DMSO < 0.000, pshCTR + DMSO vs shCTR + EHT 1864 < 0.0001, pshCTR + DMSO vs shmDia1+3 + EHT 1864 < 0.0001, Kruskal-
Wallis test with Dunn’s post-test. 
Experiments were performed together with Svea Hohensee. 

Inhibition of Rac function by EHT 1864 led to the accumulation of non-coated plasma 

membrane invaginations (Figure 56A/D), while the number of endosome-like vacuoles 

and synaptic vesicles was not significantly altered (Figure 56A-C). Pharmacologically 

blocking Rac1 activity in neurons depleted of mDia1+3 further increased the number 

of invaginations and ELVs (Figure 56A C/D), consistent with additive phenotypes 

observed in CypHer and pHluorin assays (Figure 53/Figure 54). Interestingly, 

inhibition of Rac1 ameliorated the loss of SVs in mDia1+3-depleted neurons (Figure 

56B). We further measured the length and width of membrane invaginations in our 

conditions to explore potential differences in their architecture between Rac 

perturbation and mDia formin loss. The architecture of membrane deformations 

(length and width) was altered in the perturbation of both Rac and mDia formins, 

indicating that the observed undulations differ from endocytic invaginations that are 

randomly found in control conditions (Figure 56E/F). Surprisingly, interference with 

mDia1/3 and/or Rac1 activities exhibited similar phenotypes with respect to the length 

and width of tubular membrane invaginations, suggesting converging pathways 

involving overlapping Actin-based mechanisms that modulate presynaptic membrane 

architecture.  

Collectively, these findings demonstrate that the small Rho GTPases RhoA/B and Rac1 

facilitate SV endocytosis through interconnected signaling pathways (Figure 46, Figure 

50, Figure 54, and Figure 56). These pathways involve positive and negative feedback 

mechanisms centered around the formin effectors mDia1/3, ultimately converging on 

the regulation of presynaptic F-Actin dynamics (Figure 44/Figure 55). 
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4.3. mTORC2 couples Synaptic Vesicle Endocytosis and 

presynaptic Actin Dynamics 
 

4.3.1. mDia1/3 Formins modulate mTORC2 Activity 
 

Our study highlights the pivotal requirements for Rho proteins RhoA/B and Rac1 as 

well as mDia1/3 formins, in SV endocytosis. Additionally, we elucidated a reciprocal 

crosstalk between Rho-mDia and Rac1 signaling pathways, facilitating compensatory 

remodeling of the cytoskeleton. To further understand the antagonistic relationship 

between synaptic RhoA and Rac1, we were prompted to dissect the signaling pathways 

that mediate GTPase multiplexing to inversely correlate their activities. Rho GTPases, 

such as RhoA and Rac1 are controlled by distinct classes of regulatory proteins 

including guanine nucleotide exchange factors (RhoGEFs), GTPase-activating proteins 

(RhoGAPs) and guanine nucleotide dissociation inhibitors (RhoGDIs), that collectively 

shape Rho GTPase activity gradients (Boulter et al., 2010; Müller et al., 2020). This 

regulation often involves phosphorylation events mediated by various upstream 

kinases, including protein kinase A (PKA) (Qiao et al., 2008), protein kinase C (PKC) 

(Dovas et al., 2010; Sabbatini & Williams, 2013), Src family kinase (DerMardirossian 

et al., 2006) or cyclin-dependent kinase 1 (CDK1) (Whalley et al., 2015), as well as the 

opposing functions of phosphatases such as protein phosphatase 2 (PP2A) (Miyamoto 

et al., 2013). 

As phosphorylation cascades are crucial determinants of Rho GTPase activity, we 

hypothesized that increases in Rac1 activity in mDia1/3-depleted neurons are mediated 

by changes in phosphorylation patterns of regulatory proteins under the control of 

synaptic kinases and/or phosphatases.  

To test this hypothesis, we isolated phosphorylated peptides from neurons lacking 

mDia1/3 and subjected them to MS analysis. We identified 1442 unique 

phosphorylated proteins containing 973 up- and 87 down-regulated phosphorylation 

sites upon perturbation of mDia1/3 function in comparison to control (CTR) lysates. 

Indeed, we found altered phosphorylation of several Rho GTPase regulatory proteins 

including ARHGEF2 (GEF-H1), ARHGEF7 (β-PIX), ARHGEF12 (LARG), Intersectin1, 

ARHGAP21, ARHGAP34 (Srgap2), ARHGAP35 (p190RhoGAP), ARHGAP39, and 

RhoGDI1 in mDia1/3-depleted neurons (Table 11), indicative of alterations in the 

balance of Rho GTPase signaling (see Discussion). 
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Moreover, in neurons lacking mDia1/3, we observed increased phosphorylation of 

dephosphins (Cousin & Robinson, 2001), including Epsin1, Epsin2, Epsin15, SNAP91 

(AP180), Amphiphysin and Synaptojanin1, as well as Synapsin1-3 (Table 11). Notably, 

some of the upregulated residues have been previously implicated in impairing 

endocytosis kinetics (S. Y. Lee et al., 2004; Verstegen et al., 2014). Hence, besides 

directly facilitating the reformation of SVs by mediating Actin-dependent endocytic 

retrieval of membranes and proteins, mDia1/3 may additionally function as signaling 

molecules influencing phosphorylation-dependent signaling cascades of proteins and 

lipids within the synaptic endocytic machinery. 

To investigate signaling pathways affected by the depletion of mDia1/3, we conducted 

a comprehensive analysis of altered phospho-sites and proteins in the loss-of-function 

model. The most affected phosphorylation in our screen was the upregulation of 

phospho-serine696 of the microtubule-associated protein tau, under the control of 

protein kinase B (AKT) (Lei et al., 2023), consistent with previous studies implicating 

mDia1 activity in tau pathology (Qu et al., 2017). Similarly, we found drastic increases 

in the phosphorylation of multiple residues in myristoylated alanine-rich C kinase 

substrate (MARCKS) and growth-associated protein 43 (GAP43), dependent on the 

activities of protein kinase C (PKC) (Heemskerk et al., 1993). Accordingly, we find 

increasingly phosphorylated isoforms of protein kinase C (PKCα, PKCγ, PKCε), 

indicating their activation (Facchinetti et al., 2008).  

The phosphorylated residues we identified are regulated by intricate signaling cascades 

involving the mechanistic target of rapamycin complex 2 (mTORC2) (Figure 57A). 

Consistently, a study blocking mTORC2 function through genetic ablation of its 

subunit Rictor demonstrated the downregulation of phosphorylation of multiple PKC 

isoforms, and their substrates p-MARCKS and p-GAP43 in brain lysates of Rictor-KO 

mice (Thomanetz et al., 2013). Furthermore, we identified the mTOR kinase, Rictor, 

PKCα, GAP43, MARCKS, and Tau in the proximal protein environment of mDia1 at 

synapses following MS analysis (Figure 57B). 
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Figure 57: mDia1/3 affect mTORC2 Signaling. 
A: Upregulated phospho-sites in mDia1/3-depleted neurons drive protein activities downstream of 
mTORC2. mTORC2 mediates phosphorylation of protein kinase B (AKT) and C (PKC) at serine473 and 
threonine638 (PKCα) (Baffi et al., 2021). AKT regulates serine9 phosphorylation of glycogen synthase 
kinase 3 beta (GSK3β) (Kitagishi et al., 2012). GSK3β mediates tau phosphorylation at serine696 (Lei et 
al., 2023). Active PKC phophorylates GAP43 at serine41 (Nguyen et al., 2009) and MARCKS at serine25 
and serine163 (Heemskerk et al., 1993; Toledo et al., 2013). 
B: Volcano plot of mTORC2 signalling associated proteins in the proximal environment of neuronal 
mDia1 analyzed by label-free proteomics of biotinylated proteins in neurons transduced with mDia1-
TurboID or mock-treated cells. The logarithmic ratios of protein intensities are plotted against negative 
logarithmic p-values derived from two-tailed student’s t-test. Each dot represents one protein. N = 3 
independent experiments.  
Mass spectrometry was performed by Heike Stepahnowitz. 

These results indicate that formins mDia1/3 likely exert a direct influence on mTORC2 

signaling pathways. 

Following those findings, we investigated the role of mDia1/3 in regulating the activity 

of mTORC2. mTORC2 activity can be read out by phosphorylation of its downstream 

target protein kinase B (AKT) at serine473 (Bayascas & Alessi, 2005), which can be 

experimentally assessed by utilizing specific antibodies.  

Indeed, we found elevated levels of phosphorylated serine473 AKT1 (p-AKT1) in lysates 

of neurons depleted of mDia1/3 (Figure 58A/B). Conversely, the activation of mDia 

formins by application of IMM significantly reduced the phosphorylation of AKT1 

(Figure 58C/D).  

Hence, mDia formins bidirectionally modulate mTORC2 activity in an antagonistic 

manner. 
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Figure 58: mDia1/3 bidirectionally drive mTORC2 Activity. 
A: Analysis of mTORC2 activity in whole-cell lysates of mouse hippocampal cultures treated with 
lentivirus encoding shCTR or shmDia1+3. Samples were analyzed by immunoblotting against mDia1, 
mDia3, phosphorylated AKT1 (p-AKT1 Ser473), pan-AKT and Tubulin utilising specific antibodies. 
B: Phosphorylated AKT1 levels in whole-cell lysates of shmDia1+3 (2.0 ± 0.3, p < 0.01, one sample 
Wilcoxon test) compared to shCTR treated neurons exemplified in A. The ratio of phosphorylated 
(Ser473) AKT1 to pan-AKT was calculated. Data shown is normalized to shCTR. N = 9 independent 
experiments. 
C: Analysis of mTORC2 activity in whole-cell lysates of mouse hippocampal cultures treated with 0.1 % 
DMSO or 10 µM mDia activator (IMM) for 2 h. Samples were analyzed by immunoblotting against 
phosphorylated AKT1 (p-AKT Ser473), pan-AKT and Tubulin utilising specific antibodies. 
D: Phosphorylated AKT1 levels in whole-cell lysates of IMM (0.3 ± 0.1; p < 0.01, one-sample t-test) 
compared to DMSO treated neurons exemplified in C. The ratio of phosphorylated (Ser473) AKT1 to pan-
AKT was calculated. Data shown is normalized to DMSO. N = 5 independent experiments. 

Apart from mTORC2, the mTOR kinase is also an indispensable subunit of mTOR 

complex 1 (mTORC1) which regulates protein synthesis in response to nutrient and 

amino acid availability. Interestingly, mTORC1 activity, measured by its downstream 

phosphorylation of threonine389 of p70 S6 Kinase, was not affected by perturbation of 

mDia1/3 formins, as determined by MS analysis and immunoblotting (Data not 

shown). 

Recent studies have highlighted the involvement of mTORC2 in both pre- and 

postsynaptic signaling, contributing to synaptic plasticity (Huang et al., 2013) and 

neurotransmission (McCabe et al., 2020; Smillie & Cousin, 2012). In addition, AKT 

signaling has been implicated in memory formation, synaptic plasticity and dendritic 

morphogenesis (Bruel-Jungerman et al., 2009; Horwood et al., 2006; Sánchez-Alegría 

et al., 2018; Sui et al., 2008; Waite & Eickholt, 2010). Thus, we investigated if the global 

increase of p-AKT1, measured in lysates of neurons depleted of mDia1/3, was 

attributed to the postulated pre- or postsynaptic signaling arms of mTORC2 activity. 

Multicolor gSTED imaging revealed that AKT1 phosphorylation predominantly occurs 

at presynaptic sites marked by Bassoon (Figure 59A/C). Accordingly, presynaptic 

levels of p-AKT1 could be reduced by the application of AZD 3147 (Figure 59A/D), an 
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inhibitor of the mTOR kinase (Pike et al., 2015), indicating that phosphorylation of 

serine347 of AKT1 is a bona fide target of synaptic mTORC2. In line with the 

biochemical analysis in lysates, we found elevated levels of p-AKT1 at synapses 

depleted of mDia1+3 (Figure 59B/E).  

 

Figure 59: mDia1/3 and mTORC2 modulate  presynaptic AKT1 Phosphorylation. 
A: Representative three-channel time-gated STED images of synapses from hippocampal cultures 
treated with 0.1% DMSO or 10 nM mTORC2 inhibitor (AZD 3147) for 2 h. Cells were immunostained for 
Bassoon (magenta), phosphorylated AKT1 (p-AKT1; pSer473) (cyan) and Homer1 (green). Scale bar, 250 
nm. 
B: Representative three-channel time-gated STED images of synapses from hippocampal cultures 
treated with shCTR or shmDia1+3 encoding lentivirus. Cells were immunostained for Bassoon 
(magenta), p-AKT1 (cyan) and Homer1 (green). Scale bar, 250 nm. 
C: Averaged normalized line profiles for synaptic distribution of p-AKT1 and Homer1 relative to Bassoon 
(Maximum set to 0 nm). N = 3; n = 141 synapses. 
D: Neuronal p-AKT1 levels in synapses from hippocampal cultures treated with 0.1% DMSO (100.0 ± 
6.0) or 10 nM AZD 3147 (62.6 ± 5.6; p < 0.0001, one sample Wilcoxon test) for 2 h. Line profiles of p-
AKT1 were integrated. Data shown are normalized to DMSO (set to 100). N = 1; nDMSO = 28 synapses, 
nAZD 3147 = 23 synapses. 
E: Presynaptic p-AKT1 levels in synapses from hippocampal cultures treated with shCTR (100.0 ± 4.2) 
or shmDia1+3 (124.5 ± 5.9; p < 0.0001, one simple Wilcoxon test). Absolute line profiles of p-AKT1 
overlapping with Bassoon (presynapse) distribution were integrated. Data shown are normalized to 
shCTR (set to 100). N = 3; nshCTR = 141 synapses, nshmDia1+3 = 131 synapses. 
Experiments were performed together with Hannah Gelhaus. 

Hence, mDia loss leads to increased phosphorylation of AKT1 (Figure 58) downstream 

of mTORC2 at presynaptic sites (Figure 59). 

Taken together, these results indicate that mDia1/3 formins negatively regulate the 

activity of mTORC2 and its downstream signaling arms at presynapses. 
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4.3.2. Synaptic mTORC2 is a negative Regulator of SV Endocytosis 
 

Both in yeast and mammalian cells, mTORC2 activity has been implicated in the 

control of endocytosis (Riggi et al., 2019; Smillie & Cousin, 2012). As we observed 

activation of mTORC2 at presynaptic sites in mDia1/3-depleted cells (Figure 58, and 

Figure 59), we were prompted to investigate its potential contribution to the 

endocytosis-related phenotypes attributed to formin perturbation (Figure 32). 

 

To dissect the role of mTORC2 in SV endocytosis, we employed a combination of 

pharmacological inhibitors targeting the mTOR kinase in general or selectively 

mTORC1. The application of the molecule Rapamycin specifically targets mTORC1 

through binding to its FKBP12/rapamycin complex binding domain (FRB), which is 

masked in mTORC2 (Scaiola et al., 2020). Conversely, AZD 3147 targets both mTOR 

complexes but exhibits higher specifity towards mTORC2 with an in vitro IC50 in the 

single-digit nanomolar range (Pike et al., 2015). 

In line with our STED analysis, AZD 3147 application significantly decreased the 

phosphorylated abundance of AKT1 in lysates from both control and mDia1+3-

depleted hippocampal cultures (Figure 60A/E). Interestingly, application of 

Rapamycin increased p-AKT1 levels in lysates of hippocampal cultures (Figure 60A/B), 

consistent with prior findings of activated AKT signaling as a consequence of blocking 

a negative feedback loop downstream of mTORC1 (Hsu et al., 2011; McCabe et al., 

2020; O’Reilly et al., 2006; S. Y. Sun et al., 2005). Treatment of neurons depleted of 

mDia1+3 exacerbated the hyperphosphorylation of AKT1 (Figure 60B) compared to 

control cells.  

Hence, the combination of inhibitors of the mTOR kinase (both mTORC complexes, 

AZD 3147) and specific-mTORC1 blockers (Rapamycin), enables the investigation of 

perturbation versus activation of mTORC2, providing an orthogonal approach to 

stimulate mTORC2 activity independent of mDia1/3 manipulation. 

To assess the role of mTORC2 in SV recycling, we monitored the retrieval of vGLUT1-

pHluorin when cells were treated with Rapamycin or AZD 3147 in response to 

stimulation with 40 APs. Blocking mTORC1 activity by Rapamycin delayed vGLUT1-

pHluorin endocytosis and exacerbated phenotypes associated with the loss of mDia1+3 

formins (Figure 60C/D). Conversely, the application of AZD 3147 ameliorated the 

endocytic phenotypes seen in the loss of mDia formins (Figure 60F/G). 
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Figure 60: mTORC1 and mTORC2 differentially mediate SV Endocytosis. 
A: Analysis of mTORC2 activity in whole-cell lysates of mouse hippocampal cultures treated with 0.1% 
DMSO, 200 nM mTORC1 inhibitor (Rapamycin), or 10 nM mTORC2 inhibitor (AZD 3147) for 2 h. 
Samples were analyzed by immunoblotting for phosphorylated AKT1 (p-AKT Ser473), pan-AKT and 
Tubulin.  
B: Phosphorylated AKT1 levels in lysates of neurons transduced with shCTR/shmDia1+3 and treated 
with 0.1% DMSO (2.5 ± 1.0 for shmDia1+3) or 200 nM Rapamycin (1.7 ± 0.6 for shCTR, 3.2 ± 1.4 for 
shmDia1+3) for 2 h. The ratio of p AKT1 to pan-AKT was calculated. Data is normalized to shCTR + 
DMSO. N = 4. 
C: Averaged normalized vGLUT1-pHluorin fluorescence traces from hippocampal neurons transduced 
with shCTR or shmDia1+3 and treated with 0.1 % DMSO or 200 nM mTORC1 inhibitor (Rapamycin) for 
2 h in response to 40 AP (20 Hz, 2 s) stimulation. N = 5; nshCTR + DMSO = 22 videos, nshmDia1+3 + DMSO = 25 
videos, nshCTR + Rapamycin = 19 videos, nshmDia1+3 + Rapamycin = 22 videos. 
D: Endocytic decay constants of traces in C: τshCTR + DMSO = 11.4 ± 0.8 s, τshmDia1+3 + DMSO = 21.4 ± 3.9 s, 
τshCTR + Rapamycin = 29.0 ± 5.6 s, τshmDia1+3 + Rapamycin= 34.3 ± 11.5 s; pshCTR+ DMSO vs shmDia1+3 + Rapamycin < 0.05, 
Kruskal-Wallis test with Dunn’s post-test).  
E: Phosphorylated AKT1 levels in lysates of neurons transduced with shCTR/shmDia1+3 and treated 
with 0.1% DMSO (1.5 ± 0.3 for shmDia1+3) or 10 nM AZD 3147 (0.2 ± 0.1 for shCTR, p < 0.01,  one-
sample t-test; 0.4 ± 0.1 for shmDia1+3, pshmDia1+3 DMSO vs shmDia1+3 AZD3147 < 0.05, student’s t-test) for 2 h. 
Data is normalized to shCTR + DMSO. N = 3. 
F: Averaged normalized vGLUT1-pHluorin fluorescence traces from hippocampal neurons transduced 
with shCTR or shmDia1+3 and treated with 0.1 % DMSO or 10 nM mTORC2 inhibitor (AZD 3147) for 2 
h in response to 40 AP (20 Hz, 2 s) stimulation. N = 7; nshCTR + DMSO = 30 videos, nshmDia1+3 + DMSO = 37 
videos, nshCTR + AZD 3147 = 35 videos, nshmDia1+3 + AZD 3147 = 41 videos. 
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G: Endocytic decay constants of vGLUT1-pHluorin traces in F: τshCTR + DMSO = 9.9 ± 0.8 s, τshmDia1+3 + DMSO 
= 19.3 ± 3.1 s, τshCTR + AZD 3147 = 10.6 ± 0.8 s, τshmDia1+3 + AZD 3147 = 9.7 ± 0.6 s; pshCTR + DMSO vs shmDia1+3 + DMSO < 
0.05, pshmDia1+3 + DMSO vs shmDia1+3 + AZD 3147 < 0.05, Kruskal-Wallis test with Dunn’s post-test. 

These results are consistent with a model in which mTORC2 activation impairs the 

kinetics of SV endocytosis. 

To further substantiate these findings, we additionally perturbed mTORC1 and 

mTORC2 activity by genetic depletion of their specific subunits Raptor and Rictor, 

respectively, and examined corresponding effects on SV endocytosis. In contrast to 

previous studies (McCabe et al., 2020), we found both Raptor and Rictor subunits 

localized at the presynapse in close proximity to Bassoon following analysis by 

multicolor gSTED imaging (Figure 61). The observed localization supports the notion 

that both complexes may directly modulate the endocytic machinery, contributing to 

the observed phenotypes (Figure 60). Interestingly, Rictor was also detected at the 

postsynaptic membrane (Figure 61D), consistent with previous studies (Thomanetz et 

al., 2013). 

The inhibition of mTORC1 activity via knockdown of its Raptor subunit led to an 

increase in the phosphorylation of AKT1 at serine347 (Figure 62B), consistent with the 

effects observed following pharmacological perturbation by Rapamycin treatment 

(Figure 60A-D). Conversely, genetic depletion of Rictor resulted in the perturbation of 

mTORC2 activity, as AKT1 phosphorylation was reduced (Figure 62A/E), albeit to a 

lesser extent compared to the pharmacological inhibition following AZD 3147 

application (Figure 60E-G). In addition, when mDia1/3 formins were co-depleted with 

Rictor, mTORC2 hyperactivation upon formin perturbation was rescued (Figure 

62A/E), restoring AKT1 phosphorylation back to control levels.  

Hence, Rictor and Raptor depletion serve as orthogonal tools to block or stimulate 

mTORC2 activity, respectively.  
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Figure 61: Raptor and Rictor are localized at presynaptic Sites. 
A: Representative three-channel time-gated STED image of a synapse from hippocampal cultures fixed 
and immunostained for Bassoon (magenta), Rictor (cyan) and Homer1 (green). Scale bar, 250 nm. 
B: Averaged normalized line profiles for synaptic distribution of Rictor and Homer1 relative to Bassoon 
(Maximum set to 0 nm). N = 3; n = 98 synapses. 
C: Representative three-channel time-gated STED image of a synapse from hippocampal cultures fixed 
and immunostained for Bassoon (magenta), Raptor (cyan) and Homer1 (green). Scale bar, 250 nm. 
D: Averaged normalized line profiles for synaptic distribution of Raptor and Homer1 relative to Bassoon 
(Maximum set to 0 nm). N = 3; n = 144 synapses. 
Experiments were performed together with Hannah Gelhaus. 

We further conducted single or co-depletion of Rictor/Raptor together with mDia1/3 

to study the effects of mTORC2 activity on vGLUT1-pHluorin retrieval. Genetic 

ablation of mTORC1 activity through Raptor loss delayed SV endocytosis kinetics 

(Figure 62C/D), resembling effects observed with Rapamycin treatment.  In contrast, 

loss of Rictor alone did not induce an endocytic phenotype (Figure 62F/G). 

Interestingly, co-depletion of Rictor and mDia1/3 mitigated the impaired kinetics of 

vGLUT1-pHluorin endocytosis associated with mDia1/3 perturbation, consistent with 

the observations following AZD 3147 treatment (Figure 60). 

Taken together, our findings suggest an inverse correlation between mTORC2 activity 

and the kinetics of SV endocytosis. Stimulated mTORC2 activation (Figure 58, Figure 

60, and Figure 62) blocks SV endocytosis, while its inhibition (Figure 60/Figure 62) is 

able to rescue endocytic phenotypes deriving from mDia1/3-depletion.  
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Figure 62: Genetic Ablation of mTORC1 and mTORC2 Activity differentially affects the 
Kinetics of SV Endocytosis. 
A: Analysis of mTORC2 activity in whole-cell lysates of mouse hippocampal cultures transduced with 
lentivirus encoding shCTR, shRictor, shRaptor, or shmDia1+3 alone or in combination. Samples were 
analyzed by immunoblotting for Rictor, Raptor, phosphorylated AKT1 (p-AKT Ser473), pan-AKT and 
Tubulin with specialized antibodies. 
B: Phosphorylated AKT1 levels in whole-cell lysates of neurons transduced with shmDia1+3 (1.6 ± 0.2; 
p < 0.05) or shRaptor (1.8 ± 0.3; p < 0.05, one sample t-test) alone or in combination (1.7 ± 0.3) in 
comparison to shCTR. The ratio of phosphorylated (Ser473) AKT1 to pan-AKT was calculated. N = 6. 
C: Averaged normalized vGLUT1-pHluorin fluorescence traces from hippocampal neurons transduced 
with lentivirus encoding shCTR, shmDia1+3 and shRaptor alone or in combination in response to 40 AP 
(20 Hz, 2 s) stimulation. N = 5; nshCTR = 24 videos, nshmDia1+3 = 25 videos, nshRaptor = 21 videos, nshmDia1+3 + 

shRaptor = 23 videos. Legend continued on next page. 



4. Results 
 

119 
 

D: Endocytic decay constants of vGLUT1-pHluorin traces in C: τshCTR = 11.3 ± 2.6 s, τshmDia1+3 = 18.6 ± 
3.1 s; pshCTR vs shmDia1+3 < 0.01, τshRaptor = 22.8 ± 4.2 s,τshmDia1+3 + shRaptor = 16.4 ± 2.0 s; pshRaptor < 0.05, one-
way ANOVA with Tukey’s post-test. 
E: Phosphorylated AKT1 levels in whole-cell lysates of neurons transduced with shmDia1+3 (1.6 ± 0.2; 
p < 0.05) or shRictor (0.8 ± 0.1, p < 0.05, one sample t-test) alone or in combination (1.2 ± 0.2; pshmDia1+3 

vs shmDia1+3 + Rictor < 0.05, two-tailed student’s t-test). The ratio of phosphorylated (Ser473) AKT1 to pan-AKT 
was calculated. Data shown is normalized to shCTR. N = 6. 
F: Averaged normalized vGLUT1-pHluorin fluorescence traces from hippocampal neurons transduced 
with lentivirus encoding shCTR, shmDia1+3 and shRictor alone or in combination in response to 40 AP 
(20 Hz, 2 s) stimulation. N = 5; nshCTR = 24 videos, nshmDia1+3 = 25 videos, nshRictor = 23 videos, nshmDia1+3 + 

shRictor = 22 videos. 
G: Endocytic decay constants of vGLUT1-pHluorin traces in C: τshCTR = 11.3 ± 2.6 s, τshmDia1+3 = 18.6 ± 
3.1 s, τshRictor = 12.5 ± 2.5 s, τshmDia1+3 + shRictor = 11.7 ± 2.3 s; pshCTR vs shmDia1+3 < 0.01, pshmDia1+3 vs shmDia1+3 + 

shRictor < 0.05, one-way ANOVA with Tukey’s post-test. 

 

4.3.3. Interdependent mTORC2 and synaptic cytoskeletal Signaling. 
 

4.3.3.1. Perturbation of Formin-mediated Actin Function regulates 

mTORC2 
 

Previous studies identified the importance of formin activity in SV endocytosis by 

perturbing recycling kinetics through application of the promiscous FH2-domain 

inhibitor SMIFH2 (Soykan et al., 2017). Furthermore, neuronal cultures treated with 

SMIFH2 exhibited altered presynaptic F-Actin structures (Bingham et al., 2023). We 

hypothesized that if mTORC2 activation in mDia1/3-depleted neurons derives from 

the blockage of its Actin function, treatment of cells with SMIFH2 would induce similar 

phenotypes. 

Indeed, we observed a significant increase in phosphorylated AKT1 levels in 

hippocampal lysates following SMIFH2-mediated perturbation of formin function, 

which could be mitigated by co-incubation with AZD 3147 (Figure 63A/B).  

Next, we investigated the effects of these treatments on the retrieval of vGLUT1-

pHluorin in response to stimulation with 40 APs. As previously published (Soykan et 

al., 2017), acute formin inhibition following SMIFH2 treatment impairs SV endocytosis 

(Figure 63C/D). Interestingly, co-application of AZD 3147 alleviated SMIFH2-induced 

phenotypes on endocytosis kinetics (Figure 63C/D), indicating that hyperactivation of 

mTORC2 due to formin activity perturbation blocks SV endocytosis. 

Hence, interference with formin-based Actin functions through genetic or 

pharmacological perturbation causes mTORC2 activation, resulting in the impairment 

of synaptic vesicle recycling.  
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Figure 63: mTORC2 Hyperactivation drives endocytic Phenotypes of Formin Inhibition. 
A: Analysis of mTORC2 activity in whole-cell lysates of mouse hippocampal cultures treated with 0.1 % 
DMSO, 10 nM mTORC2 inhibitor (AZD 3147) or 30 µM formin inhibitor SMIFH2 alone or in 
combination for 2 h. Samples were analyzed by immunoblotting for phosphorylated AKT1 (p-AKT 
Ser473), pan-AKT and Tubulin. 
B: Phosphorylated AKT1 levels in whole-cell lysates of neurons treated with AZD 3147 (0.2 ± 0.1, p < 
0.001, one sample t-test) or 30 µM SMIFH2 (2.9 ± 0.6) or both (SMIFH2 + AZD 3147; 0.9 ± 0.3; pSMIFH2 

vs SMIFH2 + AZD 3147 < 0.05, one-way ANOVA with Tukey’s post-test) in comparison to DMSO treated 
neurons exemplified in A. The ratio of phosphorylated (Ser473) AKT1 to pan-AKT was calculated. Data 
shown is normalized to shCTR. N = 4.  
C: Averaged normalized vGLUT1-pHluorin fluorescence traces from hippocampal neurons acutely 
treated with 0.1 % DMSO, 10 nM mTORC2 inhibitor (AZD 3147), or 30 µM formin inhibitor SMIFH2 
alone or in combination in response to 40 AP (20 Hz, 2 s) stimulation. N = 4; nDMSO = 18 videos, nAZD 3147 
= 17 videos, nSMIFH2 = 16 videos, nSMIFH2 + AZD 3147 = 14 videos. 
D: Endocytic decay constants of vGLUT1-pHluorin traces in C: τDMSO = 13.8 ± 2.0 s,  τAZD 3147 = 15.4 ± 
1.4 s, τSMIFH2 = 35.1 ± 5.8 s, τSMIFH2 + AZD 3147 = 16.7 ± 5.0 s; pDMSO vs SMIFH2 < 0.05, pSMIFH2 vs AZD 3147 < 0.05, 
one-way ANOVA with Tukey’s post-test. 

 

4.3.3.2. Homeostatic Coupling of mTORC2 Activity and cytoskeletal 

Dynamics  
 

Our findings suggest that mTORC2 signaling acts as a negative regulator of SV 

endocytosis kinetics downstream of formins. Interestingly, pharmacological inhibition 

of formins drives mTORC2 activation (Figure 63), while conversely, the activation of 

formins blocks its activity (Figure 58). Based on the results, we propose that mTORC2 
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activity is intricately linked to the dynamics of the Actin cytoskeleton, which are 

mediated by formins (Figure 44). 

Consistent with this notion, we observed that increasing F-Actin levels via 

Jasplakinolide treatment (Oevel et al., 2024), reduced the phosphorylation of AKT1 at 

serine347 (Figure 64A). Furthermore, restoring F-Actin to control levels in mDia1/3-

depleted neurons through Jasplakinolide application not only ameliorated endocytosis 

phenotypes (Figure 45) but also reduced mTORC2 hyperactivation (Figure 64A).  

 

Figure 64: Interdependent mTORC2 and cytoskeletal Signaling. 
A: Analysis of mTORC2 activity in whole-cell lysates of mouse hippocampal cultures transduced with 
lentiviral particles encoding shCTR or shmDia1+3 and treated with 0.1 % DMSO or 1 µM Jasplakinolide 
for 2 h. Samples were analyzed by immunoblotting for mDia1, phosphorylated AKT1 (p-AKT Ser473), 
pan-AKT and Tubulin. 
B: Analysis of GTPase activity by Cdc42 /Rac1-GTP pulldown (PD) from whole-cell lysates (input) of 
mouse hippocampal neurons expressing shCTR or shRictor utilizing immobilized PAK as a bait. Samples 
were analyzed by immunoblotting for Raptor, p-AKT1, pan-AKT, Cdc42, Rac1 and Tubulin using specific 
antibodies. Input, 10% of material used for the pulldown. Contrast of pulldown and input blots was 
separately adjusted for visualization purposes. 
C: Densitometric quantification of Cdc42-GTP normalized to total Cdc42 levels in lysates from shRictor-
transduced neurons (10.6 ± 0.8). Values for shCTR were set to 1. N = 3. 
D: Densitometric quantification of Rac1-GTP normalized to total Rac1 levels (input) in lysates from 
neurons transduced with shRictor (3.6 ± 0.7). Values for shCTR were set to 1. N = 3. 

These results suggest that the stability and abundance of Actin play a crucial role in 

controlling mTORC2 activity in neurons.  

In addition to its regulation by cytoskeletal dynamics, mTORC2 has been implicated in 

controlling downstream Actin signaling in both yeast and mammalian cells (Dos et al., 

2004; Huang et al., 2013; Jacinto et al., 2004; Loewith et al., 2002). Recent studies in 
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non-neuronal migrating cells have revealed that mTORC2 activity inhibits 

WAVE-mediated Actin signaling (Diz-Muñoz et al., 2016), and depletion of its specific 

subunit Rictor results in enhanced activation of the GTPase Rac1 (Saha et al., 2023). 

As perturbed endocytosis kinetics in mDia1/3-depleted neurons were alleviated both 

by mTORC2 inhibition (Figure 60/Figure 62) as well as exogenous expression of 

constitutively-active Rac1 (Figure 54), we investigated the activity levels of Rac1 in cells 

lacking the mTORC2 subunit Rictor. Consistent with earlier studies (Diz-Muñoz et al., 

2016; Saha et al., 2023), we observed increased levels of GTP-bound Cdc42 and Rac1 

following isolation by pulldowns utilizing an immobilized domain of their effector PAK 

in lysates of Rictor-depleted neurons (Figure 64B-D).  

These data support a model in which mTORC2 inhibition ameliorates endocytosis 

phenotypes associated with mDia1/3 loss (Figure 60, Figure 62, and Figure 63) by 

disinhibiting downstream Actin signaling mediated by Cdc42 and Rac1 (Figure 64). 

4.3.3.3. AKT drives SV Endocytosis independent of mTORC2 activity 

Given the observation of increased Rac1 activity in neurons where mTORC2 was 

perturbed (Figure 64), we hypothesized that mTORC2 activity negatively regulates 

Rac1 signaling. Next, we aimed to dissect which downstream effector of mTORC2 

mediates its negative role in SV endocytosis, as well as Rac1-mediated Actin 

modulation. mTORC2 directly phosphorylates multiple targets to initiate signaling 

cascades, including the activation of AKT1 (Manning & Toker, 2017).  

To ascertain whether AKT1 serves as the synaptic downstream target of mTORC2, 

contributing to the observed phenotypes, we pharmacologically inhibited AKT function 

using the small molecule inhibitor MK 2206 (Pal et al., 2010). Surprisingly, inhibition 

of pan-AKT activity by MK 2206 treatment hindered the retrieval of vGLUT1-pHluorin 

following 40 AP stimulation (Figure 65), in contrast to the inhibition of its upstream 

kinases mTORC2 (Figure 60/Figure 62/Figure 63). Furthermore, endocytosis kinetics 

were exacerbated when AKT inhibition was combined with mDia1/3 formin 

perturbation (Figure 65).  

Hence, AKT signaling drives synaptic vesicle endocytosis, consistent with previous 

studies (Smillie & Cousin, 2012).  
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Figure 65: Pharmacological Inhibition of Protein Kinase B (AKT) inhibits SV Endocytosis.  
A: Averaged normalized vGLUT1-pHluorin fluorescence traces from hippocampal neurons transduced 
with shCTR or shmDia1+3 and acutely treated with 0.1 % DMSO or 10 µM pan-AKT inhibitor (MK 2206) 
in response to 40 AP (20 Hz, 2 s) stimulation. N = 4; nshCTR + DMSO = 15 videos, nshmDia1+3 + DMSO = 18 videos, 
nshCTR + MK 2206 = 23 videos, nshmDia1+3 + MK 2206 = 18 videos. 
B: Endocytic decay constants of vGLUT1-pHluorin traces in A: τshCTR + DMSO = 12.1 ± 0.3 s, τshmDia1+3 + DMSO 
= 23.0 ± 4.6 s, τshCTR + MK 2206 = 30.8 ± 7.6 s, τshmDia1+3 + MK 2206 = 47.4 ± 7.6 s; pshCTR+ DMSO vs shmDia1+3 + MK 2206 
< 0.01, one-way ANOVA with Tukey’s post-test.  

Interestingly, we observe that mTORC2-mediated phosphorylation of serine473 does 

not directly modulate synaptic functions of AKT, indicating that this residue is not 

necessary for catalytic activity (J. Yang et al., 2002), but rather enhances downstream 

signaling of AKT as suggested before (Chu et al., 2018). As a consequence, distinct 

mTORC2 signaling pathways independent of AKT likely contribute to the amelioration 

of phenotypes associated with mDia1/3-depletion. One potential candidate is protein 

kinase C, given that the phosphorylation of multiple isoforms and downstream 

effectors was altered in lysates from neurons lacking mDia1/3 formins (Figure 57). 

Interestingly, PKC signaling has been implicated in both synaptic vesicle endocytosis 

(Jin et al., 2019; Plomann et al., 1998) and cytoskeletal dynamics (Larsson, 2006). 

Taken together, our findings suggest that synaptic mTORC2 activity is controlled by 

the cytoskeleton downstream of mDia1/3 formins (Figure 58/Figure 59). Conversely, 

mTORC2 serves as a negative regulator of the Actin cytoskeleton (Figure 64), with 

modulation by the small Rho GTPases Cdc42 and Rac1 through downstream signaling 

independent of AKT (Figure 65), potentially mediated through PKC (Figure 57). 

 

4.4. Plasma Membrane Tension Homeostasis drives Synaptic 

Vesicle Endocytosis 
 

In our study, we identified a crucial role for interdependent Rho GTPase signaling via 

RhoA/B (Figure 46) and Rac1 (Figure 53/Figure 54), along with the formins mDia1/3 

(Figure 32), in modulating the kinetics of synaptic vesicle endocytosis. We further 
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established mTORC2 as a negative regulator of SV endocytosis kinetics (Figure 

60/Figure 62) and the Actin cytoskeleton (Figure 64), becoming activated upon 

perturbation of mDia1/3 function (Figure 58). Given our findings that mDia1/3 

regulate presynaptic Actin abundance (Figure 45) and crosslink Actin filaments and 

the presynaptic membrane through its N-terminus (Figure 38), it is conceivable that 

presynaptic formins contribute to cortical tension acting on the presynaptic plasma 

membrane. Accordingly, inhibition of formin activity has been linked to a reduction in 

plasma membrane tension in non-neuronal cells (Lembo et al., 2023). Interestingly, 

mTORC2 has been reported to sense changes in membrane tension in both yeast and 

mammalian cells to mediate compensatory signaling by modulating the rates of 

endocytosis and cytoskeletal dynamics (Berchtold et al., 2012; Diz-Muñoz et al., 2016; 

Kippenberger et al., 2005; Sedding et al., 2005). Furthermore, the exo-endocytic 

cycling of synaptic vesicles underlies tension homeostasis of the plasma membrane 

(Perez et al., 2022). Thus, we were prompted to revisit the role of plasma membrane 

tension in neuronal mTORC2 activation downstream of mDia1/3 and its effects on the 

kinetics of synaptic vesicle endocytosis. 

To test the consequences of tension perturbation on SV recycling, we employed 

palmitoylcarnitine (PalmC), a molecule known to significantly reduce tension by 

intercalation into the plasma membrane in Saccharomyces cerevisiae (Riggi et al., 

2018, 2019). Furthermore, PalmC application induces phase seperation of PI(4,5)P2 

into clusters, resulting in sequestration and inactivation of yeast TORC2 (Riggi et al., 

2018).  

Contrary to expectations, we observed an increase in phosphorylation of AKT1 at 

serine473 following PalmC treatment (Figure 66A), indicative of the stimulation of 

mTORC2 activity. 

These results suggest that tension-regulation of mTORC2 at synapses differs from the 

well-described inhibitory pathway observed in yeast (Riggi et al., 2018). Consistently, 

reducing tension through the orthogonal method of hyperosmotic shocks (700 mOsm), 

known to cause mTORC2 inhibition in mammalian cells within seconds (Roffay et al., 

2021), does not alter phosphorylation of AKT at presynaptic sites marked by Bassoon 

utilizing gSTED microscopy (Data not shown).  
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Figure 66: Reducing Membrane Tension through Palmitoylcarnitine inhibits SV 
Endocytosis. 
A: Analysis of mTORC2 activity in whole-cell lysates of mouse hippocampal cultures transduced with 
lentiviral particles encoding shCTR or shmDia1+3 and treated with 0.1 % DMSO or 10 µM 
Palmitoylcarnitine (PalmC) for 2 h. Samples were analyzed by immunoblotting for mDia1, 
phosphorylated AKT1 (p-AKT Ser473), pan-AKT and GAPDH. 
B: Averaged normalized vGLUT1-pHluorin fluorescence traces from hippocampal neurons transduced 
with shCTR or shmDia1+3 and acutely treated with 0.1 % DMSO or 10 µM PalmC in response to 40 AP 
(20 Hz, 2 s) stimulation. N = 5; nshCTR + DMSO = 17 videos, nshmDia1+3 + DMSO = 22 videos, nshCTR + PalmC = 16 
videos, nshmDia1+3 + PalmC = 16 videos. 
C: Endocytic decay constants of vGLUT1-pHluorin traces in B. τshCTR + DMSO = 11.5 ± 3.1 s, τshmDia1+3 + DMSO 
= 17.1 ± 3.3 s, τshCTR + PalmC = 32.3 ± 6.5 s, τshmDia1+3 + PalmC = 52.3 ± 2.6 s; pshCTR + DMSO vs shmDia1+3 + DMSO < 
0.05, pshCTR+ DMSO vs shmDia1+3 + PalmC < 0.01, pshmDia1+3 + DMSO vs shmDia1+3 + PalmC < 0.01, one-way ANOVA with 
Tukey’s post-test.  

The reduction of plasma membrane tension through acute PalmC incubation 

significantly perturbed the retrieval of vGLUT1-pHluorin after 40 AP stimulation 

trains (Figure 66B/C). Furthermore, PalmC treatment exacerbated the impairment of 

endocytosis kinetics following mDia1/3-depletion, indicating that plasma membrane 

tension crucially determines the kinetics of SV recycling. 

Taken together, our findings suggest that synaptic mTORC2 is not inhibited by 

decreases in plasma membrane tension induced by orthogonal tools such as osmotic 

shocks or PalmC application, in contrast to the tension-regulation of TORC2 known 

from yeast. Interestingly, PalmC treatment activates mTORC2. Furthermore, the 

reduction of plasma membrane tension blocks the endocytic retrieval of SV proteins 

following PalmC incubation, in contrast to other studies (Orlando et al., 2019). This 

discrepancy may be attributed to the tension-dependency of Dynamin for membrane 

fission (Morlot et al., 2012), indicating that the coupling of tension reduction upon 

exocytosis with tension increases during endocytosis (Perez et al., 2022) is disrupted 

by PalmC treatment. Similar decoupling of membrane tension homeostasis could 

explain the effects of mDia1/3-depletion on the kinetics of synaptic vesicle endocytosis 

by the loss of cytoskeletal-membrane crosslinks, in accordance with findings by 

(Lembo et al., 2023).
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5. Summary 

In this study, we investigate the interplay between presynaptic cytoskeletal dynamics 

mediated by mDia1/3 formins, Rho GTPase signaling, mTORC2 activity, and plasma 

membrane tension in the regulation of synaptic vesicle (SV) endocytosis. Our 

comprehensive analysis reveals that the Actin activities (Figure 42/Figure 45) of 

mDia1/3 formins exert bidirectional control on the kinetics of SV endocytosis (Figure 

32/Figure 33) and modulate the presynaptic ultrastructure (Figure 34) by associating 

with the presynaptic plasma membrane (Figure 38/Figure 39) as well as the endocytic 

machinery (Figure 40/Figure 41). We identify roles for the small Rho GTPases RhoA/B 

(Figure 46) and Rac1 (Figure 53/Figure 54) in modulating SV recycling through 

interdependent signaling pathways. Furthermore, we describe that localization of 

mDia1 is governed by the small Rho GTPase RhoA (Figure 47), although its function in 

endocytosis may act independently of RhoA, likely involving Cdc42 and Rac1 instead 

(Figure 48). Additionally, we uncover a regulatory axis involving Rho GTPases and 

mDia1/3 formins, in which mDia1/3 positively impacts RhoA activity (Figure 49), 

which subsequently downregulates Cdc42 and Rac1 signaling pathways (Figure 50). 

Rac1 activation can compensate for the loss of mDia1/3 formins (Figure 54) in 

modulating SV recycling, possibly by restoring Actin dynamics (Figure 55). Moreover, 

we observe that mDia1/3 formins modulate presynaptic signaling networks mediated 

by mTORC2 (Figure 58/Figure 59). Multiple approaches indicate that the constitutive 

activation of mTORC2 correlates with a block of SV endocytosis (Figure 60, Figure 62, 

Figure 63, and Figure 66), which can be ameliorated by increasing Actin abundance 

(Figure 64). Furthermore, genetic or pharmacological interference with mTORC2 

activity rescues endocytosis phenotypes associated with mDia1/3 depletion (Figure 

60), suggesting a negative role for mTORC2 signaling in modulating SV endocytosis 

(Figure 62) and the cytoskeleton (Figure 64).  

In summary, our study identifies intricate signaling networks that converge on the 

regulation of the cytoskeleton, including mTORC2 and Rho GTPase signaling, which 

undergo homeostatic coupling through intricate feedback mechanisms.  

While our findings provide insights on the complex regulatory pathways of SV 

endocytosis, several questions remain unanswered. These include elucidating the exact 

molecular mechanisms by which mDia1/3-mediated Actin functions control SV 

recycling, whether through direct Actin assembly or indirectly by regulating cortical 
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tension, as suggested by PalmC manipulation (Figure 66). Furthermore, exploring the 

pathways that facilitate crosstalk between Rho GTPases and compensatory Actin 

signaling (both in general and downstream of mDia1/3) at synapses is of considerable 

interest. Moreover, the identification of mTORC2 as a synaptic signaling module 

negatively regulating neurotransmission prompts inquiry into the factors contributing 

to synaptic mTORC2 activity and its specific role at the synapse, leading to negative 

regulation of the cytoskeleton and SV endocytosis. Future studies are imperative to 

address these unresolved questions. 
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6. Discussion 
 

6.1. The role of mDia1/3 Formins in Synaptic Vesicle Endocytosis 

The recycling of synaptic vesicles via endocytic pathways is a key requirement for 

neurotransmission. While the role of the Actin cytoskeleton in endocytosis is well 

established in yeast, endocytic processes in mammalian cells, in particular neurons, 

entail specific requirements, regarding Actin and the associated signaling molecules 

that modulate its dynamics. Pharmacological manipulations targeting the cytoskeleton 

have yielded conflicting outcomes in various studies (Babu et al., 2020; Bleckert et al., 

2012; J. Bourne et al., 2006; Delvendahl et al., 2016; Eguchi et al., 2017; Holt et al., 

2003; Y. Hua et al., 2011; Z. Li & Murthy, 2001; Richards et al., 2004; 

Sankaranarayanan et al., 2003; D. Wang et al., 2010; Q. Zhang et al., 2009), prompting 

further investigation into the involvement of Actin remodeling in synaptic vesicle 

endocytosis, and the underlying molecular mechanisms governing its dynamics. 

Actin assembly is modulated by multiple regulatory proteins, including the Arp2/3 

complex, which initiates branching, and formins, which facilitate linear filament 

nucleation and assembly (Pollard, 2007). Interestingly, previous studies demonstrated 

that pharmacological inhibition of Arp2/3-mediated Actin nucleation processes does 

not impair the retrieval of synaptic vesicle proteins during endocytosis (Ganguly et al., 

2015; Soykan et al., 2017). In contrast, the perturbation of formin activity by the 

application of SMIFH2 impedes SV recycling (Ganguly et al., 2015; Soykan et al., 2017) 

(Figure 63). Here, we characterized the Diaphanous-related formins mDia1 and mDia3 

as two functionally redundant isoforms, consistent with previous findings (Shinohara 

et al., 2012; Thumkeo et al., 2011), that are critically involved in presynaptic endocytic 

processes (Figure 32). 

Prior studies into the roles of mDia1/3 in the brain and neurons are limited. 

Interestingly, homozygous loss of DIAPH1, the human homologue of mDia1, causes 

seizures, cortical blindness and microcephaly syndrome (Ercan-Sencicek et al., 2015; 

Esmaeilzadeh et al., 2022), underscoring the significance of Diaphanous-related 

formins in brain development and function. In mice, sole genetic depletion of mDia1 

exhibits mild phenotypes (DeWard et al., 2009; Eisenmann et al., 2007; J. Peng et al., 

2007; Sakata et al., 2007; Tanizaki et al., 2010). However, co-depletion with its closely 
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related isoform mDia3 induces brain dysplasia (Shinohara et al., 2012; Thumkeo et al., 

2011) and aberrant locomotion (Herzog et al., 2011; Toyoda et al., 2013) by affecting 

interneuron migration (Shinohara et al., 2012) and axon elongation in cerebellar 

granule cells and cerebral cortical neurons on a molecular scale (Arakawa et al., 2003; 

Ohshima et al., 2008). 

6.1.1. The presynaptic Localization of mDia1 
 

In non-neuronal cells, mDia1 is localized to various cellular compartments, including 

the cell cortex, trafficking endosomes, and structures essential for cell division, 

depending on cell type and position in the cell cycle (Tominaga et al., 2000).  

Within mature rodent neuronal cultures, mDia1 is observed at presynaptic terminals 

(Deguchi et al., 2016), however, studies have further implicated mDia formins at the 

axon initial segment (W. Zhang et al., 2021), along axons (Chenouard et al., 2020; 

Ganguly et al., 2015) and within dendrites (Qu et al., 2017). Consistent with (Deguchi 

et al., 2016), we identify mDia1 predominantly localized at presynaptic membranes in 

close proximity to active zones within mature synapses of mouse hippocampal cultures 

(Figure 39/Figure 67).  

 

Figure 67: Synaptic Localization of mDia1/3. 
At mature hippocampal mouse synapses, formins mDia1/3 predominantly localize to the presynaptic 
membrane in close vicinity to the active zone, dependent on RhoA and negatively charged phospholipids 
such as PI(4,5)P2. Observed EM phenotypes suggest an additional role for mDia at endosome-like 
vacuoles. This action might be transient, eluding detection by fixed super-resolution microcopy. 

 

Surprisingly, besides cytoskeletal and endocytic proteins, our analysis of the proximal 

protein environment of mDia1 also revealed dendritic proteins, including Homer1 
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(Data not shown). This suggests a potential role for mDia1 in dendritic processes (Qu 

et al., 2017), that are obscured from our gSTED analysis (Jung et al., 2020). However, 

in mature synapses, depletion of mDia1/3 does not diminish postsynaptic F-Actin 

abundance (Figure 44), indicating that putative dendritic roles of mDia1/3 likely occur 

during synapse development or are independent of Actin. Therefore, the early 

transduction of neurons (day in vitro 2) with biotin ligase-tagged mDia1 in our 

experiments enables the analysis of mDia1’s proximal protein neighbors during 

synapse formation and maturation, where F-Actin assembly is critical (W. Zhang & 

Benson, 2001). Consequently, mDia1 may contribute to axon elongation (Arakawa et 

al., 2003) or dendrite formation (Hotulainen et al., 2009; Qu et al., 2017), as 

demonstrated in prior studies. 

Furthermore, EM phenotypes of accumulated endosome-like vacuoles (Figure 34), 

suggest an essential function of mDia1/3 in the reformation of SV from ELVs, possibly 

requiring its localized action. Such processes may be too transient to be effectively 

captured using fixed super-resolution microscopic techniques. 

In non-neuronal cells, the subcellular localization of mDia formins is regulated by the 

activity of Rho GTPases (Colucci-Guyon et al., 2005; Higashi et al., 2008; Lammers et 

al., 2008). Consistently, we established that mDia1 is recruited to membranes through 

its interaction with RhoA (Figure 47) and negatively charged phospholipids such as 

PI(4,5)P2 and PI(3,4,5)P3 via N-terminal stretches of positively charged amino acids 

(Figure 38;(Gorelik et al., 2011; Ramalingam et al., 2010)), both concentrated at the 

presynaptic plasma membrane (Figure 46,(Bolz et al., 2023)). 

 

6.1.2. Cytoskeletal Functions of synaptic mDia1 

Formins have been implicated in facilitating inter-synaptic axonal trafficking of 

vesicles (Chenouard et al., 2020) and regulating SV recycling dynamics at presynaptic 

terminals (Soykan et al., 2017) by modulating the Actin cytoskeleton (Bingham et al., 

2023; Ganguly et al., 2015). 

In our study, we identify a crucial role for formins mDia1/3 in governing the kinetics 

of endocytic membrane and protein retrieval (Figure 32). We demonstrate that the 

involvement of mDia1/3 in SV endocytosis is contingent upon their regulatory 

functions on Actin in multiple ways: a) the activation of mDia1/3 by IMM application 

facilitates SV recycling (Figure 33), a condition known to significantly enhance cellular 
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F-Actin abundance (Lash et al., 2013), b) an Actin-null mutant of mDia1 

(mDia1-K994A) fails to rescue defective endocytosis upon perturbation of formin 

function (Figure 42), c) genetic depletion of mDia1/3 decreases presynaptic F-Actin 

abundance (Figure 44). Conversely, restoring presynaptic F-Actin abundance either by 

Jasplakinolide (Oevel et al., 2024) or constitutive Rac1 signaling alleviates endocytosis 

phenotypes stemming from mDia1/3 deficiency (Figure 45 and Figure 54) 

These findings underscore the importance of mDia1/3-mediated Actin functions in SV 

endocytosis, which encompass the nucleation, elongation (Daou et al., 2014) 

stabilization (Xu et al., 2004) of Actin filaments: While the precise mechanism of 

formin-mediated filament nucleation has remained elusive, the nucleation activity of 

mDia1 likely relies on the nucleation promoting factor adenomatous polyposis coli 

protein (APC) (Okada et al., 2010). APC remains localized at nucleation sites while 

mDia1 processively moves along the growing barbed end to elongate the filament and 

shield it from capping (Breitsprecher et al., 2012). Consistently, our proximity 

proteomics analysis reveals significant enrichment of APC in the synaptic protein 

environment of mDia1 (Figure 68). Furthermore, genetic ablation of APC causes 

increased synaptic spine density in hippocampal neurons (Mohn et al., 2014), 

phenocopying the genetic perturbation of mDia1 (Qu et al., 2017), suggesting a 

cooperative role between mDia1 and APC in mediating Actin nucleation, albeit the 

consequences of perturbation phenotypically occur at postsynaptic sites.  

Besides, its nucleation capacity, the formin mDia1 exhibits exceptional elongation 

kinetics with a gating factor close to 1 (Kovar, 2006; Shemesh & Kozlov, 2007), capable 

of assembling filaments at a rate of 550 subunits/s at cellular Profilin-Actin 

concentrations (Higashida et al., 2004). Furthermore, formins compete with capping 

proteins for binding to filament barbed ends (Shekhar et al., 2015), shielding filaments 

from disassembly (Ulrichs et al., 2023). Recent studies have indicated that mDia 

proteins can form complexes with capping proteins (Bombardier et al., 2015), 

indicating a primed state of mDia1 capable of rapidly switching between capping and 

polymerization functions by sliding along filaments. Consistent with the competitive 

nature of mDia1 with capping proteins (Bombardier et al., 2015), we found multiple 

subunits of the F-Actin capping protein (CapZ) in close proximity to mDia1 at synapses 

(Figure 68). 
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Figure 68: Actin Functions of mDia1/3 at Synapses. 
A: Volcano plot of Actin assembly proteins in the proximal environment of neuronal mDia1 analyzed by 
label-free proteomics of biotinylated proteins in neurons transduced with mDia1-TurboID or mock-
treated cells. The logarithmic ratios of protein intensities are plotted against negative logarithmic p-
values derived from two-tailed student’s t-test. Each dot represents one protein. N = 3 independent 
experiments. Mass spectrometry was performed by Heike Stepahnowitz. 
B: mDia1/3 mediate the nucleation, elongation and stabilization of Actin filaments at synapses by 
cooperating with APC and profilin, and competing with capping proteins CapZ for barbed-end 
association. 

Taken together, the involvement of mDia1 at synapses likely encompasses its roles in 

the nucleation, polymerization, and stabilization of filaments. In the following we will 

discuss how Actin functions are regulated and can contribute to SV endocytosis. 

6.1.3. Regulation of synaptic mDia1 Activity  
 

Both binding to phospholipids and active RhoA have been implicated in the 

recruitment of mDia1 to membranes (Figure 38, Figure 46, and Figure 47). In addition, 

RhoA-GTP levels and the phospholipid PI(4,5)P2 can control the Actin-based activities 

of mDia formins:  

6.1.3.1. Phospholipids 

mDia1 integrates into lipid bilayers via its N-terminal domain, inducing PI(4,5)P2 

clustering (Ramalingam et al., 2010). Molecular modeling suggests that formins 

initially dock at membranes and cooperatively bind three or more PI(4,5)P2 molecules 

to acquire Actin-nucleating activity, independent of Rho GTPase signaling (Bucki et 

al., 2019). Consequently, increased PI(4,5)P2 levels following neuronal activity (Bolz et 

al., 2023), activate mDia1 to execute its downstream Actin functions. 
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6.1.3.2. Small Rho GTPases 
 

The canonical model of mDia1 activation involves the interaction between its 

Rho-binding domain (RBD) and the small Rho GTPase RhoA in its GTP-bound state. 

This association releases mDia1 from autoinhibition, thereby facilitating downstream 

F-Actin assembly mediated by the mDia1-FH2 domain (Otomo et al., 2005). 

In this study, we found that exogenously expressed wild-type mDia1 could not be 

immunoprecipitated by constitutively GTP-loaded RhoA (Figure 47A) alone, 

suggesting the involvement of additional factors in mDia1 activation. These factors 

could include phospholipids (Maiti et al., 2012; Ramalingam et al., 2010), protein 

interactors (Brenig et al., 2015; Mason et al., 2011), or kinase-mediated 

phosphorylation events (Cheng et al., 2011; Hannemann et al., 2008). Furthermore, 

we utilized site-directed mutagenesis to generate several mDia1 mutants: a 

RhoA-binding deficient (V161D + N165D), a strong RhoA-binding constitutively-active 

(M1182A + L1185A), and a constitutively-active Rho-binding deficient (V161D + N165D 

and M1182A + L1185A) mDia1 variant (Figure 47). Following our findings, we 

identified residues valine161 and asparagine165 in the RBD of mDia1 to mediate its 

association with RhoA (Figure 47A) and subsequent membrane recruitment (Figure 

47B/C), consistent with previous studies (Lammers et al., 2005; Seth et al., 2006). 

Surprisingly, none of the generated mDia1 variants exhibited a dominant negative 

effect on the kinetics of vGLUT1-pHluorin retrieval (Figure 47A), indicating that RhoA-

binding of synaptic mDia1 does not play a role in its mediation of SV endocytosis. These 

findings suggest two potential scenarios: a) mDia1 may act as an endocytic scaffold 

regardless of its activity state (see model below) or b) the activity of mDia1 can be 

modulated independent of RhoA, indicating the presence of alternative regulatory 

mechanisms that govern mDia1 function in SV endocytosis. 

Many formins, including mDia1/3, share the capability to bind multiple isoforms of the 

Rho GTPase family (Faix & Grosse, 2006) through a mutually exclusive binding site 

(Lammers et al., 2008). Given that the residues in the switch regions of Rho GTPases, 

which mediate formin association, are conserved (Kühn & Geyer, 2014), and single 

amino acid substitutions can dictate the specificity of interactions between individual 

members of the Rho GTPase family and mDia1 (Rose et al., 2005), the most obvious 

candidate to regulate synaptic mDia1 activation apart from RhoA is its closely related 

isoform RhoB (N. Watanabe et al., 1999). Accordingly, genetic depletion of RhoA or 
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overexpression of dominant-negative RhoA alone does not impede SV endocytosis. 

Only upon co-depletion of RhoA and RhoB or expression of both dominant negative 

forms, SV endocytosis is stalled (Figure 46), suggesting that RhoB activity can 

compensate for the loss of RhoA, possibly through the action of a common effector 

such as Myosin IIB, consistent with (Chandrasekar et al., 2013) and (Soykan et al., 

2017), or mDia formins. Furthermore, Cdc42 (J. Peng et al., 2003) and Rac1 (Lammers 

et al., 2005) have been implicated in binding and stimulating mDia1-mediated Actin 

assembly. In line with this notion, we observe elevated levels of Cdc42, Rac1 and Cdc42 

effector IQGAP1 in the proximity of Rho-binding deficient mDia1 (Figure 48), 

suggesting that other small GTPases besides RhoA can contribute to the regulation of 

mDia1 (Kato et al., 2001) at synapses, in particular when RhoA binding is disrupted. 

Apart from Cdc42 and Rac1, we find further alterations in the proximal proteome of 

mDia1 dependent on its binding to RhoA (Figure 48). For example, we find increased 

levels of Liprin-α3 in the vicinity of Rho-binding deficient mDia1, consistent with its 

previously described role in competing with RhoA for mDia1 association to regulate its 

activity and membrane localization (Brenig et al., 2015). Furthermore, we observe 

elevated endocytic proteins such as Synaptophysin (S. E. Kwon & Chapman, 2011), 

Dynamin1/3 (Raimondi et al., 2011), Protein kinase C (PKC) (Jin et al., 2019) and 

ROCK2 (Zhou et al., 2009) (Figure 48), all implicated in the modulation of 

neurotransmission. 

 

 

Figure 69: Model for mDia1 Activation at Synapses. 
The Actin-regulatory functions of mDia1 likely necessitate its release from autoinhibition mediated by 
an intramolecular interaction. Contrary to the canonical view, this release may not solely depend on 
RhoA-GTP binding, but could require additional factors including RhoB or phospholipids, such as 
PI(4,5)P2. Furthermore, mDia1 can orchestrate synaptic vesicle endocytosis in a RhoA-independent 
manner. This alternative pathway might entail the activation of mDia1 downstream of Cdc42, Rac1 
and/or protein kinase C (PKC) and Rho-associated kinase 2 (ROCK2) or compensatory pathways 
mediated by these factors that govern synaptic vesicle endocytosis. 
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Our findings suggest that activation of mDia1 at synapses is more complex than solely 

dependent on RhoA (Figure 69). Furthermore, mDia1 can act on SV endocytosis 

through RhoA-independent mechanisms, likely involving Cdc42, Rac1, IQGAP1, PKC 

and ROCK2. These pathways might entail direct binding and activation of mDia1, 

and/or the activation of compensatory pathways through other formins (J. Peng et al., 

2003) or Arp2/3 signaling (Higgs & Pollard, 2001) (see 4.3.2.).  

6.1.4. Molecular Models for the Role of mDia1/3 in SV Endocytosis 

In the following, we propose comprehensive models that integrate the findings of this 

study elucidating how mDia1-mediated Actin functions contribute to SV endocytosis, 

by exploring direct pathways involving interactions with the endocytic machinery and 

indirect pathways concerning mechanotransduction and biochemical signaling. 

 

6.1.4.1. mDia-mediated Actomyosin Dynamics drive Membrane 

Deformation 

In our study, we identified multiple PI(4,5)P2-associated proteins of the endocytic 

machinery, such as the F-BAR proteins FBP17, and PACSIN1/2, N-BAR proteins 

Amphiphysin and Endophilin, the GTPase Dynamin1/3 and the phosphatase 

Synaptojanin1 in close proximity to synaptic mDia1 (Figure 40/Figure 41). In an active 

participation model, mDia1 collaborates with the identified machinery to facilitate 

synaptic vesicle endocytosis through de novo localized Actin polymerization coupled 

with myosin contractility, generating pushing and pulling forces, respectively (Shin et 

al., 2022): Following exocytosis, reduced membrane tension (Shi & Baumgart, 2015) 

is sensed by F-BAR proteins, initiating membrane curvature (Simunovic & Voth, 2015). 

Membrane associated F-BAR proteins recruit mDia formins (Aspenström, 2010), 

consistent with our interaction studies (Figure 40), where mDia1 binds and inserts into 

membranes in a PI(4,5)P2-dependent manner (Ramalingam et al., 2010). Accordingly, 

we observe mDia1 localized at the presynapse, likely situated at endocytic sites on the 

presynaptic membrane (Figure 39, (Dani et al., 2010)). Through its membrane 

insertion (Figure 38), mDia1-mediated barbed end polymerization is directed towards 

the plasma membrane, exerting pushing forces that promote the growth of an 

endocytic pit (Blanchoin et al., 2014). Conversely, crosslinks of non-muscle myosin II 

filaments, between antiparallel Actin strands generate pulling forces by sliding 
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anchored filaments in opposite directions, inducing contractile forces (Carlsson & 

Bayly, 2014).  

 

Figure 70: Model for mDia1/3-mediated Force Generation during SV Endocytosis. 
Following the exocytic fusion of synaptic vesicles, alterations in membrane tension at the endocytic zone 
are sensed by proteins of the F-BAR family such as FBP17 and PACSIN1/2. F-BAR proteins recruit 
mDia1 formins that insert into the presynaptic membrane via PI(4,5)P2 clustering (Ramalingam et al., 
2010). mDia-mediated Actin polymerization generates pushing forces against the plasma membrane. 
Concurrently, myosin filaments assemble and crosslink Actin filaments anchored to the plasma 
membrane via membrane-to-cortex attachment proteins, such as APC and/or MARCKS/GAP43. Myosin 
translocation towards Actin barbed ends generates pulling forces to further drive endocytic membrane 
deformation. Through curvature generation, N-BAR proteins such as Endophilin and Amphiphysin and 
Dynamin are recruited to orchestrate vesicle scission. Finally, Synaptojanin1 hydrolyses PI(4,5)P2 to 
PI(4)P. 

This myosin-mediated role in membrane invagination during SV endocytosis is 

consistent with (Chandrasekar et al., 2013; Soykan et al., 2017), and its cooperative 

action with mDia1 has been implicated in the regulation of presynaptic membrane 

contractility (Deguchi et al., 2016). Consequently, increased membrane curvature 

induces the association of N-BAR proteins that recruit Dynamin helices to surround 

and constrict the base of the invagination, ultimately leading to vesicle scission (L. G. 

Wu & Chan, 2022). This model bears striking similarities to Clathrin-mediated 

endocytosis in terms of the protein machinery involved. Taken together, the 

coordinated interplay of Actin pushing and pulling forces can govern membrane 

deformation independently of Clathrin (Boulant et al., 2011; Kaur et al., 2014), 

facilitated by mDia1-mediated actomyosin activity (Figure 70).  

6.1.4.2. mDia affects synaptic Kinase/Phosphatase Signaling  

The genetic ablation of mDia1/3 function results in aberrant presynaptic signaling 

involving synaptic kinases and phosphatases, characterized by altered phosphorylation 

patterns of protein regulating the cytoskeleton and endocytosis (Table 11, Figure 
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40/Figure 41).  Furthermore, preliminary experiments revealed a reduction of synaptic 

PI(4,5)P2 in neurons depleted of mDia1/3 (Figure 81), suggesting an impact on 

synaptic lipid signaling, consistent with findings by (C. Li et al., 2023). As 

phosphorylation regulates the activities of proteins within the endocytic machinery 

implicated in the active participation model (6.1.4.1), such as PACSINs (Senju et al., 

2015), Amphiphysin (Zhao et al., 2013), Endophilin (Ambroso et al., 2014), and 

Dynamin (Smillie & Cousin, 2012), mDia1/3 may serve additional roles in governing 

synaptic signaling cascades.  

For example, we observe a 10-fold increase in the phosphorylation of Synaptojanin1 

residue serine1144. This site is modulated by the opposing actions of cyclin-dependent 

kinase 5 (CDK5) and calcineurin, regulating its interaction with Endophilin and 

consecutive PI(4,5)P2 turnover (S. Y. Lee et al., 2004). This alteration suggests 

heightened CDK5 or diminished calcineurin signaling. Increased CDK5 activity 

represses SV endocytosis (G. Liu et al., 2022) as a response to defective lipid signaling 

(Figure 81).  

 

Figure 71: Model for mDia1/3-mediated Regulation of synaptic Kinases/Phosphatases. 
At the presynapse, plasticity is regulated by activity-dependent phosphorylation of the endocytic 
machinery (Clayton & Cousin, 2009). Phosphorylation of adaptor proteins AP180 and Epsin, PACSIN, 
Amphiphysin, Endophilin and Dynamin results in their sequestration in the cytosol. Upon exocytosis, 
calcium influx activates the phosphatase calcineurin, leading to dephosphorylation and induction of 
endocytic machinery assembly. The opposing reaction is catalyzed by cyclin-dependent kinase 5 (CDK5) 
among other kinases. mDia1/3 influence the phosphorylation status of many endocytic proteins, 
potentially by modulating calcium channel distribution and calcineurin activity. Furthermore, mDia 
formins likely modulate synaptic PI(4,5)P2 levels, possibly by affecting PIPKIγ and/or Synaptojanin1 
regulation. 

Furthermore, the activity of calcineurin is potentiated by calcium (Cheung & Cousin, 

2013). As Actin dynamics govern the density and coupling distances of voltage-gated 

calcium channels (Mercer et al., 2011), the loss of mDia1/3 could influence endocytosis 

kinetics by lowering calcium availability to activate calcineurin through modulation of 
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the active zone architecture (Glebov et al., 2017), as demonstrated for its potent 

interactor Liprin-α3 (Emperador-Melero et al., 2021). However, no significant defects 

in calcium-sensitive exocytic fusion of pHluorin or CypHer reporters was observed in 

cells lacking mDia1/3 (Figure 80).   

Hence, mDia1/3 could impact synaptic vesicle endocytosis, by functioning as a 

signaling hub, potentially exerting localized control over intracellular calcium 

concentration (Figure 71), consistent with signaling roles of mDia1/3 at the immune 

synapse (Thumkeo et al., 2020). 

6.1.4.3. mDia acts as a Scaffold to preassemble the endocytic 

Machinery 

Recent studies indicate that the endocytic machinery identified in the mDia1 

interactome (PACSIN1, Dynamin1, Endophilin-A1 and Synaptojanin1; Figure 

40/Figure 41), is stored in pre-assembled molecular condensates via liquid-liquid 

phase separation (LLPS) at the presynaptic membrane (Sansevrino et al., 2023). Such 

pre-assembly facilitates ultrafast kinetics of endocytosis by bypassing the slow 

recruitment of endocytic factors from the cytosol, which typically takes 10-30 s for 

proteins like Dynamin1 (Cocucci et al., 2014). Ultrafast endocytosis is triggered by the 

dispersal of phase-separated condensates induced by exocytic events, such as calcium 

influx or changes in membrane homeostasis (Imoto et al., 2022) . Actin and Actin-

regulatory proteins may play a role in forming these condensates, given the strong 

Actin dependence of ultrafast endocytosis at synapses (Ogunmowo et al., 2023; S. 

Watanabe, Rost, et al., 2013). Interestingly, mDia formins have been implicated in 

acting as scaffold proteins to initiate LLPS (K. Zhang et al., 2023) and in driving 

nanoclustering of membrane lipids (C. Li et al., 2023) and proteins with Actin-binding 

domains (Kalappurakkal et al., 2019).  

Given the secondary role of RhoA association with mDia1 in pHluorin assays (Figure 

48), formins could act as endocytic scaffolds independent of their activity state, e.g. by 

pre-clustering of the endocytic machinery and/or phospholipids through direct 

interactions (Figure 72). Consistently, decruitment of mDia1 upon stimulation in live 

and fixed assays (Data not shown) may suggest the disassembly of endocytic phase-

separated condensates. Consequently, the loss of mDia1/3-mediated preassembled 

endocytic clusters could notably decelerate, though not entirely impede recycling 

kinetics, as demonstrated in our study (Figure 32). Further investigation is needed to 
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determine whether phase-separated condensates of endocytic machinery, which drive 

ultrafast endocytic pathways, contain the Actin cytoskeleton and/or mDia1/3. 

 

Figure 72: Model for mDia1/3-mediated Condensate Formation. 
Under resting conditions, approximately 75% of Dynamin1 is dephosphorylated (Graham et al., 2007). 
Recent studies suggest that Dynamin1 and PACSIN1, possibly in conjunction with Endophilin and 
Synaptojanin, form pre-assembled condensates via liquid-liquid phase separation at the presynaptic 
membrane. mDia1/3 may facilitate the formation of phase-separated phases by clustering phospholipids 
and endocytic machinery through direct interaction dependent or independent of their unctions. 
Condensates are resolved upon exocytosis likely through mechanisms involving calcium signaling or 
tension homeostasis, initiating the assembly of the endocytic machinery. 

 

6.1.4.4. mDia is mechanosensitive and modulates Plasma Membrane 

Tension 

Multiple studies indicate that mDia1 is mechanosensitive and that its Actin 

polymerization activity is stimulated by pulling forces on the filament (Echarri et al., 

2012, 2019; Jégou et al., 2013; Z. Li et al., 2020; Yu et al., 2017). In addition, mDia1-

dependent actomyosin activity plays a fundamental role in maintaining the physiology 

and barrier function of epithelial cells, cells that routinely encounter membrane 

tension perturbations through osmotic fluctuations (Acharya et al., 2017; Fessenden et 

al., 2018). Therefore, mDia1 can likely sense mechanical forces either directly through 

filaments bound to the membrane or through its own membrane-insertion capability 

(Ramalingam et al., 2010). 

mDia as a Nanogate for Tension Propagation 

A theoretical study proposed that endocytosis is triggered by a reduction in membrane 

tension following exocytosis (Shi & Baumgart, 2015). At presynaptic terminals, tension 

decreases are equilibrated over several micrometers within a few seconds (Perez et al., 

2022) in stark contrast to measurements of their dendritic counterparts (Shi et al., 
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2018), where propagation is counteracted by the adhesive forces of the cytoskeleton. 

In non-neuronal cells, adhesion is regulated by Rho GTPases (Parsons et al., 2010) and 

mDia formins (Acharya et al., 2017). Therefore, mDia1/3 likely mediate dual roles in 

regulating tension propagation at presynaptic terminals: a) by modulating the 

abundance of the Actin cortex close to the presynaptic membrane; and b) by governing 

membrane-to-cortex attachments, either directly through their Actin functions (Figure 

44) and membrane-binding capabilities (Figure 38) (Lembo et al., 2023) or indirectly 

by reducing PI(4,5)P2-mediated Actin crosslinks (Figure 81), (Raucher et al., 2000; 

Tariq & Luikart, 2021). Observations of reduced mDia1 levels at fixed boutons and 

decruitment from synaptic terminals following strong stimulation in live experiments 

(Data not shown), suggest that mDia1-mediated membrane-to-cortex attachment may 

act as a barrier to enable endocytic pit formation once membrane tension drops post-

exocytosis (Perez et al., 2022). This function of mDia1 is analogous to its role in 

regulating the tension-buffering function of caveolae (Sinha et al., 2011), likely in 

coordination with myosin II function (De Belly et al., 2023). 

mDia Formins modulate Cortical Tension 

Mechano-sensitive processes underlie reciprocal feedback loops, where mDia1 activity 

contributes to cortical tension by anchoring filaments to the membrane and/or 

promoting processive Actin assembly to generate force on membranes. Consistently, 

studies have shown that application of the pan-formin inhibitor SMIFH2 reduces 

cortical tension (Eftekharjoo et al., 2019), while activation of mDia formins by IMM 

treatment increases tension (Lembo et al., 2023). 

In our study, we find several indications that mDia1 might modulate synaptic plasma 

membrane tension: a) Initial measurements using FliptR, a fluorescent membrane 

tension sensor (Colom et al., 2018), indicate reduced plasma membrane tension at 

synapses of mDia1/3-depleted neurons that respond to stimulation (Data not shown, 

collaboration with Agata Witkowska); b) The loss of mDia1/3 leads to accumulations 

of  membrane folds of non-endocytic nature (Figure 36 and Figure 37), often observed 

as membrane reservoirs in non-neuronal cells under decreased tension (e.g., caveolae 

(Sinha et al., 2011) or upon disruption of the cytoskeleton (Raucher & Sheetz, 1999); c) 

Under steady-state conditions, cells lacking mDia1/3 exhibit reduced levels of plasma 

membrane stranded-vGLUT1 and vGAT (Figure 37), indicating endocytosis overshoot, 

a process induced by decreases in plasma membrane tension (X. S. Wu et al., 2017); 

and d) The application of palmitoylcarnitine, a drug shown to intercalate into 
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membranes to reduce tension, phenocopies mDia1/3-associated endocytosis 

phenotypes. Consistently, other manipulations of Actin assembly, including 

perturbation of the Arp2/3 complex, similarly lower tension (Diz-Muñoz et al., 2016; 

Lieber et al., 2013; X. S. Wu et al., 2017). 

Hence, mDia1/3 play critical roles in contributing to cortical tension, serving as one 

determining force to either gate tension progression or directly modulate changes in 

global plasma membrane tension downstream of its Actin functions (Figure 73). 

 

Figure 73: Model for mDia1/3-mediated synaptic Mechanotransduction. 
mDia1/3 are mechanosensitive and their Actin functions are regulated by tension (Z. Li et al., 2020). 
Membrane tension is gated by connections between the plasma membrane and the Actin cortex via 
membrane-to-cortex attachment proteins, like mDia1/3, acting as a barrier to impede tension 
propagation (T. K. Fujiwara et al., 2016). Upon exocytosis, plasma membrane tension drops at the active 
zone and has to be propagated to endocytic areas to induce pit formation and recruitment of BAR 
proteins (Perez et al., 2022), by decruitment of mDia1/3 from membranes. In addition, outside the 
endocytic zone a stiff Actin corral keeps the membrane under longitudinal tension to aid membrane 
invagination via area constriction (Ogunmowo et al., 2023), under the control of mDia1/3 formins 
(Deguchi et al., 2016). 

Taken together, the multifaceted roles of mDia1 in synaptic vesicle endocytosis 

underscore its significance as a central player in integrating biochemical signaling with 

mechanical cues at synapses. The various mechanisms include active Actin assembly, 

modulation of kinase and phosphatase activities, acting as a scaffold function to pre-

assemble endocytic machinery, and/or the regulation of cortical tension with local or 

global consequences. These pathways may act in parallel or intersect in complex ways. 

For instance, the influence of mDia1 on plasma membrane tension and myosin 

contractility, can have downstream effects on signaling pathways. Conversely, 

alterations in signaling pathways can impact membrane tension and contractility. 

These reciprocal interactions highlight the intricate interplay between biochemical 
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signaling and mechanical forces mediated by mDia1. Overall, understanding the 

additive, parallel, or interconnected nature of these events, along with their 

downstream consequences and upstream regulators, presents a complex but essential 

aspect of elucidating the role of presynaptic Actin in synaptic vesicle endocytosis and 

should be subject to future investigations. 

6.2. Interdependent Rho GTPase Signaling drives SV Endocytosis 

The precise regulation of Actin dynamics at synapses involves the coordinated 

activities of the small Rho GTPase family, which act as molecular switches to translate 

extra- and intracellular signals into rearrangements of the cytoskeleton (H. R. Bourne 

et al., 1990, 1991). 

Our study demonstrates that the activities of the small Rho GTPases RhoA/B and Rac1 

play fundamental roles in driving the kinetics of synaptic vesicle recycling (Figure 46, 

Figure 53, and Figure 54) through interdependent signaling mediated by the effector 

proteins mDia1/3 (Figure 32). In the following, we will discuss how the RhoA effector 

mDia1 might influence the nucleotide switch cycle of upstream GTPases and elucidate 

the observed crosstalk between the GTPases Cdc42, Rac1, and RhoA at synapses and 

its effects on the kinetics of SV endocytosis. 

6.2.1. Regulation of synaptic Rho GTPase Signaling 
 

Cellular processes often require the staggered but concerted activity of multiple Rho 

GTPases, which must be tightly controlled in a spatial and temporal manner (Müller et 

al., 2020). This dynamic transient activation of Rho GTPase signaling pathways is 

achieved by modulating their regulatory proteins, such as RhoGEFs (Rho guanine 

exchange factors), RhoGAPs (Rho GTPase activating proteins), and RhoGDIs (Rho 

GDP dissociation inhibitors). Here, we identify several RhoGEFs (e.g. β-PIX, GEF-H1, 

LARG, Intersectin1, Trio, and Rasgrf2), RhoGAPs (e.g. ABR, BCR, Myo9B, and 

p190RhoGAP) and RhoGDI1 in the proximal protein environment of mDia1 (Figure 

74) following MS analysis in line with (O’neil et al., 2021). 

6.2.1.1. Feedback Regulation of Rho GTPase Activity via Formins 

The regulatory proteins identified in the proximal environment of mDia1, such as 

leukemia-associated RhoGEF (LARG), are known to be modulated by formin activity. 
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Previous studies have demonstrated that mDia1 can stimulate the activity of LARG 

(Kitzing et al., 2007) through its FH2 domain (Chikumi et al., 2004), consistent with 

our results of RhoA downregulation in neurons depleted of mDia1/3 (Figure 49). Such 

positive feedback loops were described for other formin isoforms, including Daam1 

(Habas et al., 2001) and mDia3 (Kitzing et al., 2007) which amplify the levels of active 

RhoA via unknown mechanisms. Hence, formins can stimulate upstream Rho GTPase 

activation by directly interacting with and modulating the activity of GEFs, such as 

LARG, at synapses. 

 

Figure 74: Regulation of synaptic Rho GTPase Signaling. 
A: Volcano plot of Rho regulatory proteins in the proximal environment of neuronal mDia1 analyzed by 
label-free proteomics of biotinylated proteins in neurons transduced with mDia1-TurboID or mock-
treated cells. Each dot represents one protein. N = 3 independent experiments. Mass spectrometry was 
performed by Heike Stepahnowitz. 
B: The switch characteristic of Rho GTPase signaling is orchestrated by a diverse range of regulatory 
proteins, comprising 85 GEFs, 66 GAPs and three GDIs (Bishop & Hall, 2000; Mosaddeghzadeh & 
Ahmadian, 2021). This complexity integrates various chemical signals, such as kinase/phosphatase 
signaling, as well as physical cues, including plasma membrane tension. In their GTP-bound form, Rho 
GTPases activate a broad spectrum (> 70) of effector proteins including kinases, Actin-regulating 
proteins, and adaptor proteins, whose activities are context-dependent and exert feedback regulation on 
the preceding cycle. 

 

6.2.2. Crosstalk between Rho GTPases Activities at Synapses 
 

Crosstalk between the canonical members of the small Rho GTPases, in particular the 

antagonism of Rac1 and RhoA activity, has been well-documented in non-neuronal 

cells (Chauhana et al., 2011; MacHacek et al., 2009; Nimnual et al., 2003; Ohta et al., 

2006; Rottner et al., 1999). The reciprocal relationship between RhoA and Rac1 

extends to neuronal processes such as dendritic spinogenesis (Elia et al., 2006), as 

hyperactive RhoA decreases excitatory synapse density (Govek et al., 2004) which is 

phenocopied by the loss of Rac1 activity (Nakayama et al., 2000). Consistently, we find 
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that the attenuation of Rho activity, either pharmacologically (by Rhosin application) 

or via genetic depletion of formins, leads to the disinhibition of Rac1 signaling at 

synapses (Figure 50). The antagonistic coupling of RhoA and Rac1 activities is 

modulated by their regulatory proteins through distinct cellular cues, including 

phosphorylation and tension regulation, often regulated through feedback 

mechanisms by downstream effectors. 

6.2.2.1. Diversity of regulatory Proteins 
 

A myriad of identified regulators display promiscuity by acting on multiple members 

of the Rho GTPase family (Boulter et al., 2010; Müller et al., 2020), depending on the 

cellular context (Figure 74 and Table 9). For instance, Trio possesses two GEF domains 

capable of binding Rac1 and RhoA simultaneously (Bateman & Van Vactor, 2001), 

while ABR and BCR contain a GAP domain for Rac1/Cdc42 and a GEF domain for Rac, 

Rho, and Cdc42 (Chuang et al., 1995; Vaughan et al., 2011). This versatility can give 

rise to diverse (and overlapping) pathways, governing the crosstalk between the 

activities of Cdc42, Rac1, and RhoA at synapses downstream of mDia1/3. 

6.2.2.2. Biochemical Regulation 
 

Various regulators of the Rho GTPase switch cycle undergo programming via 

phosphorylation cascades that modulate their affinities toward different members of 

the Rho GTPase family (DerMardirossian et al., 2006; Oishi et al., 2012; Tkachenko et 

al., 2011). In our study, we observed increased phosphorylation of Rho GEFs, GAPs, 

and GDIs following enrichment and analysis of phosphorylated peptides from lysates 

of neurons depleted of mDia1/3: Upon perturbation of mDia1/3 function, we identified 

elevated levels of phosphorylated ARHGEF2 (GEF-H1) at serine885, a modification 

known to suppress its GEF activity toward RhoA (Meiri et al., 2012), downstream of 

PKA (Meiri et al., 2009) or PAK1 (Zenke et al., 2004) signaling. In addition, 

phosphorylation of the Rac1 GEF, ARHGEF7 (ß-PIX, serine228) was altered, possibly 

impacting its affinity towards Rac1 stimulation (Kuo et al., 2011; Vicente-Manzanares 

et al., 2011) (Figure 50). We further found increased levels of 

tyrosine1105-phosphorylated ARHGAP35 (p19RhoGAP), implicated in memory 

formation and plasticity in the hippocampus (Tamura et al., 2006) through the 

regulation of RhoA activity (B. Yang et al., 2011).  
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Table 9: Selected Rho GTPase Regulators identified in the Proximity of synaptic mDia1. 

Gene Other Name Activity for 

(Müller et al., 2020) 

Mechanosensitive Phospho-

regulated 

by 

mDia1/3 

  Cdc42 Rac1 RhoA   

GEFs  

ARHGEF2 GEF-H1 - - + (Bustos et al., 2008) + 

ARHGEF7 β-PIX + + - (Boulter et al., 2006) + 

ARHGEF12 LARG - - + (Guilluy et al., 2011) + 

ARHGEF14 MCF2, Dbs + + +   

ARHGEF23 TRIO - + +   

DOCK3  - + -  - 

Itsn1 Intersectin1 + - -  + 

RASGRF2  + + +   

GAPs  

ARHGAP13 SRGAP1 - + -   

ARHGAP21  - - +  + 

ARHGAP31  + + +   

ARHGAP34 SRGAP2 + + -  + 

ARHGAP35 p190RhoGAP - + + (B. Yang et al., 2011) + 

ARHGAP39  + + -  + 

MYO9B  + + +   

GDIs  

ARGHDIA RhoGDI1 + + +  + 
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Interestingly, we observed increased levels of regulatory serine34-phosphorylation of 

RhoGDI1 (Arhgdia) in lysates of mDia1+3 depleted neurons, a modification mediated 

by PKC isoforms downstream of mTORC2 (Dovas et al., 2010). Another PKC effector, 

the endocytic protein PACSIN1, a dominant interactor of synaptic mDia1 (Figure 40), 

has been linked to the regulation of Rac1 activity (de Kreuk et al., 2011). 

These findings indicate that crosstalk between downregulated RhoA and upregulated 

Rac1 activity in neurons lacking mDia1/3 formins, likely stems from dysregulation of 

the activities of associated RhoA/Rac1GEFs (GEF-H1/β-PIX), p190RhoGAP, and 

RhoGDI1, among others. These changes in the phospho-proteome of RhoGTPase 

regulators suggest kinase/phosphatase-mediated feedback regulation of RhoA/Rac1 

signaling when formins are depleted. Further investigation into the specific 

kinase/phosphatase networks affected by mDia1/3 knockdown, such as the 

mTORC2/PKC signaling axis (Dovas et al., 2010; Sabbatini & Williams, 2013) could 

provide valuable insights into the underlying mechanisms.  

6.2.2.3. Mechanoregulation 
 

The antagonism between RhoA and Rac1 activity is coupled to changes in plasma 

membrane tension (Houk et al., 2012; Katsumi et al., 2002). Cellular stress or 

hypertension stimulates RhoA activity via GEF-H1 (Guilluy et al., 2011) and 

p190RhoGAP (B. Yang et al., 2011). In turn, ROCK-mediated myosin contractility 

enhances Rac1 GAP activity (FILGAP, (Ehrlicher et al., 2011; Ohta et al., 2006);  

ARHGAP22, (Sanz-Moreno et al., 2008)) to inactivate Rac1 while simultaneously 

restricting access to its GEF β-PIX (Kuo et al., 2011; Shifrin et al., 2009; Vicente-

Manzanares et al., 2011). Conversely, ROCK inhibition has been associated with the 

stimulation of Rac1 activity (Tsuji et al., 2002) in a Rho-dependent manner (Kitzing et 

al., 2007).  

As discussed before (6.1.4.4), the depletion of mDia1/3 likely reduces cortical tension 

through the reduction of the Actin cortex and membrane-to-cortex attachments, which 

is reflected in the dysregulation of mechanosensitive GEF-H1, β-PIX and p190RhoGAP 

in neurons depleted of mDia1/3.  
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Figure 75: Crosstalk between synaptic RhoA and Rac1 Activities. 
The activities of synaptic RhoA and Rac1 are inversely coupled via biochemical and mechanical signaling 
cascades affecting their regulatory proteins GEFs, GAPs, and GDIs. The reciprocal relationship is 
mediated by downstream effectors such as non-muscle myosin II and mDia1 that transduce mechanical 
signals to modulate the activation and/or inactivation of regulatory proteins that downregulate Rac1. 
Furthermore, effectors can include kinases and phosphatases, like mTORC2 (6.4.1.) that contribute to 
this crosstalk through phosphorylation events that alter the affinities of regulatory proteins. 

In summary, the activities of synaptic RhoA and Rac1 involve their myriad of often 

promiscuous regulatory proteins, whose affinities are modulated by 

kinase/phosphatase signaling networks (Figure 57) and/or alterations in plasma 

membrane tension. Therein, feedback mechanisms play a crucial role in modulating 

the GTPase switch cycle, where effectors exert influence on specific guanine nucleotide 

exchange factors (GEFs) or GTPase-activating proteins (GAPs), leading to either 

positive or negative regulation. Disruption of the activity of Rho GTPase effector 

formins likely affects these pathways, resulting in the imbalance of Rho GTPase 

signaling, characterized by the activation of Cdc42 and Rac1 and the inhibition of RhoA 

in our study. 

6.3. Compensation between Actin Signaling Networks 
 

The dynamics of Actin assembly drive a myriad of cellular processes, including 

vesicular trafficking and cell migration, through a diverse array of Actin regulators and 

signaling pathways. The Arp2/3 complex, the mediator of Actin branches, has 

canonically been viewed as the master regulator of cell migration by forming 

lamellipodia (Pollard T.D. & Kholodenko, 2003). However, cells with disrupted Arp2/3 

function retain migratory capability (Rotty et al., 2013; Suraneni et al., 2015), 

suggesting compensatory mechanisms in the migratory system. Similar redundancy 

between Actin signaling pathways, due to the complexity of Actin regulatory proteins, 

has been observed across different organisms, from yeast (Gao & Bretscher, 2008) to 

neurons (Bingham et al., 2023). 
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In our study, we observe several indications that interdependent Actin signaling 

networks are governed in a compensatory fashion at synapses: a) We note a significant 

discrepancy between acute pharmacological perturbations (SMIFH2 or EHT 1864) and 

long-term genetic perturbation; b) Our findings reveal redundant roles for 

closely-related isoforms mDia1 and mDia3 (Figure 32), as well as RhoA and RhoB 

(Figure 46), in regulating the kinetics of SV endocytosis; c) Depletion of mDia1/3 

reduces presynaptic F-Actin abundance (Figure 44), yet mDia-independent pathways 

can mediate Actin assembly upon perturbation of Dynamin function (Figure 44F); d) 

Loss of the Rho-mDia1/3 Actin assembly axis triggers the activation of Rac1 (Figure 

50), exhibits compensatory effects to ameliorate endocytosis phenotypes upon 

interference with mDia1/3 (Figure 54). 

6.3.1. Redundancy of closely related Regulators of Actin Assembly 
 

The depletion of mDia1/3 produces a less pronounced effect on SV endocytosis kinetics 

compared to acute pharmacological inhibition of formins using SMIFH2 (Soykan et al., 

2017) (Figure 32 and Figure 63). This suggests that additional formins may contribute 

to SV recycling to compensate for mDia function, a notion supported by previous 

studies (J. W. Copeland et al., 2004; S. J. Copeland et al., 2007; Litschko et al., 2019; 

H. Sun et al., 2011). Indeed, our MS analysis identified additional formin isoforms, 

including DAAM1, FMN2, FMNL2, and FHOD3 (Figure 76A), in close proximity to 

synaptic mDia1 following MS analysis, indicating that those formins are recruited to 

similar cellular localizations and could act on similar membranes as mDia1/3 to drive 

SV endocytosis.  

Redundancy among Actin-regulatory proteins is a common phenomenon. For 

instance, loss of the ABI1 subunit downregulates the formation of WAVE1 and WAVE2 

complexes, but upregulates WAVE3 complexes containing ABI2 (Dubielecka, Cui, et 

al., 2010). Similarly, in neurons, Rac3 can compensate for the loss of Rac1 (Corbetta et 

al., 2009), RhoB for RhoA (Figure 46) and co-depletion of mDia1/3 further aggravates 

phenotypes in vivo (Thumkeo et al., 2011) and in cellular models (Figure 32) compared 

to the loss of mDia1 alone. 

Hence, isoforms within Actin-regulatory protein families often exhibit redundancy and 

can compensate for the activity of related family members.  
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6.3.2. Compensation between Formins and Arp2/3 Signaling at 

Synapses 
 

In addition to redundant isoforms within the formin family, compensation for formin 

signaling can occur through an antagonistic relationship with Arp2/3-mediated Actin 

branching, a conserved crosstalk observed from yeast (Burke et al., 2014) to 

mammalian cells (Bovellan et al., 2014; Isogai & Danuser, 2018; Rotty et al., 2013). 

Recent studies employing super-resolution microscopy on reconstituted presynaptic 

boutons have highlighted the inverse relationship between Arp2/3 and formin 

signaling in neurons: Inhibition of formins increased Arp2/3-based structures, while 

blocking Arp2/3 activity stimulated the formation of formin-mediated Actin rails 

(Bingham et al., 2023). Accordingly, we observe several indications that loss of 

mDia1/3 formins is partially compensated by increased Arp2/3 mediated Actin 

assembly, likely mediated through Rho GTPase dependent and independent signaling 

arms. 

 

Independent of Rho GTPase signaling, proteins directly implicated in orchestrating 

crosstalk between the formin mDia1 and Arp2/3-mediated Actin nucleation include 

Abelson interacting proteins (ABI) (Bogdan et al., 2013), subunits of the WAVE 

complex. Here, we characterize ABI1 and ABI2 isoforms as potent interactors of 

synaptic mDia1 (Figure 40 and Table 11), localized in close proximity to the formin 

(Figure 41), dependent on its association with RhoA (Figure 47). This suggests a crucial 

role for ABI1/2 in regulating mDia1 activity at synapses, consistent with previous data 

(Courtney et al., 2000). Given an overlapping binding site (Ryu et al., 2009; C. Yang et 

al., 2007), ABI functions as a molecular switch to coordinate recruitment and 

activation of mDia formins or WAVE-mediated Arp2/3 signaling. Hence, in cells 

lacking mDia1 (and mDia3), ABI proteins are increasingly available for WAVE 

complexing, leading to enhanced downstream Actin branching as antagonistic 

competition with mDia1 association is removed. We further identify upregulated 

phosphorylation of serine183 and serine177 in ABI1 and ABI2, respectively, two residues 

associated with enhanced WAVE signaling (Jensen et al., 2023) and Arp2/3-based 

Actin nucleation (Mendoza et al., 2011).  

Therefore, our findings indicate that genetic interference with mDia1/3 activity causes 

ABI-mediated WAVE activation (Lebensohn & Kirschner, 2009) as a compensatory 

mechanism. 
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6.3.3. Rho GTPases mediate compensatory Actin Signaling 
 

In this study, we elucidate the dysregulation of Rho GTPase signaling in 

mDia1/3-depleted neurons, resulting in the stimulation of Rac1 activity as a 

compensatory response to mitigate endocytic deficits (Figure 54). Furthermore, the 

overexpression of constitutively active Rac1 can fully rescue defective SV recycling in 

mDia1/3-depeleted cells, indicating that Rac1 effectors mediate endocytosis in the 

absence of mDia formins. Given that inhibition of Rac1 reduces presynaptic F-Actin 

levels (Figure 55), it is likely that the constitutively active Rac1-mediated rescue 

involves its modulation of the cytoskeleton. Accordingly, overexpression of 

constitutively active Rac1 restores Actin structures in mDia1-depleted non-neuronal 

cells (Isogai et al., 2015).  

 

Figure 76: Compensation between Actin Signaling Pathways at Synapses. 
A: Volcano plot of Actin regulatory proteins in the proximal environment of neuronal mDia1 analyzed 
by label-free proteomics of biotinylated proteins in neurons transduced with mDia1-TurboID or mock-
treated cells. The logarithmic ratios of protein intensities are plotted against negative logarithmic 
p-values derived from two-tailed student’s t-test. Each dot represents one protein. N = 3 independent 
experiments. Mass spectrometry was performed by Heike Stepahnowitz. 
B: The regulation of Actin dynamics involves resilient pathways capable of compensation. Formins 
including DAAM1, FMNL2 and FHOD3 can compensate for Actin functions mediated by mDia1/3. This 
compensatory formin signaling can be modulated by Rac1 activity, which also governs Arp2/3-driven 
Actin nucleation via stimulation of the WAVE complex. Additionally, Rho GTPase-independent 
crosstalk between formin and Arp2/3 signaling is orchestrated by ABI proteins, acting as molecular 
switches between the WAVE complex and mDia activation. 

Rac1 is known to stimulate Arp2/3-mediated branched F-Actin nucleation through 

activation of N-WASP (Tomasevic et al., 2007) and/or the WAVE complex (Ding et al., 

2022). Consistent with this, we observe Arp2CA, a subunit of the Arp2/3 complex, and 

WAVE2 isoforms enriched at presynaptic terminals (Figure 76 and Figure 82). 

However, upon shRNA-mediated knockdown of mDia formins, we did not observe 

increased recruitment of Arp2C and WAVE2 to presynaptic sites (Data not shown), 
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suggesting the presence of additional compensatory pathways. Interestingly, Rac1 can 

interact with and activate several members of the formin family in mammalian cells 

(Kühn & Geyer, 2014) including DAAM1 (Matusek et al., 2008), FMNL1 (Favaro et al., 

2013; Gomez et al., 2007; Yayoshi-Yamamoto et al., 2000) and FHOD1 (Gasteier et al., 

2003; Westendorf, 2001). Therefore, the rescue of mDia1/3-associated endocytic 

phenotypes could be modulated by the upregulation of closely related formin family 

members, including DAAM1, FMNL2 and FHOD3 as identified in our MS analysis 

(Figure 76). Furthermore, we identify RhoGAP srGAP2 in the proximal environment 

of synaptic mDia1 (Table 9), which forms a complex with FMNL proteins downstream 

of Rac1 (Mason et al., 2011), indicating the presence of intricate Rho GTPase – formin 

signaling cascades at synapses. A  direct compensatory pathway mediated by additional 

formin isoforms could substitute all mDia1/3 controlled Actin functions, such as 

nucleation, polymerization, and stabilization of Actin filaments, albeit at different 

speeds depending on their gating factors and nucleation efficiency (Harris et al., 2004; 

Kovar, 2006; Neidt et al., 2009; Shemesh & Kozlov, 2007). 

In conclusion, Actin assembly is indispensable for cellular processes, as demonstrated 

by the lethality associated with the genetic knockout of its isoforms (X. S. Wu et al., 

2016). Consequently, the regulatory mechanisms governing cytoskeletal dynamics are 

diverse and resilient, with individual signaling pathways capable of compensation. At 

synapses, compensatory signaling involves pathways orchestrated by Rho GTPases, 

WASP protein-mediated Arp2/3-driven Actin nucleation, and formin activity. 

 

6.4. The Role of mTORC2 in coupling cytoskeleton Dynamics and 

SV Endocytosis 
 

Studies in yeast have implicated the mechanistic target of rapamycin kinase complex 2 

(TORC2) as a critical signaling molecule linking endocytosis and Actin dynamics 

(Jacinto et al., 2004; Riggi et al., 2019). Similarly, neuronal activity has been shown to 

activate mTORC2, with its activity scaling in response to the strength of stimulation 

applied to neuronal cultures (Smillie & Cousin, 2012). In our study, we find that the 

activity of mammalian mTORC2 is modulated by the formins mDia1/3 at the 

presynapse (Figure 59) and that its activation impairs the kinetics of synaptic vesicle 

recycling (Figure 60/Figure 62). In the following chapters, we will discuss the 

modulation of mTORC2 activity in response to mDia1/3 and its implications on the 
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synaptic vesicle cycle via its downstream substrates such as protein kinase B (AKT) and 

protein kinase C (PKC). 

 

6.4.1. Regulation of synaptic mTORC2 by mDia1/3 

 

In this study, we demonstrate that interference with formin activity, either by genetic 

perturbation (Figure 58) or pharmacological inhibition (Figure 63), leads to the 

activation of mTORC2, measured by elevated levels of AKT phosphorylation at 

serine347, at presynaptic boutons. Over the years emerging evidence has broadened our 

understanding of the diverse array of upstream regulators influencing mTORC2 (An et 

al., 2021), encompassing environmental and intracellular signals originating from the 

plasma membrane. These signals may include various metabolites, nutrients like 

insulin and growth factors, as well as Rho GTPase signaling and mechanotransduction 

pathways through sensing of membrane tension alterations. 

 

6.4.1.1. Mechanoregulation 

In yeast, the relationship between plasma membrane tension and mTORC2 activation 

is well-established: TORC2 is sequestered in membrane compartments by 

phase-separated PI(4,5)P2 (Riggi et al., 2018). When tension increases, PI(4,5)P2 is 

redistributed, leading to TORC2 activation via recruitment of PI(4,5)P2-binding 

proteins (SLM1/2) from eiosomes (Berchtold & Walther, 2009) (Figure 21). Similarly, 

in mammalian cells, mechanical stress has been shown to stimulate mTORC2 activity, 

and genetic depletion of the complex itself increases plasma membrane tension (Diz-

Muñoz et al., 2016) Canonically, high mTORC2 activity is associated with elevated 

plasma membrane tension. However, as we discussed previously (see 6.1.4.4.) the loss 

of mDia1/3 likely reduces presynaptic plasma membrane tension by decreasing the 

Actin cortex and disrupting membrane-to-cortex attachments. Therefore, the observed 

increase in mTORC2 activity following the perturbation of formins (Figure 58) is 

unlikely to be induced by elevated plasma membrane tension. In line with this notion, 

the application of palmitoylcarnitine (PalmC), known to decrease membrane tension 

in yeast (Riggi et al., 2018), stimulates mTORC2 activity in neurons. Furthermore, 

exposure to hyperosmotic shocks with salt concentrations known to drastically 

decrease membrane tension within seconds (Roffay et al., 2021) resulted in increases 

in synaptic AKT1 phosphorylation, albeit to a lesser extent compared to neurons 
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treated with hypoosmotic solutions (Data not shown). Following these observations, 

increased mTORC2 activity is not necessarily indicative of elevated tension in neurons. 

Consistently, other studies have demonstrated that AKT is phosphorylated in an 

activity-dependent manner at synapses (Smillie & Cousin, 2012), implying that 

mTORC2 is activated immediately after fusion, when tension is reduced (Perez et al., 

2022). Conversely, raising F-Actin abundance by either stimulating mDia activity via 

IMM application (Figure 58) or treating cells with Jasplakinolide (Figure 64), two 

conditions known to increase cortical tension (Lembo et al., 2023; Roffay et al., 2021), 

result in mTORC2 inactivation.  

Taken together, the regulation of synaptic mTORC2 appears to be inversely or 

differentially regulated by tension compared to yeast, and may rely on additional 

co-factors inducing its signaling, such as PI(4,5)P2 as observed in yeast (Figure 21). 

Accordingly, studies in non-neuronal mammalian cells have shown that tension alone 

is insufficient to stimulate mTORC2 activity unless the co-signaling lipid PI(3,4,5)P3 is 

present (Saha et al., 2023). 

6.4.1.2.  Phospholipid Regulation  
 

Research in non-neuronal cells has highlighted the co-dependence of AKT 

phosphorylation at serine473 by mTORC2 on increased PI(3,4,5)P3 levels in the plasma 

membrane (Jacinto et al., 2004; H. Yang et al., 2013). This elevation in PI(3,4,5)P3 

releases the mTORC2 complex from autoinhibition (P. Liu et al., 2015). Interestingly, 

preliminary experiments indicate a reduction in PI(4,5)P2 upon co-depletion of 

mDia1/3 formins (Figure 81). This reduction in PI(4,5)P2 may suggest its increased 

conversion to PI(3,4,5)P3, potentially contributing to the observed hyperactivation of 

mTORC2. PI(3,4,5)P3 is typically generated upon insulin or growth factor stimulation 

via the activation of class I phosphoinositide 3-kinases (class I PI3K) and is 

counteracted by the phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and 

dual-specificity protein phosphatase (PTEN), whose inhibition enhances mTORC2 

activity (Cullen et al., 2023). Consequently, synaptic mTORC2 activity may hinge on 

the balance between the activities of class I PI3K and PTEN, regulating synaptic 

PI(3,4,5)P3 levels. This is supported by our findings of significantly enriched levels of 

the catalytic unit of class I PI3K alpha (p110) as well as its regulatory subunit (p85), as 

well as the phosphatase PTEN in the synaptic vicinity of mDia1 (Figure 41). 
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As discussed before (6.3.2.), we identified ABI1/2, a subunit of the WAVE complex, in 

the synaptic mDia1 interactome as one of its dominant interactors (Table 11), 

consistent with previous studies (Ryu et al., 2009). Besides its role in WAVE-mediated 

F-Actin nucleation, ABI has been implicated in modulating class I PI3K activity by 

directly interacting with the regulatory subunit p85 (Dubielecka, Machida, et al., 

2010). This interaction sequesters p85 from inhibiting PI3K, resulting in increased 

PI(3,4,5)P3 levels (Kotula, 2012). In cells depleted of ABI, phosphorylation levels of 

AKT are reduced (C. Wang et al., 2007), while elevated ABI expression correlates with 

increased phosphorylation of AKT (C. Wang et al., 2011) downstream of mTORC2. As 

mDia1 likely shares an interaction site with p85 on ABI1 (Ryu et al., 2009), the binding 

of these factors to ABI is mutually exclusive. Thus, the availability of ABI could link 

mDia1 formin perturbation to the observed increases in mTORC2 signaling, as 

activation of mDia1 via IMM results in decreased mTORC2 activity (Figure 58), when 

mDia1 is likely bound to ABI. 

The putative elevation in the secondary messenger PI(3,4,5)P3, resulting from the loss 

of mDia1/3, would likely lead to increased recruitment of proteins carrying a 

phosphoinositide-binding module (PH domain). Several Rho GTPase regulatory 

proteins carry PH-domains including Tiam (Fleming et al., 2004), P-REX1 (Hill et al., 

2005) and Dbs (Rossman et al., 2002), as identified in the vicinity of synaptic mDia1 

(Figure 74). Consequently, elevated PI(3,4,5)P3 levels could amplify Rac1 activation (S. 

Srinivasan et al., 2003), as observed in our study (Figure 50). In turn, active Rac1 has 

been demonstrated to bind and recruit regulatory subunit p85, thereby inducing 

additional PI3K activation and subsequent PI(3,4,5)P3 production in a positive 

feedback loop (Campa et al., 2015). Hence, alterations in PI(3,4,5)P3 abundance are 

likely to result in increases in mTORC2 activity and divergent Rho GTPase signaling, 

consistent with the observations in mDia1/3-depleted neurons.  

6.4.1.3. Rho GTPase Regulation 
 

We previously discussed the dysregulation of Rho GTPase signaling, following genetic 

depletion of mDia1/3, resulting in increased activity of Rac1 and elevated levels of 

Rho-GDP (Figure 49 and Figure 50). Interestingly, both GTPases have been implicated 

in the modulation of mTORC2 activity: Insulin stimulation activates mTORC2 via a 

super complex involving RhoA-GDP (stabilized by phosphorylation of serine188 by 

protein kinase A) facilitating glucose transporter 4 (GLUT4) translocation to the 
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plasma membrane (Senoo et al., 2019, 2021). Conversely, GTP-bound RhoA inhibits 

mTORC2 activity (Senoo et al., 2020). Consistent with these studies, the application of 

the pan-Rho inhibitor Rhosin, enhanced the phosphorylation of AKT at serine473 in 

neuronal lysates (Data not shown), suggesting that reduced RhoA activity in 

mDia1/3-depleted cells may directly stimulate mTORC2 activity via super complex 

formation. In addition, the inversely coupled activity of Rac1 has been shown to directly 

interact and regulate mTORC2 independently of PI3K (Saci et al., 2011) downstream 

of canonical Wnt signaling (Esen et al., 2013). Accordingly, we observe that inhibition 

of pan-Rac signaling by treatment with EHT 1864, reduces cellular mTORC2 activity 

(Data not shown). 

 

Figure 77: Factors contributing to synaptic mTORC2 Regulation. 
The regulatory mechanisms governing synaptic mTORC2 differ from its mechanoregulation in yeast. At 
synapses, mTORC2 is multifaceted and influenced by various factors, including elevated calcium levels, 
tension alterations, and changes in plasma membrane composition. For instance, phospholipase D 
(PLD), recruited by the endocytic machinery, generates choline and phosphatidic acid, facilitating 
mTORC2 activation. In addition, synaptic mTORC2 is modulated by PI(3,4,5)P3 synthesis downstream 
of class I phosphoinositide 3-kinase (PI3K) and Abelson interacting proteins (ABI). Concurrently, 
numerous Rac1 guanine nucleotide exchange factors (GEFs) are recruited and activated by PI(3,4,5)P3 
which stimulate GTP-loading of Rac1. Consequently, active Rac1 exerts downregulatory effects on RhoA 
through antagonistic feedback regulation. Notably, both Rac1-GTP and RhoA-GDP directly influence 
mTORC2 activity through direct interactions with the complex. 

In summary, the variety of upstream regulators of mTORC2 suggests a complex 

interplay involving phospholipid dynamics, Rho GTPase-mediated cytoskeletal 

signaling, and alterations in cortical tension (Figure 77). The perturbation of mDia1/3 

formins likely intersects with these pathways by impacting Actin dynamics, 

modulating membrane phospholipid composition, and disrupting Rho GTPase 

signaling. The discussed feedback and crosstalk mechanisms possibly integrate 

mammalian mTORC2 and Rho GTPase signaling via the co-factor PI(3,4,5)P3, 

intricately linking downstream cytoskeletal dynamics and membrane tension 

homeostasis, diverging from tension regulation observed in yeast. Future studies are 

imperative to elucidate causal relationships amidst this intricate network.  
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6.4.2. Coupling between mTORC2 and Synaptic Vesicle Endocytosis 

 

The yeast homolog TORC2 is known to modulate endocytosis, yet its activity is also 

inversely regulated by endocytosis in a negative feedback loop (Ebner et al., 2020).  

Similarly, we observe a negative coupling mechanism between synaptic vesicle 

endocytosis and mammalian mTORC2 signaling, where impaired endocytic kinetics 

generally coincide with increased mTORC2 activity (Figure 58, Figure 60, Figure 62, 

Figure 63, and Figure 66). However, whether mTORC2 activity is a consequence or the 

cause of the observed perturbation in endocytosis remains to be elucidated. In the 

following we will discuss the order of events underlying the coupling of mTORC2 

regulation and endocytosis induction.  

6.4.2.1. Neuronal activity-dependent Activation of mTORC2  
 

As discussed before (see 6.1.4.3), the endocytic machinery is organized into 

pre-assembled molecular condensates through liquid-liquid phase separation (LLPS) 

(Imoto et al., 2022), facilitating ultrafast endocytosis kinetics. Interestingly, mTORC2 

has been demonstrated to undergo inactivation by LLPS in yeast (Riggi et al., 2018), 

suggesting that similar regulatory mechanisms may operate on mTORC2 at synaptic 

terminals. Consistent with this idea, we find the mTORC2 specific subunit Rictor 

concentrated at presynaptic membranes (Figure 61). The condensates of the endocytic 

machinery are disassembled upon exocytosis, triggered by Ca2+-influx or alterations in 

membrane homeostasis. In yeast, the formation of TORC2 condensates is mediated by 

PI(4,5)P2 (Riggi et al., 2018), whose lateral distribution is known to depend on calcium 

concentration (Bucki et al., 2019; Y. H. Wang et al., 2012). Accordingly, mTORC2 is 

stimulated in a dose-dependent manner based on stimulation strength (Smillie & 

Cousin, 2012), underscoring that synaptic mTORC2 activation scales with Ca2+-

concentration in the presynaptic terminal, consistent with other studies (Merhi et al., 

2017).  

 

In such a model, mTORC2 is sequestered and inactive within presynaptic condensates 

at steady-state, becoming activated by exocytic fusion, which resolves LLPS of both 

endocytic machinery and mTORC2 (Sansevrino et al., 2023), resembling the regulation 

of TORC2 in yeast (Figure 20, (Riggi et al., 2018)). 
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6.4.2.2. The endocytic Machinery modulates mTORC2 Activity 
 

The activation of mTORC2 in mDia1/3-depleted cells can be attributed to several 

factors, including ABI proteins, PI(3,4,5)P3, and Rho GTPases. However, we also 

observe increased mTORC2 activity in conditions where endocytosis is blocked 

independent of mDia1/3 (Figure 58, Figure 60, Figure 62, Figure 63, and Figure 66), 

suggesting that delayed endocytosis in general stimulates mTORC2 activation. 

Moreover, the activation of mTORC2 correlates with the perturbation of endocytosis; 

specifically, more significant delays in endocytosis kinetics, result in increased 

activation phenotypes (Compare SMIFH2 (Figure 63) with shmDia1/3 (Figure 32 and 

Figure 58)). Inhibition of endocytosis leads to the accumulation of stalled endocytic 

machinery (Raimondi et al., 2011), potentially influencing mTORC2 indirectly via 

alterations in membrane composition catalyzed by Phospholipase D (PLD). The 

endocytic machinery, including Synaptojanin1 and Amphiphysin (Chung et al., 1997; 

C. Lee et al., 1997, 2000), has been shown to act on PLD1/2, converting 

phosphatidylcholine into choline and phosphatidic acid (PA). In turn, PLD2 and its 

product PA have been associated with mTORC2 activation (Diz-Muñoz et al., 2016; 

Hornberger et al., 2006; Toschi et al., 2009). Furthermore, PA presents an important 

co-factor for PI(4,5)P2 synthesis, and depletion of its synthesizing enzyme (DAG 

kinase) impairs SV endocytosis (Goldschmidt et al., 2016). Interestingly, Rac1 has also 

been shown to mediate PLD1 activation and increase PA plasma membrane levels 

(Gomez-Cambronero, 2011; Momboisse et al., 2009).  

In summary, PLD isoforms could act as mammalian SLM orthologs (Figure 21), linking 

mTORC2 and endocytic proteins at membrane invaginations analogous to yeast 

eisosomes (Echarri & Del Pozo, 2015). Hence, mTORC2 at synapses could be regulated 

by exo- and endocytic balance, which is sensed via the lipid composition of the 

membranes. 

6.4.2.3. mTORC2 negatively regulates Synaptic Vesicle Endocytosis 
 

Our study emphasizes the inverse coupling between mTORC2 signaling and synaptic 

vesicle endocytosis. As discussed above, blocked endocytosis could cause mTORC2 

activation (Figure 58, Figure 60, Figure 62, Figure 63, and Figure 66). Now, we explore 

how mTORC2 activity can, conversely, cause the perturbation of synaptic vesicle 

recycling. Our findings indicate that mTORC2 can serve as an upstream regulator of 
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synaptic vesicle endocytosis, and its hyperactivity, following formin perturbation, 

impedes the kinetics of SV recycling, as pharmacological inhibition (Figure 60) or 

genetic depletion of mTORC2 subunit Rictor (Figure 62) rescues endocytosis kinetics 

in neurons deficient of mDia1/3. While the activity of its downstream kinase, AKT, is 

indispensable for SV endocytosis (Figure 65) (Smillie & Cousin, 2012), the analysis of 

bona fide targets of mTORC2 in brains of Rictor-KO mice revealed the most 

pronounced alterations in isoforms of the PKC family (PKCα, β, γ, ε) and their 

downstream substrates, myristoylated alanine-rich C-kinase substrate (MARCKS) and 

growth-associated protein 43 (GAP43) (Thomanetz et al., 2013). Consistent with these 

findings, we observe substantial perturbations in the phosphorylation of MARCKS and 

GAP43 in lysates of mDia1/3-depleted neurons, when mTORC2 activity is elevated 

(Table 11) highlighting the PKC family as the principal downstream substrates of 

mTORC2 at synapses.  

Interestingly, PKC activity phosphorylates the microtubule-binding protein tau 

(Correas et al., 1992; Kumar et al., 2015), whose hyperphosphorylation presents a 

hallmark of Alzheimer’s disease (Ando et al., 2021). Consequently, gain-of-function 

mutations of PKC cause neurodegeneration (Adachi et al., 2008; Verbeek et al., 2008; 

Yamamoto et al., 2010). As mDia1 has been implicated in regulating tau-mediated 

synaptotoxicity (Qu et al., 2017), this phenotype might be linked to its upregulation of 

the mTORC2-PKC signaling axis. 

In the following, we will discuss how elevated PKC activity may impede SV endocytosis 

by acting on the endocytic machinery, in particular through the cytoskeleton, 

alterations in the phospholipid composition of the plasma membrane or direct 

modulation of other endocytic factors. 

mTORC2 negatively regulates the Cytoskeleton 

We observe increased phosphorylation of MARCKS and GAP43 in mDia1/3-depleted 

cells. MARCKS and GAP43 are Actin-crosslinking proteins that insert into lipid 

bilayers via myristoylation and palmitoylation, respectively (McLaughlin & Aderem, 

1995). They are localized at the plasma membrane by binding and sequestering 

PI(4,5)P2 (Laux et al., 2000) (Figure 78). Activation of PKC downstream of mTORC2 

(and calcium) phosphorylates MARCKS and GAP43, leading to their dissociation from 

the PM into the cytosol (Figure 78). Consequently, crosslinks of the plasma membrane 

and the cytoskeleton are weakened (Wohnsland et al., 2000). In addition, we found 

hyperphosphorylation of the PKC substrates Adducins (α, β, γ; Table 11, (Thomanetz 

https://doi.org/10.1083/jcb.201205030
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et al., 2013) in lysates of mDia1/3-depleted neurons. Phosphorylation of Adducins 

modulates their capping functions and promotes free barbed-end depolymerization, 

resulting in decreased F-Actin abundance (Matsuoka et al., 2000), observed in 

presynaptic boutons lacking mDia1/3 (Figure 44). 

Thus, synaptic mTORC2 likely regulates the kinetics of SV endocytosis by modulating 

cortical tension through reducing the Actin cortex (via Adducins) and the number of 

membrane-to-cortex attachments (via MARCKS/GAP43) as seen in non-neuronal 

mammalian cells (Diz-Muñoz et al., 2016) and yeast (Jacinto et al., 2004; Riggi et al., 

2019).  

mTORC2 regulates Phospholipids 

The release of MARCKS and GAP43 into the cytosol upon activation of the 

mTORC2-PKC axis makes plasma membrane PI(4,5)P2 available for various cellular 

processes like endocytosis (Laux et al., 2000), and class I PI3K signaling to generate 

PI(3,4,5)P3 (Ziemba et al., 2016). Consequently, studies have shown that mTORC2 

activation coincides with a decrease in PI(4,5)P2 (Ono et al., 2022). Consistent with 

this, we observe a reduction in PI(4,5)P2 in mDia1/3-depleted neurons (Figure 81), 

suggesting dysregulated signaling pathways involving PI(4,5)P2 synthesis or 

conversion (Figure 4) upon mTORC2 activation at synapses. Conversely, perturbation 

of mTORC2 activity by genetic depletion of Rictor or AZD 3147 treatment increased 

synaptic PI(4,5)P2 levels in preliminary experiments (Figure 81). PI(4,5)P2 serves as a 

critical signaling molecule driving the endocytic process at synapses (Bolz et al., 2023), 

by modulating interactions with the cytoskeleton or endocytic proteins (Figure 5).  

Therefore, hyperactive mTORC2 could impede SV endocytosis by affecting 

phospholipid synthesis through the modulation of lipid kinases and/or phosphatases, 

leading to the reduction of PI(4,5)P2.  

mTORC2 signals to the endocytic Machinery  

Apart from its effects on the cytoskeleton and phospholipid levels, mTORC2 may play 

an additional role in regulating endocytic protein activity through phosphorylation. 

Specifically, PKC has been implicated as a calcium sensor (Jin et al., 2019) leading to 

the phosphorylation of endocytic proteins, such as F-BAR proteins PACSIN1 (Plomann 

et al., 1998) and PACSIN2 (Senju et al., 2015), potentially modulating their recruitment 

to endocytic sites. Additionally, PKC isoforms, along with AKT1, can phosphorylate and 

inactivate glycogen synthase kinase-3β (GSK-3β) (Eng et al., 2006; Isagawa et al., 
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2000), which negatively regulates Dynamin activity at the presynapse (Smillie & 

Cousin, 2012). The constitutive blockage of Dynamin1 re-phosphorylation following 

increased mTORC2 activity impairs endocytic pathways ((Smillie & Cousin, 2012), 

potentially disrupting the coordinated regulation of Dynamin and/or its ability to form 

reactive condensates, as discussed previously (Imoto et al., 2022). 

Consequently, mTORC2 and its downstream substrates could influence endocytosis 

kinetics by modulating the activities of proteins crucial for driving membrane 

invagination (e.g., PACSINs) or scission (e.g., Dynamins) (Figure 78). 

mTORC2 regulates Rho GTPase Signaling 

As iterated above, mTORC2 serves as a negative regulator of SV endocytosis. 

Consequently, its inhibition can rescue defective pHluorin-retrieval in conditions 

where mTORC2 activity is elevated (Figure 60/Figure 62). In addition to the 

mechanisms discussed earlier, there is increasing evidence that inhibition of mTORC2 

enhances Actin signaling via the activation of Rac1 and WAVE-mediated Actin 

assembly (Diz-Muñoz et al., 2016). Consistent with this, we find increased levels of 

Rac1-GTP in neurons depleted of the mTORC2-specific subunit Rictor (Figure 64). 

Interestingly, co-depletion of Rictor together with mDia1/3 further elevated Rac1-GTP 

levels (Data not shown), indicating that mDia1/3 or Rictor loss activates Rac1 through 

distinct pathways. Since overexpression of constitutively active Rac1 ameliorates 

phenotypes of SV retrieval in Synaptophysin-pHluorin assays in cells depleted of 

mDia1/3 (Figure 54), inhibition of mTORC2 could similarly rescue defective SV 

endocytosis by enhancing Rac1 activation and Actin abundance (Diz-Muñoz et al., 

2016). Hence, Rac1 activity might be the crucial component to drive the restoration of 

SV endocytosis kinetics upon mTORC2 inhibition in mDia1/3-deficient neurons. 

The literature indicates that mTORC2 signaling influences several key members of the 

Rho GTPase family, including Cdc42 (Martinez-Lopez et al., 2023), Rac1 (Saha et al., 

2023) and RhoA (L. Liu et al., 2010; Saha et al., 2023), either through direct 

interactions or by indirectly stimulating GTPase regulatory proteins, such as guanosine 

exchange factors Tiam1 (Huang et al., 2013) and P-Rex1 (Hernández-Negrete et al., 

2007), as well as RhoGDI1 (Mehta et al., 2001) and RhoGDI2 (Agarwal et al., 2013).  

Furthermore, the mTORC2 substrate AKT has been shown to directly phosphorylate 

Rac1 at serine71, inducing conformational changes that sterically hinder its binding to 

GTP (T. Kwon et al., 2000). Consequently, Rac1 activity is enhanced in cells depleted 

of the mTORC2-specific subunit Rictor (Saha et al., 2023). Moreover, the 
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neuron-specific loss of Rictor increases dendritic complexity (Thomanetz et al., 2013), 

a phenotype associated with the hyperactivation of Rac1 (Z. Li et al., 2000).  

Conversely, high mTORC2 activity can reduce dendritic arborization through 

PKC-mediated phosphorylation of MARCKS (A. M. Garrett et al., 2012; Z. Li et al., 

2000) affecting Arp2/3 localization and Actin assembly (Q. Yang et al., 2013), 

highlighting the bidirectional control of Rac1 activity by mTORC2. 

In addition to its role in cytoskeletal regulation, Rac1 has been implicated in the 

regulation of various endocytic factors including class I PI3Kinases, Endophilins 

(Tyckaert et al., 2022), Synaptojanin2 (Malecz et al., 2000), IQGAP1 and 

Phospholipase D1. Therefore, an mTORC2-Rac1 axis could contribute to SV 

endocytosis independently of Actin signaling.   

 

Figure 78: mTORC2 negatively regulates Synaptic Vesicle Endocytosis. 
Synaptic mTORC2 influences synaptic vesicle endocytosis by acting on its downstream effectors protein 
kinase B (AKT) and protein kinase C (PKC). Through direct phosphorylation, mTORC2 activation 
inhibits endocytic membrane scission by modulating the activity of PACSIN1 (via PKC) and Dynamin1 
(via AKT and its downstream kinase GSK3β). The mTORC2 signaling pathway also impacts 
Rac1-mediated Actin cytoskeleton remodeling by phosphorylating Rac1 directly (downstream of AKT) 
and/or regulating the activities of its regulatory GEFs and GDIs (downstream of PKC). In addition, 
hyperactive PKC phosphorylates membrane-to-cortex attachment proteins MARCKS and GAP43 
resulting in their dissociation from the membrane. This liberation of PI(4,5)P2 facilitates its uptake via 
endocytosis or conversionto PI(3,4,5)P3 or PI(4)P by class I PI3K or Synaptojanin1, respectively. 
Furthermore, constitutive PKC activity likely causes disassembly of the Actin cortex by inactivating 
Actin-capping proteins, such as Adducins, thereby contributing to the sustained perturbation of 
endocytosis. 

In summary, mTORC2 activity potentially contributes to endocytosis at synapses 

through multiple mechanisms: a) Regulation of the Actin cytoskeleton via Rho GTPase 

signaling and membrane-to-cortex attachments; b) Modulation of phospholipid 

identity and membrane composition affecting protein interactions (Ono et al., 2022); 

and/or c) Phosphorylation-mediated dysregulation of endocytic proteins. Similar to 

yeast, where TORC2 regulates endocytosis through both rapid phosphorylation 

cascades of endocytic proteins (Bourgoint et al., 2018; Roelants et al., 2017) and slower 
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alterations in plasma membrane biophysical properties (Rispal et al., 2015), neuronal 

mTORC2 may employ parallel pathways to control synaptic endocytosis. 

Our study highlights mTORC2 as a crucial mediator linking the dynamics of synaptic 

vesicle endocytosis with the cytoskeleton. In healthy cells, mTORC2 activity correlates 

with neurotransmitter release, likely orchestrating the synchronization of exocytic 

fusion and endocytosis induction. This process involves calcium-mediated modulation 

of phospholipid composition via its downstream effector PKC. Active PKC promotes 

the liberation of PI(4,5)P2, facilitating the recruitment of the endocytic machinery 

and/or cytoskeletal regulatory proteins. Throughout our investigation, we have 

uncovered a tightly interconnected network involving regulators of the cytoskeleton, 

such as mDia1/3 and Rho GTPases, phospholipids, and mTORC2, orchestrated 

through intricate crosstalk mechanisms. Perturbations in any of these factors can have 

profound effects on the activities of others, leading to the establishment of positive and 

negative feedback loops. Ultimately, these interactions play a crucial role in 

modulating the endocytosis of synaptic vesicles and highlight the resilience that exists 

within the Actin cytoskeleton at synapses. 

 

7. Conclusion and Outlook 
 

Towards a Model for presynaptic Actin in Synaptic Vesicle Endocytosis 

 

To understand the role of Actin dynamics in synaptic vesicle endocytosis, we 

contextualize the findings of this study with previous data. 

7.1. Distinct pools of presynaptic Actin 

Emerging evidence indicates that Actin governs the synaptic vesicle cycle in multiple 

ways by forming distinct cytoskeletal structures found at the active zone, the endocytic 

zone, in the cytosol, and between the pools as connecting modules (Figure 79). At the 

active zone, an Actin mesh (Bingham et al., 2023) is mediated by Arp2/3 activity 

(O’neil et al., 2021), but independent of Rac1 (Figure 54). This mesh modulates active 

zone architecture (Hirokawa et al., 1989) and functions as a barrier to restrict vesicle 

mobility (Rothman et al., 2016) and exocytosis (Aunis & Bader, 1988; Morales et al., 

2000). Linear Actin filaments form rails (Siksou et al., 2007) that connect the 

presynaptic membrane and pools of synaptic vesicles in the presynaptic cytosol (Figure 
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79). These rails are formin-dependent (Bingham et al., 2023) and mediate vesicle 

trafficking via myosin activity (González-Forero et al., 2012; Maschi et al., 2018; A. 

Peng et al., 2012; G. Srinivasan et al., 2008) between the endocytic zone and storage 

pools, as well as the reserve pool and the active zone (Bloom et al., 2003; Sakaba & 

Neher, 2003). Around the reserve pool, Actin acts as a scaffold (Sankaranarayanan et 

al., 2003) to cluster synaptic vesicles together via synapsins governing vesicle 

replenishment and synaptic depression downstream of Rac1 (Keine et al., 2022; O’neil 

et al., 2021). A rigid cluster at the periactive zone (Ogunmowo et al., 2023), resembling 

a branched Actin corral (Y. C. Li et al., 2010) is anchored to the plasma membrane to 

constrain, shape, and retain its components (Deguchi et al., 2016) by keeping it under 

longitudinal tension, which might also serve as a clustering machinery of endocytic 

proteins (6.1.4.4).  

 

Figure 79: Regulation of presynaptic F-Actin Pools by Rho GTPases, Formins and the 
Arp2/3 Complex. 
Presynaptic Actin forms distinct pools that participate in the SV cycle. At the active zone an 
Arp2/3-mediated network modulates a barrier function for SV fusion. Linear rails connect the 
presynaptic membrane (the active and endocytic zone) with synaptic vesicle pools, which are dependent 
on formin and non-muscle myosin II (MyoII) activity downstream of RhoA signaling. Conversely, Rac1 
can be found at the post- and presynapse regulating Actin at the reserve pool and at the endocytic zone. 
RhoA and mDia1/3 act on the presynaptic membrane to modulate the rigid endocytic Actin corral 
keeping the membrane under tension and likely regulate transient endocytic Actin assembly pools. 

Lastly, a transient pool of Actin that can be targeted by pharmacological manipulation 

(Soykan et al., 2017), controls SV endocytosis independent of Arp2/3 (O’neil et al., 

2021), to provide mechanical force for the scission of endocytic vesicles from the 
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plasma membrane and/or from endosome-like vacuoles (ELVs). However, detecting 

this transient pool proves challenging due to its rapid turnover. Interestingly, this pool 

becomes observable only upon inhibition of endocytosis, e.g., by perturbing Dynamin 

function (Figure 43).  

Following our results, we anticipate mDia1/3 to contribute to the assembly of the 

transient F-Actin pool and the maintenance of the rigid corral, which regulates plasma 

membrane tension homeostasis and bouton architecture (Figure 34 and Figure 35). In 

contrast, acute manipulation of formin activity through SMIFH2 application likely 

impacts solely the dynamics of the transient endocytic assembly pool, offering a 

potential explanation for the differential phenotypes observed (Soykan et al., 2017). 

 

7.2. Compensation between Actin Signaling Pathways 
 

In our study, we demonstrate that synaptic Actin signaling operates through 

interconnected pathways capable of compensating for perturbations in individual 

components. Specifically, we show that formin signaling, mediated by mDia1/3 

activity, regulates the activation status of Rho GTPase regulators that can govern 

compensatory Actin responses. The presence of numerous regulatory proteins within 

synapses (Figure 74) underscores the redundancy and diversity inherent in the Rho 

GTPase signaling network. Various guanine nucleotide exchange factors (GEFs) and 

GTPase-activating proteins (GAPs) are likely present within the discrete presynaptic 

Actin pools, forming context-specific signaling cascades that modulate morphology 

and the synaptic vesicle cycle. Compensatory responses between Actin networks are 

likely facilitated by pivotal molecules enabling the crosstalk between Rho GTPases on 

the molecular level (such as ABI), but further investigation is required for a 

comprehensive dissection of such pathways. 

 

7.3. Controversy of Actin Manipulation revisited 
 

Our findings delineate the presence of distinct pools of Actin and the effective 

compensatory coupling between components of cytoskeletal remodeling, thereby 

shedding light on the longstanding controversy surrounding the role of Actin in the 

synaptic vesicle cycle (Babu et al., 2020; J. Bourne et al., 2006; Cole et al., 2000; 
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Delvendahl et al., 2016; Z. Hua et al., 2011; Z. Li & Murthy, 2001; Morales et al., 2000; 

Ogunmowo et al., 2023; Rampérez et al., 2019; Richards et al., 2004; Sakaba & Neher, 

2003; Sankaranarayanan et al., 2003; Soykan et al., 2017; S. Watanabe, Rost, et al., 

2013; L. G. Wu & Chan, 2022). Pharmacological interventions lead to widespread 

disturbances in global Actin dynamics, yet specific Actin pools act locally.  Hence, we 

envision the conflicting results to stem from the differential accessibility of chemicals 

to enter distinct Actin subsynaptic structures and/or from differences in the duration 

of perturbation (acute versus long-term manipulation) impacting compensatory 

signaling. 

For example, phenomena such as liquid-liquid phase separation observed in the 

reserve pool (Song & Augustine, 2023; M. Zhang & Augustine, 2021) and at the 

presynaptic membrane (Imoto et al., 2022; Sansevrino et al., 2023) could impede the 

penetrance of chemicals into local pools (Bleckert et al., 2012) resulting in varying 

degrees of Actin disruption across different experimental setups (Cingolani & Goda, 

2008; Papandréou & Leterrier, 2018). 

 

Moreover, the duration of pharmacological manipulation likely contributes to the 

strength and precision of compensatory signaling. Consistently, we observe more 

drastic effects on SV recycling by acute pharmacological perturbation (Figure 63) 

compared to long-term genetic interference (incubation with viral particles expressing 

shmDia1+3 for > 12 days, Figure 32), indicating that compensatory adaption is not 

instantaneous but requires time to fine-tune resilient Actin signaling responses. 

Shorter adaptation periods likely also account for differences in ultrastructural 

phenotypes observed in EM. For instance, acute perturbation of Rac1 or formins leads 

to accumulations of invaginations due to blocked endocytosis, while genetic 

perturbation results in additional phenotypes, such as enhanced numbers of 

endosome-like vacuoles (Figure 34/Figure 35, (Soykan et al., 2017)). Furthermore, the 

timing of perturbation (age of culture) contributes to the efficiency of compensatory 

Actin signaling, as cytoskeletal disruption is more severe in young cultures (DIV 5-6) 

(Hori et al., 2022; W. Zhang & Benson, 2001). 

The redundancy identified in this study is possibly one of the origins of the varying 

outcomes of pharmacological manipulations that were observed before. Such 

compensatory mechanisms elucidate the difference between studies employing 

pharmacological interference with Actin regulators versus the direct genetic depletion 

of cytoskeletal Actin monomers (Ling Gang Wu, 2016). 
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Future advances in microscopic technology, combined with induced genetic or 

pharmacological manipulation techniques, enabling the modulation and visualization 

of specific presynaptic Actin structures in a temporally and spatially controlled 

manner, including the transient endocytic pool, will be essential for further elucidating 

the role of Actin in synaptic vesicle endocytosis. 

 

7.4. Mechanical and biochemical Cues drive Synaptic Vesicle 

Endocytosis 
 

In our work, we elucidate that the Actin cytoskeleton contributes to the kinetics of SV 

recycling by integrating biochemical and mechanical cues involving phospholipids, 

Rho GTPases and kinase/phosphatase signaling pathways. Specifically, the 

cytoskeleton modulates plasma membrane homeostasis by active force generation or 

passive cortical tension regulation (Figure 73) and presynaptic signaling networks via 

the mechanistic target of rapamycin complex 2 (mTORC2) (Figure 77). 

7.4.1. Actin Contributions to Plasma Membrane Homeostasis 
 

Here, we identify significant roles for the activities of Rac1 and RhoA/B in modulating 

the kinetics of synaptic vesicle endocytosis (Figure 46 and Figure 53). Interestingly, 

their canonical downstream Actin structures, lamellipodia and stress fibers, 

respectively (Figure 16), are visually absent in presynaptic boutons. Instead, 

presynaptic membrane-associated Actin structures form a thin layer underneath the 

plasma membrane (Figure 16), resembling the Actin cortex in non-neuronal cells, 

consisting of three to five filaments of Actin (Shirai et al., 2017). Accordingly, neuronal 

membrane tension is in the range of 0.01 mN/m (Hochmuth et al., 1996), comparably 

low with respect to other cell types, likely as a result of limited cortical Actin and 

membrane-to-cortex attachment proteins. Reduced tension of the neuronal plasma 

membrane might be an essential paradigm for exo- and endocytic coupling at synapses 

with membrane reservoirs enabling the ultrafast and efficient initiation of endocytosis. 

Further literature supports such notion, as even under dramatic osmotic pressure, 

neuronal plasma membrane tension only moderately increases (Dai et al., 1997; Wan 

et al., 1995), indicating a high capacity for osmotic resilience.  

Alterations in tension downstream of perturbations of Actin may dictate the 

predominant pathway of endocytosis, as supported by findings from (Boulant et al., 

2011). Notably, ultrafast endocytosis induced by 1 AP stimulation exhibits a strong 
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dependence on the Actin cytoskeleton in mouse hippocampal cultures (S. Watanabe et 

al., 2014), while action potential trains do not affect other forms of endocytosis in the 

same model system (Y. Hua et al., 2011; Z. Li & Murthy, 2001; Sankaranarayanan et 

al., 2003). Consistently, we find that perturbation of mDia1/3 activity yields more 

pronounced kinetic phenotypes with reduced stimuli (Figure 32). Hence, the depletion 

of F-Actin in mDia1/3-deficient cells impedes ultrafast endocytosis kinetics (6.1.4.3), 

while facilitating activity-dependent bulk endocytosis as a compensatory pathway on a 

slower timescale due to reduced tension (6.1.4.4) and increased Rac1/Cdc42 signaling, 

consistent with (Kokotos et al., 2018). This model also provides insights into the 

accumulation of ELVs as the predominant intermediates derived from bulk 

endocytosis (Figure 34 and Figure 35) in electron microscopy, in contrast to findings 

from acute perturbation (Soykan et al., 2017). 

7.4.2. Actin Contributions to biochemical Signaling via mTORC2 

In addition to the possible mechanical effects of Actin manipulation on SV kinetics, our 

study reveals that the interference with Actin regulatory factors mDia1/3 modulates 

presynaptic signaling cascades (Figure 57 and Table 11). We identify that mDia1/3 

negatively regulate the signaling network mediated by the mechanistic target of 

rapamycin complex 2 (mTORC2). This negative regulation is conducive to the kinetics 

of SV endocytosis, as constitutive mTORC2 activation impairs SV recycling and Actin 

remodeling (Figure 60 and Figure 64). However, mTORC2 might also play an 

important role in coupling neurotransmitter release and the induction of endocytosis 

(6.4.2.1). 

While the TORC2-mediated Actin axis is well described in yeast, tissue-specific 

deletion of the mTORC2 subunit Rictor did not result in significant Actin phenotypes 

in skeletal muscle (Bentzinger et al., 2008), adipocytes (Cybulski et al., 2009), liver 

(Hagiwara et al., 2012), or kidney (Gödel et al., 2011). In contrast, Rictor and mTORC2 

play a pivotal role in brain function (Shiota et al., 2006), by regulating neuronal 

morphology (Thomanetz et al., 2013) and synaptic plasticity through rearrangements 

of the Actin cytoskeleton (Huang et al., 2013). Synaptic mTORC2 likely acts through 

its main downstream effector protein kinase C (Baffi et al., 2021; Rüegg, 2013), whose 

role as a calcium sensor explains its specialized role at synapses, e.g. by regulating the 

SV cycle.  
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Actin is crucial for synaptic plasticity at the postsynaptic dendrite, e.g., via exo- and 

endocytic coupling of receptors regulated by differential Rho GTPase signaling and 

their regulatory proteins (e.g., long-term potentiation via Rasgrf2 (Kesavapany et al., 

2004) and Trio; long-term depression via P-Rex1 and Tiam-1 (Duman et al., 2022)).  

We envision Actin and its regulatory proteins to play an analogous role in the synaptic 

vesicle cycle and presynaptic plasticity (Chéreau et al., 2017; Monday et al., 2020). 

Since the reformation of SVs is also impacted by neurodegenerative disorders, a 

comprehensive analysis of the roles and actions of specific components, including the 

cytoskeleton, may contribute to a better understanding of disease pathology in the 

future.  

In conclusion, the significance of neurotransmission to survival has driven the 

development of a resilient and intricately interconnected cytoskeletal Actin network. 

This network encompasses multiple compensatory modes that can be concurrently 

induced to uphold the fidelity of neurotransmission and synaptic vesicle endocytosis. 

In doing so, this network ensures that perturbations can be readily accommodated to 

adapt to both internal and external cues.  

This study elucidates the previously uncharacterized and conserved regulation of 

presynaptic Actin, and creates a novel framework for understanding how presynaptic 

morphology and function are coupled through mechanical and biochemical signaling 

pathways following the remodeling of the cytoskeleton.  
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9. Appendix 

9.1. Supplemental Figures 

 

Figure 80: Exocytosis is not altered upon Actin Perturbation. 

A: Maxima of background-corrected Syph-pHluorin fluorescence traces (surface normalized) for 

neurons treated with 0.1 % DMSO (1.7 ± 0.1) or JLY cocktail (1.8 ± 0.2) in response to 200 AP 

stimulation (40 Hz, 5 s). N = 4; nDMSO = 23 videos; nJLY = 36 videos. 

B: Minima of background-corrected vGAT-CypHer fluorescence traces (surface normalization) for 

neurons treated with 0.1 % DMSO or JLY cocktail (1.0 ± 0.1) in response to 200 AP stimulation (40 Hz, 

5 s). Values for DMSO were set to 1. N = 4; nDMSO = 23 videos; nJLY = 29 videos. 

Legend continued on next page. 
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C: Maxima of background-corrected Syph-pHluorin fluorescence traces (surface normalized) for 

neurons transfected with shCTR (1.8 ± 0.1) or shmDia1 (1.8 ± 0.1) in response to 200 AP stimulation 

(40 Hz, 5 s). N = 9; nshCTR = 49 videos; nshmDia1 = 42 videos. 

D: Maxima of background-corrected vGLUT1-pHluorin fluorescence traces (surface normalized) for 

neurons transduced with shCTR (1.9 ± 0.1) or shmDia1+3 (1.9 ± 0.1) in response to 40 AP stimulation 

(20 Hz, 2 s). N = 22; nshCTR = 105 videos and nshmDia1+3 = 128 videos.  

E: Maxima of background-corrected vGLUT1-pHluorin fluorescence traces (surface normalized) for 

neurons transduced with shCTR (2.8 ± 0.2), shmDia1 (2.6 ± 0.2), or shmDia1+3 (2.4 ± 0.1) in response 

to 80 AP stimulation (40 Hz, 2 s). N = 4; nshCTR = 12 videos; nshmDia1 = 15 videos and nshmDia1+3 = 18 videos. 

F: Minima of background-corrected vGAT-CypHer fluorescence traces (surface normalized) for neurons 

transduced with shCTR or shmDia1+3 (1.0 ± 0.2) in response to 200 AP stimulation (40 Hz, 5 s). Values 

for shCTR were set to 1. N = 11; nshCTR = 45 videos and nshmDia1+3 = 42 videos.  

G: Maxima of background-corrected vGLUT1-pHluorin fluorescence traces (surface normalized) for 

neurons treated with 0.1 % DMSO (1.7 ± 0.1) or mDia activator (IMM; 1.6 ± 0.1) in response to 80 AP 

stimulation (40 Hz, 2 s). N = 3; nDMSO = 18 videos; nIMM = 16 videos.  

H: Minima of background-corrected vGAT-CypHer fluorescence traces (surface normalized) for 

neurons treated with 0.1 % DMSO (1.0 ± 0.2 for shmDia1+3) or 10 µM Rac1 Inhibitor (EHT 1864; 0.8 ± 

0.1 for shCTR; 0.8 ± 0.1 for shmDia1+3) in response to 200 AP stimulation (40 Hz, 5 s). Data represent 

mean ± SEM. Values were normalised to DMSO treated shCTR (set to 1). N = 8; nshCTR + DMSO = 46 videos, 

nshmDia1+3 + DMSO = 45 videos, nshCTR + EHT 1864 = 42 videos, nshmDia1+3 + EHT 1864 = 43 videos. 

 

 

 

Figure 81: Inverse Alterations in PI(4,5)P2 Signaling induced by mDia1/3 and mTORC2. 
A: Analysis of synaptic PI(4,5)P2 abundance using the recombinant PI(4,5)P2-binding domain 
eGFP-PH-PLCδ1 in a mask of vGLUT1 staining in neurons treated with 0.1% DMSO (100.0 ± 9.7)  or 10 
nM AZD 3147 (242.5 ± 32.4; p < 0.01 one sample t-test) for 2h. N =1, n =10 images. 
B: Analysis of synaptic PI(4,5)P2 abundance in neurons transduced with shCTR (100.0 ± 25.7) or 
shRictor (158.2± 24.2; p < 0.05 one sample t-test). N =1, n =12 images. 
C: Analysis of synaptic PI(4,5)P2 abundance in neurons transduced with shCTR (100.0 ± 13.1) or 
shmDia1+3 ((48.2± 4.6) p < 0.0001 one sample t-test). N =1, n =10 images. 
Experiments and analysis were performed as described in (Bolz et al., 2023) 
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Figure 82: Cytoskeletal Proteins localize at the presynaptic Bouton. 
A: Representative three-channel time-gated STED image of a synapse from hippocampal cultures fixed 
and immunostained for Bassoon (presynaptic marker, magenta), Myosin IIB (cyan) and Homer1 
(postsynaptic marker, green). Scale bar, 250 nm. 
B: Averaged normalized line profiles for synaptic distribution of Myosin IIB and Homer1 relative to 
Bassoon (Maximum set to 0 nm). N = 3, n = 267 synapses.  
C: Representative three-channel time-gated STED image of a synapse from hippocampal cultures fixed 
and immunostained for Bassoon (presynaptic marker, magenta), WAVE2 (cyan) and Homer1 
(postsynaptic marker, green). Scale bar, 250 nm. 
D: Averaged normalized line profiles for synaptic distribution of WAVE2 and Homer1 relative to 
Bassoon (Maximum set to 0 nm). N = 2, n = 71 synapses.  
E: Representative three-channel time-gated STED image of a synapse from hippocampal cultures fixed 
and immunostained for Bassoon (presynaptic marker, magenta), ARPC2 (cyan) and Homer1 
(postsynaptic marker, green). Scale bar, 250 nm. 
F: Averaged normalized line profiles for synaptic distribution of ARPC2 and Homer1 relative to Bassoon 
(Maximum set to 0 nm). N = 2, n = 66 synapses. 

9.2. Supplemental Tables 

Table 10: Selected Protein Hits from mDia1 Immunoprecipitates. 

Gene/protein Fold change [log2] p-value [-log10] 

mDia1 7.49 3.04 

Eno2 3.03 1.25 

Fasn 2.99 1.95 

Got2 2.96 1.06 

Ppia 2.95 1.11 

Dsp 2.82 1.66 

Rab1;Rab1A 2.67 1.47 

Dynamin1 2.63 1.00 

Pacsin1 2.62 1.14 

Atp6v1a 2.57 1.12 

Gstm1;Gstm7;Gstm2 2.51 2.37 

Aco2 2.51 1.19 
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Ckb 2.50 0.77 

Gnao1 2.50 0.85 

Calm1 2.45 1.00 

Cycs 2.44 1.03 

Aldoa;Aldoart1 2.44 0.99 

Dync1h1 2.41 1.10 

Ywhaz 2.39 0.98 

Ighg1 2.33 1.62 

Pkp1 2.33 1.20 

Pgk1 2.27 1.00 

Hsp90aa1 2.26 1.23 

Jup 2.25 1.58 

Cnp 2.25 0.98 

Ywhab 2.24 0.96 

Amphiphysin 2.24 1.37 

Cdc42bpa 2.23 1.62 

Macf1 2.23 1.21 

Gnb1 2.23 0.67 

Anp32a;Anp32c 2.23 1.03 

Tomm70a 2.22 1.50 

Map1a 2.22 1.38 

Map1b 2.21 1.09 

Snca 2.20 1.74 

Stip1 2.20 1.44 

Dnajc6 2.20 1.75 

Ap2a2 2.18 1.35 

Hsp90b1 2.17 1.20 

Rab3a 2.16 0.92 

Sep 07 2.15 0.93 

Itpr1 2.14 1.36 

Cadm2 2.13 0.99 

Set 2.12 1.04 

Capza2 2.12 1.13 

Ap2a1 2.00 1.36 

Stx1b 2.00 1.03 

Tnr 2.00 0.77 

Abi1 1.99 1.07 

 

Table 11: Selected altered Phospho-sites in lysates of mDia1/3-depleted Neurons. 

Gene names Phospho-sites Enrichment (shmDia1+3/shCTR) 

Abi1 183 infinite 

Abi2 177 3.18 

Abi2 221 infinite 
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Abl2 621 12.98 

Abl2 785 infinite 

Add1 358 1.85 

Add1 610 1.97 

Add1 12 6.13 

Add2 60 0.59 

Add2 594 5.23 

Add2 532 8.18 

Add2 700 infinite 

Add2 11 infinite 

Add3 12 3.26 

Add3 681 4.97 

Add3 673 infinite 

Add3 423 infinite 

Add3;Add2;Add1 693;712;724 2.39 

Amph 310 4.07 

Amph 500 9.72 

Amph 262 infinite 

Apc 1359 3.65 

Apc 2713 4.00 

Apc 2260 4.48 

Apc 1040 7.58 

Appl1 401 1.64 

Arfgap1 342 infinite 

Arhgap1 51 6.21 

Arhgap21 609 infinite 

Arhgap21 453 infinite 

Arhgap32 892 infinite 

Arhgap35 1105 infinite 

Arhgap39 597 infinite 

Arhgdia 7 2.75 

Arhgdia 34 infinite 

Arhgef12 736 1.60 

Arhgef2 885 2.43 

Arhgef7 228 infinite 

Cfl1 3 1.71 

Cfl2 3 3.71 

Fmn2 724 4.54 

Fmnl1 1021 12.67 

Fmnl1 509 infinite 

Gap43 142 0.52 



9. Appendix 
 

205 
 

Gap43 41 5.95 

Gap43 172 6.00 

Gap43 96 6.59 

Gap43 95 12.87 

Gsk3a;Gsk3b 279;216 2.56 

Gsk3a;Gsk3b 278;215 infinite 

Gsk3b 9 2.40 

Itsn1 897;906 2.66 

Itsn1 203 infinite 

Itsn1 971 infinite 

Mapt 502 1.34 

Mapt 648 2.12 

Mapt 509 2.34 

Mapt 708 2.44 

Mapt 491 5.17 

Mapt 554 5.42 

Mapt 527 5.62 

Mapt 473 6.06 

Mapt 523 6.50 

Mapt 490 6.64 

Mapt 470 18.37 

Mapt 494 infinite 

Mapt 506 infinite 

Mapt 696 infinite 

Marcks 163 1.38 

Marcks 138 5.93 

Marcks 27 8.20 

Marcks 29 11.44 

Marcks 113 11.99 

Marcks 141 infinite 

Prkca 638 1.35 

Prkca 319 3.75 

Prkce 346 4.41 

Prkce 388 4.81 

Prkce 710 5.80 

Prkce 368 7.82 

Prkce 329 infinite 

Prkcg 655 1.97 

Srgap2 1013 1.73 

Sv2a 127 6.24 

Syn1 510 1.28 
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Syn1 67 1.63 

Syn1 62 1.82 

Syn1 666 2.52 

Syn1 427 2.77 

Syn1 553 3.40 

Syn1 568 5.88 

Syn1 437 infinite 

Syn1 684 infinite 

Syn1 682 infinite 

Syn2 546 2.06 

Syn2 426 2.47 

Syn2 422 infinite 

Syn2 420 infinite 

Syn3 540 1.84 

Synj1 1147 2.67 

Synj1 1084 4.25 

Synj1 1160 9.13 

* infinite: peptide was not found in shCTR 

9.3. Abbreviations 

ABI Abelson interactor 

ADBE Activity-dependent bulk endocytosis 

ADP Adenosine diphosphate 

AKT Protein kinase B 

AP Action potential 

APC Adenomatous polyposis coli protein 

Arp Actin-related protein 

ATP Adenosine triphosphate 

ATPase ATP hydrolyzing enzyme 

AZ Active zone 

BAR Bin-amphiphysin-rvs 

BCA Bicinchoninic acid 

CA Consitutively active 

Ca2+ Calcium ions 

CaN Calcineurin 

CapZ Capping protein 

Cdc42 Cell division cycle 42 

CDK5 Cyclin-dependent kinase 5 

CIE Clathrin-independent endocytosis 

CME Clathrin-mediated endocytosis 

CTR Control 

DAAM Dishevelled-associated activator of morphogenesis 
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DAD Diaphanous autoregulatory domain 

DID Diaphanous inhibitory domain 

DIV Day in vitro 

DMSO Dimethyl sulfoxide 

DN Dominant negative 

Dynamin1-K44A Lysine44 to alanine Dynamin1 variant (GTPase-inactive) 

ELVs Endosome-like vacuoles 

EM Electron microscopy 

F Fluorescence 

F0 Basal fluorescence 

F-Actin Filamentous Actin 

FH1 Formin homology 1 

FH2 Formin homology 2 

FHOD Formin Homology Domain-containing Protein  

Fmax Fold increase after stimulation 

FMN Formin 

FMNL Formin-related proteins identified in leukocytes 

GABA gamma-aminobutyric acid 

G-Actin Globular Actin 

GAP GTPase-activating proteins 

GAP43 Growth-associated protein 43 

GDI Guanine nucleotide dissociation inhibitors 

GDP  Guanosie diphosphate 

GEF Guanine nucleotide exchange factors 

GEF-H1 ARHGEF2 

GFP Green fluorescent protein 

GSK3β Glycogen synthase kinase 3 beta 

GTP Guanosine triphosphate 

GTPase GTP hydrolyzing enzyme 

HEK293T Human embryonic kidney 293T cells 

IB Immunoblot 

IC Immunocytochemistry 

IMM Intramimic mDia activator 

INF Inverted Formin 

IP Immunoprecipitation 

J Jasplakinolide 

KO Genetic knockout 

L Latrunculin A 

LARG Leukemia-associated RhoGEF, ARHGEF12 

LLPS Liquid-liquid phase seperation 

MARCKS Myristotylated alanine-rich C kinase substrate 

mDia1 Mammalian diaphanous 1, DIAPH1 

mDia1-ML Methionine1182 and leucine1185 to alanine mDia1 mutant (M1182A + L1185A) 

mDia1-VN Valine161 and asparagine165 to aspartate mDia1 mutant (V161D + N165D) 

mDia1-VNML mDia1 mutant (V161D + N165D M1182A + L1185A) 

mDia3 Mammalian diaphanous 3, DIAPH2 
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Mock Non-infected control 

MS Mass spectrometry 

mTOR Mechanistic target of Rapamycin 

mTORC1 mTOR complex 1 

mTORC2 mTOR complex 2 

MyoII Non-muscle myosin II 

norm ΔF F-F0 and normalized to ΔFmax 

NPF Nucleation-promoting factor 

nRFP Nuclear red fluorescent protein 

p190RhoGAP ARHGAP35 

P2' Synaptosomes 

PACSIN Protein kinase C and casein kinase substrate in neurons 

PAK p21-activated kinase 

p-AKT1 Serine347 -phosphorylated AKT1 

PBD PAK-binding domain 

pHluorin Superecliptic pH-sensitive GFP variant 

PI Posphoinositide 

PI(3,4,5)P2 Phosphatidylinositol-3,4,5-bisphosphate 

PI(4)P Phosphatidylinositol-4-phosphate 

PI(4,5)P2 Phosphatidylinositol-4,5-bisphosphate 

PI3K Class I phosphoinositide 3-kinases 

PKC Protein kinase C 

PSD Postsynaptic density 

PTEN Phosphatase and tension homolog 

Rac1 Ras-related C3 botulinum toxin substrate 1 

Rac1-CA Glutamine44 to leucine GTP-locked Rac1 mutant (Q61L) 

Rac1-DN Threonine17 to asparagine dominant negative Rac1 mutant (Q61L) 

Raptor Regulatory-associated protein of mTOR 

Ras Rat sarcoma 

RBD Rho-bindng domain 

Rho Ras homologous 

RhoA-CA Glutamine44 to leucine GTP-locked RhoA mutant (Q63L) 

RhoGDI1 Arhgdia 

Rictor Rapamycin insensitive companion of mTOR 

ROCK Rho-associated kinase 

ROI Region of interest 

RRP Ready-releasable pool 

RT Room temperature 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis  

SEM Standard error of the mean 

SMIFH2 Small molecule inhibitor of FH2 domain 

Srgap2 ARHGAP34 

STED Stimulated emission depletion 

SV Synaptic vesicle 

Syph Synaptophysin 
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TTX Tetrodotoxin 

UFE Ultrafast endocytosis 

vATPase vacuolar proton ATPase 

vGAT vesicular GABA transporter 

vGLUT1 vesicular glutamate transporter 1 

WASP Wiskott-Aldrich syndrome protein 

WAVE WASP and verprolin homolog 

WT Wild-type 

Y ROCK inhibitor Y-27632 

β-PIX ARHGEF7 

τ Endocytic decay constant; 1/e 

 

9.4. List of Figures 

Figure 1: The Synaptic Vesicle Cycle. 2 

Figure 2: The Synaptic Vesicle. 3 

Figure 3: Synaptic Vesicle Exocytosis. 5 

Figure 4: Interconversion of Phosphatidylinositol-4,5-bisphosphat. 7 

Figure 5: Coordination and Time course of Clathrin-mediated Endocytosis. 10 

Figure 6: Pathways of Synaptic Vesicle Endocytosis. 12 

Figure 7: Filamentous Actin Nucleation and Treadmilling. 14 

Figure 8: Arp2/3-mediated branched Actin Filament Nucleation. 15 

Figure 9: Arp2/3 Complex Activation through the WAVE Regulatory Complex. 16 

Figure 10: Phylogenetic Tree of Mammalian Formins. 17 

Figure 11: Formin-mediated F-Actin Nucleation. 18 

Figure 12: Stair-Stepping Model of Formin-mediated F-Actin Assembly. 19 

Figure 13: Formin-mediated Stabilization of Actin Filaments. 20 

Figure 14: Domain Organization and Regulation of mDia1. 21 

Figure 15: The Rho GTPase Switch Cycle. 22 

Figure 16: Small Rho GTPases form distinct Actin-based cellular Structures. 23 

Figure 17: Actomyosin-based Stress Fibers. 24 

Figure 18: Force Generation by the Actomyosin Cytoskeleton. 26 

Figure 19: Structure and Regulation of mTORC1 and mTORC2. 28 

Figure 20: Tension Regulation of TORC2. 29 

Figure 21: mTORC2-mediated Phosphorylation of Protein kinases B and C. 30 

Figure 22: Presynaptic Actin Pools modulate the Synaptic Vesicle Cycle. 32 

Figure 23: Identification of Proximal Protein Neighbors. 53 

Figure 24: A pH-sensitive Tool to Measure Kinetics of Synaptic Vesicle Cycling. 56 

Figure 25: Analysis of SV Endocytosis Kinetics by following pHluorin Fluorescence. 59 

Figure 26: Analysis of the Presynaptic Membrane Pool of Synaptic Vesicle Proteins. 60 

Figure 27: STED Microscopy for the Analysis of subsynaptic Protein Localization. 62 

Figure 28: Electron microscopy enables Visualization of synaptic Ultrastructure. 65 

Figure 29: A pharmacological Cocktail to block Actin Dynamics 67 

Figure 30: Perturbation of Actin Dynamics blocks Endocytosis of Synaptophysin and vGAT. 69 

Figure 31: Loss of the Formin mDia1 impairs the Endocytosis of Synaptophysin. 70 

Figure 32: Loss of mDia1/3 impairs Kinetics of vGLUT1 and vGAT Recycling. 72 

Figure 33: Activation of mDia1 facilitates vGLUT1 Endocytosis. 73 

Figure 34: Loss of mDia1/3 alters Membrane Compartments and synaptic Ultrastructure. 75 

Figure 35: Knockout of mDia1 alters synaptic Ultrastructure. 76 

Figure 36: Neuronal Inactivation partially rescues ultrastructural Phenotypes upon mDia1/3 depletion.

 78 



9. Appendix 
 

210 
 

Figure 37: Depletion of mDia1/3 perturbs surface Levels of SV Proteins. 80 

Figure 38: Membrane Association of mDia1 is mediated by its N-terminus to modulate SV Recycling.

 82 

Figure 39: mDia1 is localized to endocytic Spots at the presynaptic Membrane. 84 

Figure 40: Synaptic mDia1 associates with cytoskeletal and endocytic Proteins. 86 

Figure 41: The proximal Protein Environment of neuronal mDia1. 88 

Figure 42: mDia1 modulates SV Endocytosis through its Actin Functions. 90 

Figure 43: F-Actin accumulates at endocytic Sites upon impaired SV Endocytosis. 91 

Figure 44: Depletion of mDia1/3 reduces presynaptic F-Actin. 92 

Figure 45: mDia1+3 drive SV Endocytosis by modulating synaptic F-Actin. 93 

Figure 46: Presynaptic RhoA/B drive SV Endocytosis. 95 

Figure 47: RhoA Association regulates Subcellular Localization of mDia1. 96 

Figure 48: mDa1 mediates SV endocytosis independent of RhoA. 98 

Figure 49: mDia1/3 regulate RhoA Activity. 99 

Figure 50: Loss of mDia1/3 activates Cdc42/Rac1 Signaling. 101 

Figure 51: Cdc42 and Rac1 localize at presynaptic Boutons. 102 

Figure 52: Cdc42 Activity does not affect Synaptic Vesicle Endocytosis. 103 

Figure 53: Rac1 Activity modulates Synaptic Vesicle Endocytosis. 104 

Figure 54: Rac1 Activity compensates for mDia1/3 to drive Synaptic Vesicle Endocytosis. 105 

Figure 55: Rac Inhibition reduces presynaptic F-Actin Signaling. 106 

Figure 56: Inhibition of Rac Signaling alters presynaptic Ultrastructure and partially exacerbates 

mDia1/3 phenotypes. 107 

Figure 57: mDia1/3 affect mTORC2 Signaling. 111 

Figure 58: mDia1/3 bidirectionally drive mTORC2 Activity. 112 

Figure 59: mDia1/3 and mTORC2 modulate  presynaptic AKT1 Phosphorylation. 113 

Figure 60: mTORC1 and mTORC2 differentially mediate SV Endocytosis. 115 

Figure 61: Raptor and Rictor are localized at presynaptic Sites. 117 

Figure 62: Genetic Ablation of mTORC1 and mTORC2 Activity differentially affects the Kinetics of SV 

Endocytosis. 118 

Figure 63: mTORC2 Hyperactivation drives endocytic Phenotypes of Formin Inhibition. 120 

Figure 64: Interdependent mTORC2 and cytoskeletal Signaling. 121 

Figure 65: Pharmacological Inhibition of Protein Kinase B (AKT) inhibits SV Endocytosis. 123 

Figure 66: Reducing Membrane Tension through Palmitoylcarnitine inhibits SV Endocytosis. 125 

Figure 67: Synaptic Localization of mDia1/3. 129 

Figure 68: Actin Functions of mDia1/3 at Synapses. 132 

Figure 69: Model for mDia1 Activation at Synapses. 134 

Figure 70: Model for mDia1/3-mediated Force Generation during SV Endocytosis. 136 

Figure 71: Model for mDia1/3-mediated Regulation of synaptic Kinases/Phosphatases. 137 

Figure 72: Model for mDia1/3-mediated Condensate Formation. 139 

Figure 73: Model for mDia1/3-mediated synaptic Mechanotransduction. 141 

Figure 74: Regulation of synaptic Rho GTPase Signaling. 143 

Figure 75: Crosstalk between synaptic RhoA and Rac1 Activities. 147 

Figure 76: Compensation between Actin Signaling Pathways at Synapses. 150 

Figure 77: Factors contributing to synaptic mTORC2 Regulation. 155 

Figure 78: mTORC2 negatively regulates Synaptic Vesicle Endocytosis. 161 

Figure 79: Regulation of presynaptic F-Actin Pools by Rho GTPases, Formins and the Arp2/3 

Complex. 163 

Figure 80: Exocytosis is not altered upon Actin Perturbation. 200 

Figure 81: Inverse Alterations in PI(4,5)P2 Signaling induced by mDia1/3 and mTORC2. 201 

Figure 82: Cytoskeletal Proteins localize at the presynaptic Bouton. 202 

 

 

 



9. Appendix 
 

211 
 

9.5. List of Tables 

Table 1: Primary Antibodies used in this Study. 35 

Table 2: Secondary Antibodies used in this Study. 37 

Table 3: Chemicals used in this Study. 39 

Table 4: Plasmids used for Protein Expression in this Study. 40 

Table 5: Plasmids used for shRNA-mediated Knockdown in this Study. 41 

Table 6: Oligonucleotides used in this Study. 42 

Table 7: Commercial Kits used in this Study. 43 

Table 8: Software and code used in this Study. 43 

Table 9: Selected Rho GTPase Regulators identified in the Proximity of synaptic mDia1. 145 

Table 10: Selected Protein Hits from mDia1 Immunoprecipitates. 202 

Table 11: Selected altered Phospho-sites in lysates of mDia1/3-depleted Neurons. 203 

 

9.6. Publications 

Oevel, K., Hohensee, S., Kumar, A., Rosas-Brugada, I., Bartolini, F., Soykan, T., & 

Haucke, V. (2024).  

Rho GTPase signaling and mDia facilitate endocytosis via presynaptic Actin.  

ELife, 12(RP92755). https://doi.org/10.7554/eLife.92755.3 

Oevel, K., Calandra, I., Park, H., Renz, M., Cornelis, R., Hendawy, M., Koeksoy, E., 

Plajer, V., Roosen, D., Scheu, L., & Stolze, K. (2023).  

Sustainable Leibniz – Transforming research practices towards environmental 

sustainability.  

Zenodo. https://doi.org/10.5281/zenodo.7714680 

 

 


