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1. Introduction  
This study focuses on the Very Large G protein-coupled receptor (VLGR1), recently renamed 

as Adhesion G protein-coupled receptor V1 (ADGRV1) (Scholz et al., 2019). ADGRV1 

belongs to the adhesion GPCR family within the broader category of G protein-coupled 

receptors (GPCRs). Also known as the USH2C protein, ADGRV1 is associated with the human 

Usher syndrome (USH), the prevailing hereditary cause of deaf-blindness in humans. Within 

the Usher syndrome protein network, ADGRV1 dynamically interacts with other proteins in 

hair and photoreceptor cells. Additionally, human pathogenic variants in the ADGRV1 gene are 

known to result in various forms of epilepsy. In the past, ADGRV1 was identified within 

membrane adhesion complexes at synapses and as part of fibrous connections in 

mechanosensitive hair cells and retinal photoreceptor cells. Although ADGRV1 is ubiquitously 

expressed in humans and mice during development, it is most prominently expressed in 

astrocytes. This study aims to uncover the previously unknown role of ADGRV1 in the central 

nervous system, particularly in astrocytes, thereby deepening and expanding our understanding 

of the pathomechanisms related to this adhesion GPCR (aGPCR). 

 

1.1 Adhesion G protein-coupled receptors (aGPCRs) 

GPCRs are one of the largest protein families having more than 800 members in the human 

proteome (Fredriksson et al., 2003). This protein superfamily can be divided into five 

subfamilies by using sequence similarity which are Class A: Rhodopsin receptors, Class B: 

secretin receptors, Class C: Glutamate receptors, Class E: Adhesion receptors and Class F: 

frizzled/taste2 (Odoemelam et al., 2020). The structural basis of all GPCR families consists of 

similar protein domains. The extracellular N-terminal fragment (NTF) which plays a critical 

role in ligand identification and selection, the 7-Transmembrane domain (7TM) and the C-

terminal fragment (CTF). The CTF forms binding sites for G proteins or arrestins and interacts 

with regulatory proteins such as GPCR kinases. The 7TM helical core, located between the 

extracellular and intracellular regions, transmits, and transforms signals from ligands through 

distinct structural changes. Depending on the activation mechanisms, GPCRs show different 

structural composition and size in their extracellular N-terminus and intracellular C-terminus 

(Rosenbaum et al., 2009). GPCRs are essential to cellular communication by facilitating the 

transmission of extracellular signals into the cell. These signals can be conveyed through 

neurotransmitters, hormones, odorants/taste compounds, or light and mechano-stimulation. 

Sensing extracellular cues can either activate or inhibit several signalling pathways via 

canonical signal transduction. Signal transduction typically involves heterotrimeric G proteins 
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(Rosenbaum et al., 2009; Glukhova et al., 2018). Heterotrimeric G proteins are composed of α, 

β, and γ subunits bound to the guanine nucleotide. Even though most of the GPCRs can 

transduce extracellular cues by more than one subunit, they preferably engage to single type of 

G protein (Chaudhary and Kim 2021). Different G protein coupling by GPCRs initiates 

different downstream signalling cascades (Jang et al., 2023).  

The group of Adhesion GPCRs (aGPCRs), which consist of 33 members, constitute the 

second largest GPCR family (Figure 1) (Favara et al., 2014). The classification of aGPCRs has 

evolved over time and initially, they were grouped with the Secretin receptors based on their 

structural similarities (Hamann et al. 2015). However, subsequent genetic studies have revealed 

that aGPCRs form a distinct subfamily within the GPCR superfamily, with their own unique 

characteristics and functions. Unlike other GPCRs, aGPCRs are often characterized by their 

notably long extracellular NTFs, which encompass numerous protein-binding domains 

responsible for facilitating cell-cell and cell-matrix adhesions (Hamann et al., 2015). Like other 

GPCRs, aGPCRs contain a seven-transmembrane helix domain (7TM) except for ADGRG7 

which was recently identified as the first eight transmembrane helices containing aGPCRs 

(Kuhn et al., 2024).  

 

 

Figure 1. aGPCR family members. Phylogenetically aGPCRs are divided into 9 subfamilies 

from Family I to Family IX (Scholz et al., 2019).  
 

aGPCRs possess a distinctive GAIN (GPCR autoproteolysis-inducing) protein domain 

situated at the N-terminus of their 7TM. This GAIN domain encompasses the GPCR proteolytic 

site (GPS), where autolytic cleavage occurs resulting in the formation of two functional protein 

subunits (Sakurai et al., 2022). The N-terminal fragment (NTF) remains extracellular, while the 

C-terminal fragment remains associated with the cell membrane (Araç et al., 2012). These 

fragments typically exist as dimers; however, they can also independently engage in signalling 

functions and, notably, form heterodimers with fragments from other aGPCRs (Hu et al., 2014a; 

Hamann et al., 2015; Knapp et al., 2019). It is worth highlighting that the C-terminal fragments 

of many aGPCRs exhibit higher receptor activity than the full-length proteins (Okajima et al., 
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2010; Paavola et al., 2011; Knapp et al., 2019). In this context, the initial ~10 amino acids at 

the N-terminus of the C-terminal fragment, known as the "Stachel sequence" play an important 

role. Following the dissociation or a conformational change of the NTF, the tethered agonist is 

released and can activate the receptor by binding to the transmembrane domain (Figure 2) 

(Liebscher et al., 2014; Stoveken et al., 2015; Demberg et al., 2017). Consequently, the NTF 

serves to inhibit receptor activity by masking the tethered agonist sequence prior to cleavage.  

 

 

Figure 2. Activation mechanism of aGPCRs.  Structurally aGPCRs contain a relatively long 
extracellular domain (ECD) which can be also named N-terminal fragment (NTF), a 7-serpentine 
transmembrane domain (TM), and a relatively short intracellular domain (ICD), together they can 
be named as C-terminal fragment (CTF). Typically, activation of the aGPCR receptors can be 
started with the dissociation or conformational changes of the NTF.  Upon activation of the 
receptor, the "Stachel" sequence (red line) can be exposed in the very N-terminal region of the CTF 
acting as a tethered agonist of the receptor and starting the signalling (adapted from dissertation of 
Barbara Knapp (2017). 

 

As mentioned above, AGPCRs can act as mechanosensors which allows cells to respond to 

mechanical forces sent to the cells (Langenhan, 2020). Such features indicate their importance 

in several different biological processes like immune response and development of the organism 

(references missing).  

Pathogenic variants in all 33 members of aGPCRs have been implicated in various 

diseases including neurodegenerative disorders, cancer and, cardiovascular conditions (Folts et 

al., 2019; Gad and Balenga, 2020). However, due to existing challenges including the 

complexity of aGPCR signalling, lack of structural information and ligand information limits 

our understanding of aGPCR biology. Therefore, uncovering the functions of aGPCRs holds 

the promise of providing profound insights into their roles in health and disease. This, in turn, 
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may lead to innovative therapeutic strategies and diagnostic tools with significant clinical and 

basic impact. 

 

1.2 Adhesion G protein-coupled receptor V1 (ADGRV1)  

ADGRV1 also recognized as GPR98, MASS1, and VLGR1, is a prominent member of the 

GPCR family within the aGPCR family (McMillan and White, 2010; Hamann et al., 2015). The 

human ADGRV1 gene consists of 90 exons and is susceptible to alternative splicing which raises 

up to 14 isoforms (https://www.uniprot.org). Among the various isoforms of ADGRV1, the full-

length ADGRV1b stands out as the most substantial G protein-coupled receptor in the human 

body, featuring an impressive molecular weight of approximately 700 kDa and consisting of 

6,306 amino acids (Figure 3) (Randy McMillan et al., 2002).  

 

 

Figure 3. Domain structure of ADGRV1 in human and in Adgrv1 mouse models.  

ADGRV1b is composed of an extremely long extracellular domain (ECD), a 7-serpentine 

transmembrane domain (7TM), and a relatively short intracellular domain (ICD) with a characteristic 

PDZ binding motif (PBM). The ECD includes a signal peptide (SP), 35 Ca2+ binding calcium exchanger 

β motifs (Calx-β), pentaxin/laminin G-like repeats (LAMG/PTX), an epilepsy-associated/Epitemptin-

like domain (EPTP/EAR), a GPCR autoproteolysis-inducing domain (GAIN) which includes the G-

protein-coupled receptor proteolytic site (GPS). Autoproteolytic cleavage at the GPS can result in an N-

terminal fragment (NTF) and the C-terminal fragment (CTF) and the exposition of the Stachel sequence 

at the very N-terminal end of the CTF which can act as a tethered agonist. ADGRV1a is composed of 
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35 Calx-β, 1 7TM and ICD domain. In ADGRV1/del7TM mice a nonsense mutation (by deletion of 101 

bp from the 3′-terminal exon 82 and the 5′-splice donor of intron 82) introduces a STOP codon which 

leads to the deletion of the 7TM and ICD domains of ADGRV1 and the translation product is only the 

ECD. In the ADGRV1/DrumB mice, the 8554+2T>C mutation leads to a STOP codon in intron 37-38 

when introns are not skipped. The translation product is a relatively short, truncated protein, which 

includes only 13 CalX-ß domains and the LAMG domain (Adapted from Güler et al., 2023, Publication 

III). 

 

The autocleavage of ADGRV1 occurs at the auto-proteolysis site (GPS) situated within the 

GAIN (GPCR auto-proteolysis-inducing) domain gives rise to a C-terminal fragment (CTF) 

and an N-terminal fragment (NTF), both of which functionally independent (McMillan and 

White, 2010). Recent discoveries have brought to light the existence of an 11 amino acid 

sequence, identified as the "Stachel" peptide of ADGRV1 (Knapp et al., 2019). Upon 

autocleavage of the receptor, "Stachel" peptide sequence can be exposed in the very N-terminal 

region of CTF and is presumed to act as a tethered agonist, thereby activating aGPCRs. This 

autocleaveage and subsequentially activation of ADGRV1 by the “Stachel" sequence has been 

associated with a shift from Gs- to Gi-mediated signalling by ADGRV1 (Knapp et al., 2019, 

2022). Our recent findings based on the Tandem affinity purification (TAP) of ADGRV1 

demonstrated the association with several subunits of G-proteins. TAPs revealed that full-

length ADGRV1a is associated with Gi and Gs whereas ADGRV1_CTF interacts with only Gi 

(Knapp et al., 2019, 2022). 

 

 

Figure 4. ADGR expression patterns in astrocytes.  Heat map representation indicates 

aGPCRs transcripts per million (nTPM) in astrocytes (www.proteinatlas.org).   

1.3 ADGRV1 as disease causing gene 

The expression of ADGRV1 is nearly ubiquitous, with heightened concentrations observed in 
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the central nervous system (CNS), particularly during developmental stages, as well as in the 

sensory cells of the eye and inner ear (https://www.proteinatlas.org/). Among the 33 ADGR 

members, ADGRV1 reveals the highest expression level (2093 normalized transcript per 

million) in astrocytes. This points to a high importance of its functions in astrocytes. (Figure 4) 

(www.proteinatlas.org).  

Variants in ADGRV1 have been linked to various diseases and so far, 466 pathogenic 

variants have been shown in humans (https://www.ncbi.nlm.nih.gov/clinvar). However, the 

most well-known and characterized role of ADGRV1 is in the human Usher syndrome (USH), 

a hereditary deaf-blindness with a prevalence of 1:10.000 to 1:6.000 (Hope, 1997; Kimberling 

et al., 2010). Within the USH interactome ADGRV1 plays an indispensable role in the 

formation of fibrous links that span neighbouring membranes in cochlear hair cells of the inner 

ear and retinal photoreceptor cells (Zallocchi et al., 2012). Notably, the absence of these 

membrane attachment fibres can contribute to the degeneration of sensory neurons in the eye 

and ear, contributing to the development of USH caused by a pathogenic ADGRV1 variant.  

Early studies involving mouse models for Adgrv1 have unveiled associations with 

audiogenic epilepsy (Randy McMillan et al., 2002; Yagi et al., 2005). During the embryonic 

brain development, ADGRV1 is highly expressed particularly in the ventricular zone 

(McMillan et al., 2002). Pathogenic variants or deficiency in ADGRV1 expression in the 

ventricular zone may affect neuronal migration (McMillian et al., 2004). This process highly 

depends on focal adhesion (FA) complexes, cell-cell contacts, and extracellular matrix (ECM) 

interaction during development, which may be associated with epilepsy. Adgrv1 mutant mice 

are not only susceptible to hearing impairments but also display a susceptibility to audiogenic 

seizures (AGS), indicating a potential association with epilepsy (McMillan and White, 2004; 

Yagi et al., 2005). The AGS are characterized by three phases which are wild running, clonic 

seizure, and tonic extension.  

In recent years, increasing evidence has suggested that pathogenic variants of ADGRV1 

may also underlie various forms of epilepsy such as myoclonic, childhood absence and 

Rolandic epilepsy, as well as febrile seizures in humans (Wang et al., 2015; Myers et al., 2018; 

Liu et al., 2020; Leng et al., 2022; Zhou et al., 2022). Almost 3% of the confirmed epilepsy 

patients carry pathogenic ADGRV1 variants (Leng et al., 2022). In patients with febrile seizures 

(FS) and epilepsy with prior FS, there appears to be a genotype-phenotype correlation, 

particularly with pathogenic ADGRV1 variants. These variants are predominantly monoallelic 

and primarily concentrated within the CalX- β (calcium exchanger β) domains (Zhou et al., 

2022). ADGRV1 contains 35 CalX- β repeats in its NTF suggesting its important role in 
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ADGRV1 function. Most of the epilepsy cases with pathogenic ADGRV1 variants show mild 

prognosis. However, a recent case report showed that in a patient carrying a heterozygous 

missense mutation of ADGRV1 (c.5785G> T), had severe hippocampal sclerosis characterized 

by neuronal cell loss and sudden unexpected death (Ji et al., 2023). It is well known that 

epileptic seizures, a characteristic of epilepsy, result from excessive and abnormal neuronal 

activity in the brain (Bou Assi et al., 2017). Nevertheless, the molecular mechanisms underlying 

the diverse forms of epilepsy remain largely elusive (Chong et al., 2023; Johannesen et al., 

2023), and to date, nothing is known about the pathomechanism of epilepsy caused by 

pathogenic variants in ADGRV1.  

 

1.4 Focal adhesions: macromolecular signalling hubs in cells 

Focal adhesions are essential cellular structures that facilitate cell-ECM (extracellular matrix) 

interactions and play an important role in various cellular processes, particularly 

mechanotransduction and cell migration (Geiger et al., 2009; Gardel et al., 2010). These 

dynamic protein complexes serve as both physical anchors and signalling hubs, allowing cells 

to adhere to and respond to their surrounding microenvironment (Raghavan et al., 2003; 

Saunders et al., 2006). A set of publications (Publication II and Publication III) on the 

ADGRV1 function have dealt with the role of ADGRV1 in FAs. To understand the significance 

of ADGRV1 in FAs, it is essential to understand its role in assembly, disassembly, molecular 

composition, and their role in both health and disease.  

FAs are highly dynamic structures that continually assemble and disassemble in 

response to mechanical forces and signalling cues to provide the cells migration and ECM 

interaction capacity (Mishra and Manavathi, 2021).  Cell migration requires the continuous 

dynamic arrangement of FAs, the assembly of nascent FAs in the leading edge of cells and 

disassembly in their rear (Hu et al., 2014).  

FAs play a central role in several physiological and pathological processes. In healthy 

tissues, they are essential for maintaining tissue integrity, regulating cell migration, and 

responding to mechanical cues, such as those encountered during wound healing and tissue 

development (Kostourou et al., 2023). However, when dysregulated, FAs are associated with 

numerous diseases (Mishra and Manavathi, 2021). In cancer, aberrant focal adhesions 

contribute to enhanced cell motility and metastasis (Maziveyi and Alahari, 2017). FA defects 

are also linked to cardiovascular diseases, fibrosis, and notably neurodegeneration. There is 

growing evidence that defects in cell migration can increase susceptibility to epilepsy (Qin et 

al., 2017).  It has also been shown that the absence of Adgrv1 impairs the entry of Cdhr23 and 
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Cdhr15 expressing interneuron precursors into the cortex during embryonic cortex development 

in mice (Libé-Philippot et al., 2017). Therefore, understanding the intricate mechanisms of 

Adgrv1-driven FA dynamics and migration is critical to gain new insights into the role of 

ADGRV1 in CNS development and pathophysiology.  

 

1.5 Astrocytes as regulatory cells in the central nervous system and model 

for ADGRV1 studies 

In the central nervous system (CNS), astrocytes populate in all regions and are one of the most 

abundant cell types with various vital roles such as glutamate homeostasis, regulation of 

extracellular ion concentrations, control of energy metabolism, neuroprotection, 

synaptogenesis, and formation of the blood-brain-barrier (Sidoryk-Wegrzynowicz et al., 2011; 

Mahmoud et al., 2019; Michinaga and Koyama, 2019).  

During the developmental stages, astrocytes derive from neural stem cells in the 

ventricular zone and subventricular zone which is a specialized reservoir for glial and neuronal 

progenitor cells which migrate to different layers of the brain (Tabata, 2015; Platel and Bordey, 

2016).  The possible role of ADGRV1 in the CNS has been indicated by McMillian and White 

in 2004, since they observed prominent expression of ADGRV1 during the development of the 

mouse brain particularly in the ventricular zone.  Strikingly, of all the aGPCRs, ADGRV1 has 

the highest expression in astrocytes (https://www.proteinatlas.org/) which indicates its 

importance in astrocyte function. Therefore, utilizing the astrocytes isolated from brain can 

enhanced the knowledge of ADGRV1 function in CNS. 

Loss of function in astrocytes or migration capacity defects during development, 

subsequently in post-natal and adulthood stages, may contribute to several neurodegenerative 

disorders in the brain such as Alzheimer's, Epilepsy and Huntington's disease (González-Reyes 

et al., 2017; Monterey et al., 2021; Vezzani et al., 2022).  

Moreover, in tripartite synapses where astrocytes intergraded pre- and post-synapses, they 

regulate cross-talking between synapses via regulating ion concentration or by secreting several 

molecules, for instance, glutamine, glutamate and BDNF (Perea et al., 2009; Allen and Eroglu, 

2017; Broadhead et al., 2022). Glutamate receptors in astrocytes regulate glutamate uptake to 

clear out excessive glutamate concentrations from synaptic clefts (Rose et al., 2018; Mahmoud 

et al., 2019). Dysregulation in glutamate uptake and release of astrocytes may cause changes in 

brain homeostasis, which may lead to neuronal hyperexcitability (Cho et al., 2018).  

These findings highlight the importance of ADGRV1 in astrocyte physiology and 

eventually CNS development. 
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1.6 Aim of the thesis 

The major goal of this thesis was to further elucidate the function of ADGRV1. To shed light 

on ADGRV1`s role in health and disease following scientific research objectives were pursued: 

1. Establishment of a primary cellular model to study ADGRV1  

2. Elucidation of the role of ADGRV1 at the focal adhesions and their dynamics 

3. Deciphering the role of ADGRV1 in hippocampal astrocytes  

To aim (1) Establishment of a primary cell model to study ADGRV1 

Primary astrocytes have gathered attention over the decades due to their role in the CNS. 

Previously, astrocytes were thought to be the only helper cell types in the CNS. However, recent 

evidence reveals that they play active roles in regulation and maintaining CNS organization. 

Among all types of brain cells, astrocytes show the highest expression of ADGRV1 

(https://www.proteinatlas.org/ENSG00000164199-ADGRV1), making them crucial for 

ADGRV1 studies. We have established a user-friendly method with high astrocyte purity to 

obtain primary astrocytes from Adgrv1/del7TM, Adgrv1/Drum B and WT mouse models. Most 

of the works included in this thesis were performed using primary astrocytes. 

 

To aim (2) Elucidation of the role of ADGRV1 at focal adhesions 

Previously, by using affinity proteomics we have shown that numerous molecules related to 

FAs are potentially interacting with ADGRV1 (Knapp et al., 2019, 2022). Therefore, we 

investigated the localization and function of ADGRV1 in the supramolecular complex of FAs. 

We utilized primary astrocytes as cellular models for studying the function of ADGRV1 in FAs. 

In Publications II and III, we investigated the role of ADGRV1 in astrocytes in the brain. 

First, we validated the localization of ADGRV1 at FAs. Furthermore, we showed that 

pathogenic variants in ADGRV1 in astrocytes result in fewer FA numbers and length which 

eventually reduces cell migration speed.  Additionally, we have also shown that ADGRV1 can 

function as a metabotropic mechanosensor at FAs. Our studies allowed us to identify ADGRV1 

as a component of FA signalling hub and its role in the regulation of FA morphology.  

 Since migration of neuronal cells relies on healthy FA dynamics, investigating the role 

of ADGRV1 in FA dynamics is important for the understanding of CNS development.  To this 

end, we applied two distinct approaches: the microtubule-associated FA assembly/disassembly 

approach and the FA recruitment approach by using live-cell imaging. These approaches 

showed the regulatory role of ADGRV1 in FA dynamics and recruitment.  
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To aim (3) Deciphering the role of ADGRV1 in hippocampal astrocytes and its impact on 

glutamate homeostasis 

As mentioned above, affinity proteomics revealed numerous interaction partners of ADGRV1 

which also regulate neuronal development and maintenance (Knapp et al., 2019, 2022). Given 

the fact that astrocytes are the cell types in the CNS with the highest expression of ADGRV1, 

we investigated the role of ADGRV1 in hippocampal astrocytes. To gain insights into the 

impact of ADGRV1 on astrocyte morphology and physiology, we used the Adgrv1/del7TM 

mouse model for in vitro and in vivo experiments. Additionally, we focused on the role of 

astrocytic Adgrv1 in neuronal development. The significance of this work was the elucidation 

of the disease-causing molecular mechanisms of ADGRV1 in the CNS. 
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SUMMARY

Primary astrocytes have gained attention as an important model for in vitro bio-
logical and biochemical research in the last decades. In this protocol, we describe
a fast and cost-effective technique for isolating, culturing, and maintaining pri-
mary mouse astrocytes at � 80% purity levels, which can be used in in vitro
studies for migration and focal adhesion dynamics. In addition, we present an
optimized transfection and manual quantification approach for focal adhesion
analysis in fixed and living cells.
For complete details on the use and execution of this protocol, please refer to
Kusuluri et al. (2021).

BEFORE YOU BEGIN

Dissection of mice and preparation of brain culture should be performed under sterile conditions. All

equipment (Biosafety cabinet, forceps, scissors and plates, etc.) should be sterile to prevent any

contamination. In this protocol, the isolation of primary astrocytes cells depends on the differential

binding method which separates primary astrocytes, oligodendrocyte progenitor cells (OPCs) and

microglia cells based on their different affinities for bacterial grade plastic dishes. Do not use plates

that have been treated for animal cell culture because all cell types will attach to these plates with

equal affinities. Primary astrocytes were isolated from brains of P0 C57BL/6J (wild type). This proto-

col was also successfully applied for two mouse models for Usher syndrome 2C namely Vlgr1/

del7TM (McMillan and White, 2004) and Drum B mutated mice (Potter et al., 2016), bred on a

C57BL/6J background and we did not observe any difference in protocol efficiency. All experiments

described herein were performed in accordance with the guidelines provided by Association for

Research in Vision and Ophthalmology.

Before starting the experiment several chemicals and surgical instruments should be prepared (For

detailed information please see key resources table and materials and equipment section).

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-GFAP (Glial fibrillary acidic protein),
working dilution 1 in 1000

DAKO-Agilent Cat#ZO334

Mouse monoclonal anti-GFAP (Glial fibrillary acidic protein),
working dilution 1 in 1000

Sigma-Aldrich Cat#G3839

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Guineapig monoclonal anti-MAP2 (Microtubule associated
protein), working dilution 1 in 1000

Synaptic systems Cat#188004

Mouse monoclonal anti-Vinculin, working dilution 1 in 100 Sigma-Aldrich Cat#V9131

Rabbit polyclonal anti- PDGFR-a, working dilution 1 in 200 Santa Cruz Biotechnology, Inc. Cat#sc-338

Rat monoclonal anti-CD68, working dilution 1 in 200 Bio-Rad Laboratories Cat#MCA1957

Chemicals, peptides, and recombinant proteins

Alexa Fluor 488-conjugated goat anti-rabbit IgG, working
dilution 1 in 400

Molecular Probes Cat#A-11034

Alexa Fluor 568-conjugated goat anti-rat IgG, working
dilution 1 in 400

Biotrend Cat#20092-1

Alexa Fluor 640-conjugated goat anti-mouse IgG, working
dilution 1 in 200

Biotrend Cat#20177

Phalloidin-TRITC, working dilution 1 in 400 Sigma-Aldrich Cat#P1951

Dulbecco‘s Modified Eagle Medium (DMEM) GibcoTM Cat#31966-021

Fetal bovine serum (FBS) GibcoTM Cat#16000044

Penicillin-streptomycin GibcoTM Cat#15140122

103 Hanks’ Balanced Salt Solution (HBSS) GibcoTM Cat#14065-056

1 M HEPES solution GibcoTM Cat#15630106

DNase I, recombinant, Grade II, from bovine pancreas Merck Cat#10104159001

0.01% Poly-L-Lysine solution Sigma-Aldrich Cat#25988-63-0

0.05% Trypsin-EDTA (13) GibcoTM Cat#25300-054

13PBS GibcoTM Cat#14190-094

Opti-MEM� I Reduced Serum Medium Thermo Fisher Scientific Cat#31985062

GeneJuice� Transfection Reagent Merck Cat#70967-6

Fibronectin bovine plasma Merck Cat#F4759-5MG

Albumin crude from chicken egg = Ovalbumin PanReac AppliChem Cat#A4344

Gelatin From Cold Water Fish Skin, 40–50% in Water Sigma-Aldrich Cat#G7765-250ML

Deposited data

Raw and analyzed data This paper and Kusuluri et al. (2021) N/A

Experimental models: organisms/strains

Mouse: C57BL/6J (P0 age) The Jackson Laboratory Stock no: 000664

Mouse: Vlgr1/del7TM (P0 age) Breed on a C57BL/6 background McMillan and White (2004)

Mouse: Drum B (P0 age) Breed on a C57BL/6 background Potter et al. (2016) and Kusuluri et al. (2021)

Recombinant DNA

RFP-Paxillin Rudolf E. Leube, Rick Horwitz Rudolf E. Leube, Rick Horwitz

Software and algorithms

ImageJ software National Institutes of Health (NIH) http://imagej.nih.gov/ij/download.html

Focal adhesion analysis server https://faas.bme.unc.edu Berginski and Gomez (2013)

Other

Stereomicroscope Leica Microsystems Leica WILD M3B

Cold light source Leica Microsystems Schott KL750

Inverted microscope Nikon Instruments Inc. Nikon Eclipse Ti2-E

Spinning disc unit Yokogawa Electric Corporation CSU-W1

Leica confocal microscope Leica Microsystems DM6000B

Centrifuge Eppendorf Centrifuge 5430 R

Medium-sized scissors A. Dumont & Fils Cat#T5074

Dumont #3 curved forceps A. Dumont & Fils Cat#T504

Dumont #4 standard tip forceps A. Dumont & Fils Cat#T505

Dumont #7 standard tip forceps A. Dumont & Fils Cat#T508

Vannas spring scissors A. Dumont & Fils Cat#T5322

100 mm petri dish (cell culture) Greiner Bio-One Cat#664160

100 mm bacterial grade petri dish SARSTEDT AG & Co. KG Cat#82.1472

T-75 culture flasks Greiner Bio-One Cat#658170

6-well culture plates Greiner Bio-One Cat#657160

15 mL Centrifuge Tubes SARSTEDT AG & Co. KG Cat#62.554.502

(Continued on next page)
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MATERIALS AND EQUIPMENT

CRITICAL: Final antibiotic concentration may be adjusted, since different antibiotic con-

centrations can affect cell proliferation and differentiation.

Note:Growth medium should be kept at +4�C for a maximum of 1 month. If there is a pH level

change during storage which can be distinguished by a color change, new medium should be

prepared.

CRITICAL: Adjust pH 7.0 of buffer using 1 N HCl or 1 N NaOH and sterile medium by pass-

ing through a 0.22 mm filter.

Note: Medium should be stored at +4�C for a maximum of 1 month. If there is a pH level

change during storage which can be distinguished by the color change in medium, the new

medium should be prepared.

CRITICAL: Do not dissolve the DNase I by using vortex as mechanical force may denatu-

rate the enzyme which can cause decrease in the activity. The solution should be prepared

by pipetting and sterilized by passing through a 0.22 mm filter. To prevent any freeze/thaw

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

10 mm glass coverslips Carl Roth GmbH +Co. KG Cat#YX02.1

0.22 mm filter Carl Roth GmbH +Co. KG Cat#KH541

0.45 mm filter Carl Roth GmbH +Co. KG Cat#CCX9.1

m-Slide 4 Well chamber Ibidi GmbH Cat#80426

Growth medium

Reagent Final concentration Amount

Dulbecco‘s Modified Eagle Medium (DMEM) n/a 450 mL

Fetal bovine serum (FBS) 10% 50 mL

Penicillin-streptomycin 2% 11 mL

Total n/a 511 mL

13 HBSS for brain tissue storage during dissection

Reagent Final concentration Amount

103 HBSS 13 100 mL

1 M HEPES 0.01 M 10 mL

ddH2O n/a 890 mL

Total n/a 1000 mL

DNase I solution

Reagent Final concentration Amount

DNase I 0.05% 100 mg

13 HBSS n/a 200 mL

Total n/a 200 mL
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cycles which may reduce activity, 1–5 mL aliquots can be prepared and kept at –20�C or

–80�C for a maximum of 6 months.

Note:Mix the Ovalbumin and 40%–50% Fish gelatin in 100 mL PBS for 12–16 h. The day after,

bring the temperature of the solution to 50�C. Centrifuge for 10 min at 3000 RCF to remove

undissolved particles. Sterile medium by passing through a 0.45 mm filter. In order to prevent

freeze/thaw cycles, prepare 1–2 mL aliquots and keep at �20�C for a maximum of 12 months.

STEP-BY-STEP METHOD DETAILS

Preparation of primary brain culture

Timing: 10–15 days

Before starting dissection of mice pups, place 10 mL of 13 HBSS (in a 15 mL Falcon tube), 1 mL of

0.05% DNase I and 1 mL of 0.05% trypsin on ice and arrange dissection tools, microscope, a cold

light source and 70% ethanol under the dissection hood. This step includes dissection and prepara-

tion of primary brain cultures. To obtain a confluent layer of primary astrocytes cells, collect 3–4

pups’ brains in a 15 mL tube containing 13 HBSS solution.

Preparation of brain tissue

Timing: 15–30 min

1. Before starting the dissection, gently hold themice pup and spray the neck with 70% of ethanol to

prevent contamination.

2. Decapitation of mice can be done by using sharp scissors in one cut.

CRITICAL: Brain isolation can take time due to inexperience. In order to achieve high ef-

ficiency after the procedure and healthy brain culture, only one decapitation should be

applied at a time and the remaining decapitation procedures should be carried out after

step 14 is finished from the first mouse.

3. To keep the head fixed and stabile use anchoring forceps at orbital cavities (Figure 1A).

4. Make an incision of the skin at the hindbrain and follow along the midline to eye level where trans-

verse cuts to the eye cavity will be made (Figure 1B).

5. Grasp the skin from both sides by using Dumont #5 forceps and pull it aside to reveal the skull

(Figure 1C).

6. Carefully cut the cranium using a small scissors. The cut should start from the neck where the

vertebral foramen is located and extended anteriorly to the nose. Make additional transverse

cuts to the eye cavity.

CRITICAL: While cutting the cranium be sure that no excess pressure is applied to the

brain. This may cause deformation in brain tissue and bleeding, which can lower culture

purity because of contamination with red blood cells and endothelial cells.

Blocking solution

Reagent Final concentration Amount

Ovalbumin 0.1% 0.1 g

40–50% Fish gelatin 0.5% 1.1 g

13 PBS n/a 100 mL

Total n/a 100 mL
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7. Carefully pull apart the cranium using forceps to reveal the brain.

8. Take out the brain with the help of a small spatula. First, place the spatula under the cerebellum

and gently push it towards the olfactory bulbs and scoop out by lifting. This will disconnect the

brain from the skull base.

9. Transfer the brain to a 10 cm petri dish containing ice-cold 13 HBSS under sterile conditions.

The brain should submerge completely in the liquid.

10. Remove olfactory bulbs in order to free the meninges. Meninges can be distinguished by their

reddish color resulting from blood vessels (Figures 2A and 2B).

11. Reversing the brain and starting from the bottom side can help to remove meninges easily.

Dissect the meninges from the surface of the cortical layer by using fine forceps.

Note: We observed that keeping brain integrity during the process may reduce the risk of

meningeal cells and fibroblast contamination and ensure full removal.

12. Flip the brain and continue meninges removal.

13. Carefully check whether there is any meninges residue and if not, cut the brain into 6–10 pieces

using forceps or sharp blades in order to increase disassociation efficiency (Figure 2C).

14. Place the brain pieces into a 15 mL tubes that contain 10 mL 13 HBSS and keep on ice (Fig-

ure 3A).

CRITICAL: Only 3–4 brains should be collected in 10 mL 13 HBSS. If more brain tissue is

needed, use a 50 mL Falcon and increase the volume of 13 HBSS for 5 brains to 11 mL

and for 12 brains 20 mL. If the brain pieces are not submerged completely, tap the bottom

of the Falcon tube. This may help to submerge brain pieces that float on top.

Note: After obtaining meninges-free brain, repeat the steps 1–14 for the rest of the mice. Do-

ing only one brain at a time will ensure healthy cultures.

15. Under the sterile condition, add ice cold 0.05% DNase I into the tube and gently triturate brain

tissue 10–15 times with a 10 mL and 2 mL pipette, respectively.

16. Afterwards, add 0.05% trypsin, mix by using 10 mL pipette 20–30 times and incubate at room

temperature (22�C–25�C) for 20 min.

CRITICAL: The amount of DNase I and trypsin can be adjusted depending on the number

of brains in one tube. For 3–4 brains; 1 mL of DNase I and 1 mL of trypsin, for 5 brains;

1.5 mL of DNase I and 1.5 mL of trypsin, for 12 brains; 3 mL of DNase I and 3 mL of trypsin

should be added.

Figure 1. Dissection of the brain from PN0 mouse

(A and B) (A) Cut should be performed to remove the skin and (B) skull layers covering the brain. Dashed lines indicate

the cuts using Vannas spring scissors. The cut starts from the neck where the vertebral foramen is located and extends

anteriorly to the nose.

(C) Exposed brain. Scale bar: 5 mm.
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17. During incubation time, prepare one T-75 flask for 3–4 brains and coat with 3 mL of 0.01% Poly-

L-Lysine (PLL) for 20 min. Place the T-75 flask in the incubator.

18. 20 min after incubation of brain pieces mix the Falcon tube thoroughly (Figure 3B).

19. Centrifuge for 10 min at 150 RCF to the pellet brain tissue (Figure 3C).

20. After centrifugation, carefully aspirate the supernatant using a Pasteur pipette connected to a

pump (Figure 3D).

Note: If there is any meninges residue or blood vessel contamination, which can be distin-

guished by a reddish color on top of the pellet, also aspirate and discard this layer. Resuspend

pellet with 2 mL of complete growth medium and repeat centrifugation step.

21. Resuspend cell pellet with 2–4 mL of DMEM with a 10 mL pipette and mix thoroughly 10–20

times in order to obtain a single-cell suspension (Figure 3E).

22. Aspirate PLL from the T-75 flask and rinse with 10 mL of DMEM to completely wash out any res-

idue. Add 8–10 mL of pre-warmed 37�C DMEM supplemented with 10% FBS and 2% pen/strep.

23. Plate the resuspended cell pellet and incubate at 37�C with 5% CO2 in an incubator.

24. Change the medium on day 1, day 2 and day 7 after plating the primary cells (Figure 7A).

Figure 2. Dissection of mouse brain at P0

(A and B) Removing the meninges from mouse brain. (A) Dorsal view (B) and ventral view of isolated mouse brain.

Meninges can be distinguished by reddish color in the cortex of the mouse brain. (A0 and B0) Meninges removal from

the cortex of the mouse brain. Arrows indicate removed meninges from the cortex of the mouse brain. (A00 and B00)
Dorsal and ventral view of completely meninges-free brain.

(C) Dissection of brain parts with a sharp razor blade or fine forceps. Scale bars: A and B: 10 mm; C: 5 mm.

ll
OPEN ACCESS

6 STAR Protocols 2, 100954, December 17, 2021

Protocol



Note: In order to remove unattached and death cells wash the plate by using 13 PBS, before

adding fresh complete growth medium.

Deriving pure primary mouse astrocyte culture

Timing: 7–15 days

This step will be used for the separation of primary astrocytes cells from oligodendrocyte progenitor

cells (OPCs), microglia and neurons. In confluence, their tight arrangement at the bottom of the cul-

ture flask can distinguish primary astrocytes cells from other cell types. Widefield microcopy distin-

guishes microglia cells from other brain-derived cells revealing a bright and small rounded cell

morphology.

Removal of oligodendrocyte progenitor cells (OPCs)

Timing: 10–20 min

25. Mixed primary cell cultures which were obtained in steps 1 to 24 reach full confluency on days

10–15. When mixed cell culture reach confluency, gently tap the flask from both sides several

times in order to detach the OPCs layer. After tapping the flask, check the cells under the micro-

scope. Detach OPCs can be distinguished as floating cells in the plate (Figure 4).

Note: In case of incomplete detachment repeat tapping several times. Tapping should be

done gently so as not detach the astrocyte layer.

26. After theOPCs are released aspirate themedium completely to remove detached cells and rinse

remaining cells carefully with 10 mL of complete growth medium.

Note: To avoid any loosening or loss of astrocyte layer, medium aspiration and rinsing should

be done carefully. A 10 mL pipette should be placed at the corner of the flask and the medium

should be slowly added against the wall of the flask and not directly onto the attached cells.

27. After removing OPCs, add 10 mL of complete growth medium and ice cold 0.5 mL DNase I to

loosen the remaining cell layer and incubate 5 min at 37�C with 5% CO2 in an incubator.

28. After DNase I treatment, the remaining OPCs are released by horizontal shaking the T-75 Flask

20–30 times.

Figure 3. Dissociation of mouse brain tissue for primary cell cultivation

(A) Brain tissue dissected from wild type mice in 13 HBSS.

(B) Homogenized mouse brain tissue (MBT).

(C) MBT pellet after centrifugation.

(D) MBT pellet after removing supernatant.

(E) Resuspended MBT pellet in complete growth medium.
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Note:While too gentle shaking may cause insufficient OPCs removal, too intense shaking can

damage the astrocyte layer. Shaking should be performed at a steady speed by hand.

CRITICAL: Shaking can cause foaming; therefore, the shaken flask should be held vertically

for 30 s to allow the foam to float on the top.

Removal of microglia

Timing: 2–2.30 h

29. Aspirate the medium which may still contains OPCs, and wash the astrocytes and microglia layer

with 3–4 mL PBS.

30. Add 3–4 mL of 0.05% trypsin and incubate 3–5 min at 37�C with 5% CO2 in an incubator.

CRITICAL: Cells should not be incubated with trypsin for more than 5 min. Longer incuba-

tion time may harm primary astrocytes and results in an unhealthy culture.

31. After incubation, check the cells under the microscope. If there is incomplete detachment, tap

the slide of the flask several times and check under the microscope again.

32. After trypsinization, add 6–7 mL of complete growth medium and resuspend the cells.

33. Transfer the suspension to a new 15 mL Falcon tube and pellet detached cells by centrifugation

for 10 min at 150 rcf.

34. During centrifugation, prepare 4 sterile 10-cm bacterial grade plates. Add 2 mL of complete

growth medium in each of 4 Petri dishes.

35. Aspirate the supernatant which you obtain after step 33 and resuspend cells with 4 mL of com-

plete growth medium.

36. Add 1 mL of the cell suspension to each petri dish (Figure 5A) and incubate at 37�C with 5% CO2

in the incubator for 20 min (Figure 5B).

Figure 4. Detached oligodendrocyte progenitor cells after tapping the flask

OPCs are distinguished as floating cells above the monolayer of astrocytes and microglia. Arrow heads indicate round

shaped floating OPCs. Scale bars: 100 mm.
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Note: In this step, remaining microglia cells should adhere to the bacterial grade plate while

primary astrocyte cells should not.

37. After incubation, collect all supernatants containing astrocytes of all 4 Petri dishes and pool

them to a new 10-cm bacterial grade plate (Figure 5C).

CRITICAL: The transfer of supernatant should be performed carefully as shaking of the

plate may result in loosening bound microglia. Gently tilt the plate and collect the super-

natant from the side of the plate.

38. Incubate the supernatant (obtained in step 37) contains �10–12 mL medium at 37�C with 5%

CO2 in the incubator for 90 min (Figure 5D).

Note: After incubation, check the cells under the microscope. Microglia cells should

completely adhere after this step and primary astrocytes can be distinguished as floating cells

in the culture medium.

39. Transfer the supernatant containing primary astrocytes into a new T-75 flask.

Note: According to volume of the obtained supernatant, add additional amount of pre-

warmed complete growth medium to the T-75 flask to fill up to 20 mL.

40. Incubate the primary astrocytes for 7–15 days at 37�C with 5% CO2 in the incubator. Primary

astrocytes are reaching confluency in between day 7–15 after isolation. After culture reach con-

fluency, primary astrocytes can be used for downstream experiments (Figure 7B).

CRITICAL: Change the complete growth medium by aspirating half of the old medium

(approx. 10 mL) and replacing it with a fresh, pre-warmed complete growth medium

(approx. 10 mL) every 4 days during cultivation. This will provide you with a conditioned

medium that will help maintain a healthy culture.

Transfection of isolated primary astrocytes and live-cell imaging

Timing: 3 days

Figure 5. Differential surface binding of primary astrocytes from mouse brain

(A) Whole brain cell suspension which obtained in step 35.

(B) Red arrow heads indicate settled microglia after 20 min of incubation.

(C) Transferring the supernatant which obtained in step 37 to a new bacterial grade plate.

(D) Red arrows indicate settled microglia after 90 min of incubation. Scale bar: 50 mm.
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In these steps, we describe how to transfect primary mouse astrocytes with a focal adhesion (FA)

construct namely RFP-Paxillin and how to perform live imaging to investigate FA dynamics. For

live-cell imaging, we use a m-Slide 4 Well chamber (Ibidi, Munich, Germany) and for transfection,

we use GeneJuice� transfection reagent (Merck, Darmstadt, Germany).

41. First, coat the m-Slide 4 Well chamber with 300 mL of fibronectin 5 mg/mL dissolved in dH2O for

1 h at 37�C.
42. Next, remove the fibronectin from the wells and wash the wells once with 500 mL of sterile 13

PBS or water. After the washing, place the chamber in the incubator in order to dry it.

Note: Fibronectin solution can be used up to 3 times, therefore discarded fibronectin can be

store at �20�C for further usage.

CRITICAL: If the purpose of the experiment is to study migration or focal adhesion dy-

namics, we strongly recommend the usage of fibronectin instead of poly-L-Lysine coating,

since fibronectin may enhance cell adhesion and spreading (Blau 2013).

43. Wash the primary astrocytes when reach confluency which are cultured in T-75 flask with 13 PBS

and add 3 mL of 0.05% trypsin for 5 min at 37�C to detach cells.

44. Collect the detached cells in a 15 mL tube and add 1–5 mL of growth media for preparing cell

suspension. Count the number of cells and prepare 5 3 104 cell/mL suspension.

45. Add 700 mL (�35,000 cells) of cell suspension into each well and incubate 1 day at 37�C with 5%

CO2 in the incubator.

Note: Cell number can be adjusted based on chamber size used. Cells should be at least 50%

confluent before transfection.

46. The day after incubation, change the medium to fresh 700 mL of complete growth medium.

Note: Transfection reagent volumes and DNA amount can be scaled up if more than 4 wells

are needed.

47. For the single transfection of focal adhesion construct, prepare 1 Eppendorf tube and add

100 mL of Opti-MEMTM and add 6 mL of GeneJuice�. Vortex the solution thoroughly to mix it

and incubate at room temperature for 5 min.

48. Add 2 mL of focal adhesion construct at a 1 mg/mL concentration into the serum-free/

GeneJuice� mixture and mix it by tapping the tubes and incubate at room temperature for

15 min.

CRITICAL: Do not vortex the solution after adding the DNA construct, vigorousmixing can

cause low transfection efficiency.

49. Drop-wisely add 27 mL of reagent/DNA mixture to the cells and rock the chamber to homoge-

nize the solution in the complete growth medium.

50. After 24 h of transfection remove the old medium which contains transfection reagent and add

pre-warmed complete growthmedium and incubate the cells for additional 24 h at 37�Cwith 5%

CO2 in the incubator.

51. Before starting live-cell imaging, turn on the temperature and CO2 controller of Nikon Eclipse

Ti2-E/Yokogawa CSU-W1 Spinning disk microscope and wait till the condition stabilizes for

usage.

52. Acquire the movies at 1 frame/3–5 min with 20 z-stacks at 0.5 mm step size for 1.25 h to 3-h time

course (Methods video S1).
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Note: Time interval between frames and z-stacks size and steps can be adjusted based on your

experimental setup. After determining the parameter, all movies should be acquired using the

same settings in order to provide experimental consistence.

53. Apply maximum projections to the movies and analyze focal adhesion assembly/

disassembly rates by using Focal Adhesion Analysis Server (FAAS) (Figure 10) (Berginski and Go-

mez 2013).

Note: Microtubule induced focal adhesion disassembly experiment can be used as a control

experiment in order to establish the protocol (Ezratty et al., 2005).

Immunostaining of focal adhesion molecules in fixed primary astrocytes

Timing: 4 days

We used a Leica DM6000B microscope (Leica, Bensheim, Germany) for imaging of specimens.

54. Prepare 10 mm glass coverslips in 6-well plates and coat with fibronectin as described in step

41–42.

55. Seed 1–1.53 105 cells in each well and incubate the primary astrocytes cells for 48 h at 37�Cwith

5% CO2 in the incubator.

56. After the 48 h incubation, carefully remove the growth medium and wash one time rapidly with

13 PBS and do second time washing using 13 PBS for 10 min in room temperature.

57. Prepare a parafilm sheet and place it a wet chamber for keeping humidity during incubation

times. Take the coverslips out from wells, place onto parafilm sheet and fix the cells by using

50 mL of 2% of PFA in 13 PBS for each coverslip for 10 min at room temperature.

58. Wash the cells 2 times for 10 min with 13 PBS to remove any remaining PFA.

59. Permeabilize the cells with 50 mL of 0.2% Triton-X-100 in PBS solution.

60. Remove the permeabilization solution and wash cells with 50 mL of 50mMNH4Cl in PBS for 5min

in room temperature.

61. Incubate the cells with 50 mL of blocking solution (0.1% Ovalbumin and 0.5% Fish gelatin in 13

PBS) for 60 min in room temperature.

62. After incubation, treat the cells with 50 mL of primary antibodies 12–16 h at 4�C. We used rabbit

anti-GFAP (1:400 dilution) and mouse anti-vinculin (1:200 dilution) prepared in blocking

solution.

Note: Primary antibodies can be incubated at room temperature for 2–3 h.

63. After primary antibody incubation, wash the cells with 13 PBS one time rapidly and two addi-

tional times for 10 min.

64. Apply the 50 mL of secondary antibodies for each coverslip. Alexa Flour 488-conjugated goat

anti-rabbit 488 IgG antibody (1:400 diluted in blocking solution), Alexa Fluor 640-conjugated

goat anti-mouse IgG antibody (1:400 diluted in blocking solution) and the dyes TRITC-phalloi-

din (1:400 diluted in blocking solution) for labeling actin filaments (F-actin) and 40,6-Diamidino-

2-Phenylindole (DAPI) (1:400 diluted in blocking solution) for counterstaining of nucleus were

prepared in a 1.5 mL tube. Incubate the cells with antibodies at room temperature for

60–75 min in room temperature.

65. Wash the cells with 13 PBS one time rapidly and three times for 10 min.

66. Mount the coverslips with Mowiol.

CRITICAL: Step 63–66 should be conducted in subdued lighting to prevent bleaching of

the fluorescent probes.
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Quantification of number and length of focal adhesion molecules in the primary astrocyte

cells

Timing: 1–2 days

Images were acquired on Leica DM6000Bmicroscope (Leica, Bensheim, Germany) with a 633 objec-

tive and 20 cells for each condition were used for quantification. The number and length of focal

adhesion molecules were quantified by using Fiji (Figure 6). For this, we modified a protocol which

previously described (Horzum et al., 2014).

67. Open the images using ImageJ software.

68. If Z-projection is not created

a. Go to Image-Stacks-Z Project-Maximum Projection.

Figure 6. Step by step quantification of focal adhesion (FA) numbers and lengths

Step 77: Representative image shows merged image of primary mouse astrocytes which co-labeled with vinculin

marker (magenta), actin filaments (red), GFAP (green) and for nuclear staining DAPI (blue). Step 78: After

splitting channels, only vinculin staining is shown. Step 79: 8-bit image. Step 80: FFT Bandpass filter applied image.

Step 81–83: Subtracting background and detecting FAs in the cell. Scale bar: 10 mm.
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b. Save the processed image in the folder.

69. Pick an exported and processed image from the images folder.

70. To set the scale: First, draw a straight line on the image scale bar.

a. Go to Analyze-Set scale

b. And mark as global.

71. Verify the scale by drawing a line on the scale bar.

72. Make a duplicate image named DUP1 for the RGB image (for comparison).

73. Draw a scale bar in the image near to the cell to be cropped.

a. Analyze-Tools-Scale bar

74. Now, select the Rectangle box symbol from the imageJ toolbar and draw around the cell.

75. Then right-click within the drawn box and press duplicate.

a. Go to Image-Adjust-Brightness and contrast for adjustments and then save the image in the

folder.

76. Again, go to 1st duplicate RGB image and again right-click within yellow box for the FFT

image.

77. Separate the merged imaged

a. Go to Image-Color-Split channels

b. And pick the channels which contain focal adhesion staining

78. To acquire the FFT image, change the RGB image to an 8-bit image.

a. Image-Type 8-bit

79. In order to subtract background

a. Process-FFT Bandpass filter

b. Set pixel size for large structure to 20 pixels and small 1 pixel.

c. Adjust tolerance of direction to 5%

d. Select Autoscale after filtering

e. Select Saturate image when autoscaling

f. And press OK

80. Go to Image-Adjust-Brightness

a. Adjust brightness till getting black background and save the Min/Max values for applying to

other images.

b. Adjust maximum & then minimum.

81. Save the FFT filtered image.

a. Duplicate image.

b. Image-Type-RGB color as in this step you cannot save 8-bit image.

c. Close RGB image.

82. Go to Image-Adjust-Threshold

a. Select Dark Background.

b. In first drop-down box select-Huang.

c. In the second drop-down box select-B&W.

d. Then apply.

83. Run analyze particles.

a. Set the parameter for size: 40-Infinity and for circularity 0.00–0.99.

b. Select pixel units and show the outlines option.

c. Select display results, clear results, summarize & include holes.

84. Quantification of focal adhesion numbers per cell area

a. Open the image with F-actin staining.

b. Draw a line around the cell body using the freehand tool in imageJ tool bar.

c. Press control+M, this will give the area of the cell body.

d. Save the results.

e. Transfer the data to an Excel file.

f. Count the number of focal adhesions and divide it by the total cell area.

85. Use Mann-Whitney-Wilcoxon Test for the significant test.
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EXPECTED OUTCOMES

In this protocol, we provide a cost-efficient, reproducible isolation of primary astrocytes from P0

BL/6 mice without the requirement of commercial kits or special equipment. Applying our protocol,

a healthy and easy to maintain primary astrocyte culture can be obtained from wild type or mutant

mice strains (Figure 7). Furthermore, and most importantly, the purity of the primary astrocyte cell

culture is suitable for studying several astrocytes dependent or related physiological processes. Iso-

lated primary astrocytes can be identified by indirect immunofluorescence using antibodies against

the glial fibrillary acidic protein (GFAP). In addition, we applied immunofluorescence staining of

microtubule-associated protein (MAP2), PDGRF-alpha and CD68 as marker, respectively, for the

identification primary neurons, OPC and microglia, to confirm the purity of astrocyte culture

(Figure 8).

We applied our isolation protocol described above for the analysis of focal adhesion dynamics in

murine isolated primary astrocytes (Figure 9). Focal adhesions (FAs) are highly dynamic molecules

which serve as bi-directional signaling hub in the cell by sensing environmental (outside-in) and intra-

cellular cues (inside-out) (Shen et al., 2012; Sun et al., 2016). With this unique bi-directional signaling

feature FA molecules play essential roles in the migration and spreading (Kim et al., 2012; Kim and

Wirtz 2013). Namely, size and turnover of FAs are highly important for the migration capacity of the

cell. We recently showed that the adhesion G protein coupled receptor (GPCR) ADGRV1/VLGR1

(very large G protein coupled-receptor-1) is a component of FAs and mutations in VLGR1 cause

defects in FA growth and maturation processes (Kusuluri et al., 2021). In the latter study, we used

isolated primary BL/6 wild-type astrocytes, Vlgr1/del7TM mice lacking the seven transmembrane

domains (7TM) and the intracellular domain (ICD) of Vlgr1 (McMillan and White, 2004), and

mutant Drum B mice in which only a small portion of the N-terminal fragment is present and the

entire C-terminal fragment is missing (Potter et al., 2016; Kusuluri et al., 2021). A significant decrease

in the number and length of FAs was observed in both Vlgr1 mutant mice compared with primary

BL/6 wild-type astrocytes (Figure 10) (Kusuluri et al., 2021). For the quantifications, we applied

Figure 7. Growth of BL/6 mouse primary astrocyte cells in mixed brain culture and pure culture

(A) Representative differential interference contrast (DIC) images show growth of different cell types during culturing days before applying the

differential binding method.

(B) Primary astrocytes in culture after applying the differential binding method. After differential binding method primary astrocytes reached the

confluency. Red asterisks indicate microglia cells, arrows indicate fibroblast cells and green arrowhead indicates a neuron. Scale bars: 100 mm.
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the ImageJ protocol described above in step 67 to 85. Moreover, our study demonstrated that

VLGR1 is metabotropic mechanosensor at FAs and provided novel insights into the pathomechan-

isms underlying VLGR1-associated diseases, such as human Usher syndrome (Reiners and Wolfrum

2006) and epilepsy (Wang et al., 2015; Myers et al., 2018).

LIMITATIONS

This protocol is designed for isolation of primary astrocytes from P0 mice and all isolation steps are

optimized for this age. Nevertheless, our protocol can be adjusted for different aged mice brain cul-

ture. It might be taken under consideration that precursor and adult primary astrocyte can show

different transcriptional profile which may affect experimental outcome (Zhang et al., 2016; Clarke

et al., 2018; Bronzuoli et al., 2019). In addition, there might be species-specific differences between

species that primary astrocyte derived may show differences in transcriptomic and protein

Figure 8. Representative indirect immunostaining of BL/6 mouse brain primary cell cultures

(A) Indirect immunofluorescence double staining of MAP2 (green) and primary astrocyte marker GFAP (magenta), as

common markers for primary neurons and primary astrocytes, counterstained by DAPI (blue) for nuclear DNA, before

and after the purification of astrocytes.

(B) Immunofluorescence staining of a primary astrocyte culture after primary astrocyte purification. OPC, microglia

and primary astrocytes cells were stained by antibodies against PDGRF-a, CD68 and GFAP, respectively.

(C) Quantification of the number of GFAP, PDGRF-a and CD68-stained positive cells after astrocyte purifications

demonstrates that primary astrocytes are the most prominent cell type (�80%). N = 360–490 cells per condition, 3

independent experiments. Scale bar: 10 mm.
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interaction level. In human andmice astrocytes, it has been reported that metabolism andmitochon-

dria related protein network was higher in mice astrocyte whereas defensive response and extracel-

lular space related proteins were higher in human astrocytes (Li et al., 2021). In rat and mouse

astrocytes, significant differences in GFAP expression level, cell proliferation and morphology has

been also shown (Puschmann et al., 2010). We observed that primary astrocytes can only be sub-

passaged up to 3 times. As more than 3 sub passaging cause astrocyte marker (GFAP) expression

loss and unhealthy cell phenotype such as poor cell growth, reduce in cell migration capacity and

changes in cell morphology, we highly recommend that experiments should be planned in advance

and passage 1 and passage 2 should be used. Astrocytes are one of the main parts of active infor-

mation transport in central nervous system by interacting with neurons. Neuron-astrocyte interaction

through messenger and signaling molecules such as Ca2+ and glutamate, is highly important in the

CNS for function, development and pathology of the brain (Wilhelm et al., 2004; Benarroch 2005;

Nimmerjahn 2009). Therefore, it should be taken under consideration that pure primary astrocyte

culture may not always reflect in-vivo physiology in the absence of different cell types.

Figure 9. VLGR1 deficiency alters FA morphology

Representative images of FAs in VLGR1-deficient mouse primary astrocytes.

(A and D) FAs were stained for vinculin (magenta), F-actin with TRITC-phalloidin (red), and nuclei with DAPI (blue);

GFAP (green) was used as an astrocyte marker. FA number and length were reduced after VLGR1-depletion in primary

astrocytes of both Vlgr1 mutant mouse lines.

(B and C) (B) 20 cells per condition, (C) �1300–1700 FAs per category for control and �200–1000 FAs for mutant

astrocytes.

(E and F) (E) 20 cells per condition, (F) �950–1250 FAs per condition for control and �410–510 FAs for mutant

astrocytes. Scale bars: (A and D) 10 mm. Data are represented in B and E are shown as box plot and statistical analyses

were done using two-tailed Mann-Whitney U test. Data in C and F are represented as meanGSD. Statistical analyses

were done using Sidak’s multiple comparison test; *p % 0.05, **p % 0.01, ***p % 0.001.

(A–F). Figure is acquired and adapted from Figures 3D–3H in Kusuluri et al. (2021) with the permission of Elsevier.
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TROUBLESHOOTING

Problem 1

Contamination of fibroblast and endothelial cells in the primary cultures (step 10).

Potential solution

Fibroblast and endothelial cells are the two major cell types present in meninges. Poor handling in

meningeal removing increases the contamination level in culture. These two cell types can reach

confluency very rapidly which may cause a reduced number of astrocytes and purity of cultures.

Meninges should peel away using fine forceps. Be sure that meninges are removed in one piece,

if not there can be patches of meninges left which may cause contamination.

Problem 2

Insufficient dissociation of brain tissue (step 21).

Potential solution

When performing dissociation of brain tissue, be sure to use freshly thawed ice-cold DNase I solution

as DNase I is enzymatically helping dissociation of brain tissue. Due to environmental and mechan-

ical stress during the dissociation process DNA can leak as a result of cell damage. Released DNA is

Figure 10. Analysis of assembly and disassembly of focal adhesions by life cell imaging in RFP-Paxillin transfected BL/6 mouse primary astrocytes

(A) Tracking of RFP-Paxillin molecules in focal adhesions (FAs) by live cell imaging. Images were acquired for 85 min with 3 min time intervals. Arrows

point to an individual FA which assembles and asterisk indicated a FA which disassembles during the time course of imaging. Lower panel shows color

coded individual FAs identified and analyzed via the Focal adhesion analysis server (FAAS) (Berginski and Gomez 2013).

(B) Assembly and disassembly rates of FAs in a single BL/6 primary mouse astrocyte.

(C) Automated intensity analysis of RFP-paxillin in an individual FAs during assembly by FAAS. Green line in the intensity plot indicates the trend line of

assembling FA. Scale bar: 10 mm.
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often the cause of cell clumps that affects efficiency of dissociation. Start the resuspension of cell pel-

let with a 10 mL pipette and continue with 5 mL and 2 mL pipettes, respectively. Using a smaller

pipette size can increase dissociation efficiency and reduce aggregation levels.

Problem 3

Cell viability is not sufficient after plating (step 24).

Potential solution

This problem may occur because of excessive Poly-L-Lysine (PLL) residue in flask. Therefore, wash

the plates coated with PLL thoroughly before plating single-cell suspension. After plating single-

cell suspension, cellular growth should be observed on day 1, day 2, day 7 and day 14. Differential

binding should be performed when cultures reach full confluency, as insufficient cell numbers may

affect the cell viability.

Problem 4

OPCs contamination in isolated astrocyte cultures (step 25).

Potential solution

After 7–15 days of culturing, primary astrocytes reach confluency. It is important to keep the astro-

cyte layer attached to the flask surface during the OPCs. While too gentle shaking of flask may cause

lower yield of OPCs removal, too intense shanking may damage the astrocyte layer. Therefore,

shaking should be done carefully.

Problem 5

Microglia contamination after differential binding (step 29).

Potential solution

After trypsinization, transfer medium containing astrocytes and potential microglia cells to the bac-

terial grade plates. Microglia cells are attached to the surface of bacterial grade plates whereas pri-

mary astrocytes do not. After 20 min of transferring to bacterial grade plate, check the cells, primary

astrocytes can be distinguished easily as they float in the medium. Collect the medium containing

primary astrocytes and repeat the step carefully for another 90 min. When collecting medium, be

careful not to shake the plate or the microglia may become detached.

Problem 6

Low transfection rate (step 41).

Potential solution

An efficient transfection rate is very important for successful experiment. We have observed that

transfection efficiency in primary astrocyte was the range of 15%–30%. To optimize transfection

efficiency for your gene/protein of interest, youmay try different transfectionmethods, such as trans-

fection by electroporation or transfection by liposomes. Transfection efficiency may depend on

several factors, such as DNA:transfection reagent ratio, purity and composition of the DNA, the de-

gree of confluency of the culture and transfectionmethod. Therefore, to achieve sufficient number of

transfected cells and transfection protocol must be optimized. Plasmid DNA should be prepared by

using Endotoxin-free isolation kit, as residue of bacterial toxin may lower the efficiency. After obtain-

ing endotoxin-free DNA, different transfection reagent:DNA ratios should be tested to optimize

transfection.

Problem 7

Poor migration speed during live-cell imaging (step 52).
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Potential solution

Extracellular matrix is vital for migration of cells in vitro and in vivo. Primary astrocytes produce and

secrete extracellular matrix (ECM) proteins such as laminin in vitro condition to provide growth and

spreading condition (Chiu et al., 1991). However, in low cell density such as single cell migration

study, migration speed can reduce dramatically due to lack of sufficient ECM. A potential solution

to this problem is to coating the surface using fibronectin at a 5 mg/mL. Since, different ECM concen-

trations have an effect on migration speed and migrating cell numbers (Desban and Duband 1997;

Millon-Fremillon et al., 2008), effective fibronectin concentration from 1 mg/mL to 10 mg/mL may be

tested before starting the experiment. Also, providing conditioned astrocyte medium can enhance

the migration speed of primary astrocyte cells as it contains ECM molecules.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the lead contact, Uwe Wolfrum (wolfrum@uni-mainz.de).

Materials availability

Reagents and resources used in this study are commercially available with the exception of RFP-

paxillin plasmid which was kindly provided by Drs. Leube and Hortwitz. Nevertheless, requests for

resources and reagents can be directed to and will be fulfilled by the lead contact.

Data and code availability

This study did not generate new data sets.
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Adhesion G protein-coupled receptor
VLGR1/ADGRV1 regulates cell spreading
and migration by mechanosensing at focal adhesions

Deva K. Kusuluri,1 Baran E. Güler,1 Barbara Knapp,1 Nicola Horn,2 Karsten Boldt,2 Marius Ueffing,2

Gabriela Aust,3 and Uwe Wolfrum1,4,*

SUMMARY

VLGR1 (very large G protein-coupled receptor-1) is by far the largest adhesion G
protein-coupled receptor in humans. Homozygous pathologic variants of VLGR1
cause hereditary deaf blindness in Usher syndrome 2C and haploinsufficiency of
VLGR1 is associated with epilepsy. However, its molecular function remains
elusive. Herein, we used affinity proteomics to identifymany components of focal
adhesions (FAs) in the VLGR1 interactome. VLGR1 is localized in FAs and assem-
bles in FA protein complexes in situ. Depletion or loss of VLGR1 decreases the
number and length of FAs in hTERT-RPE1 cells and in astrocytes of Vlgr1 mutant
mice. VLGR1 depletion reduces cell spread and migration kinetics as well as the
response to mechanical stretch characterizing VLGR1 as a metabotropic mecha-
nosensor in FAs. Our data reveal a critical role of VLGR1 in the FA function and
enlighten potential pathomechanisms in diseases related to VLGR1.

INTRODUCTION

Adhesion G protein-coupled receptors (ADGRs), a unique class of the superfamily of G protein-coupled

receptors (GPCRs), have been insufficiently characterized (Langenhan et al., 2016; Langenhan, 2020).

Recent findings on G protein coupling, the activation mechanism by a tethered agonist (Liebscher et al.,

2014), and identification of interaction partners by affinity proteomics (Knapp et al., 2019) and of their func-

tion as metabotropic mechanosensors (Scholz et al., 2015) provided prospective insights into themolecular

and physiologic function of ADGRs in general (Langenhan, 2020). In the last decade, diverse physiological

roles of ADGRs have been described. Several ADGRs are involved in developmental, neural, cardiovascu-

lar, immune, and endocrine processes (Knierim et al., 2019).

VLGR1 (very large G protein-coupled receptor-1)/ADGRV1, also known as GPR98 or MASS1 (monogenic

audiogenic seizure susceptible-1), is by far the largest GPCR (McMillan andWhite, 2010). VLGR1 comprises

an extremely long extracellular domain (ECD), which includes Calx-bmotifs, an epilepsy-associated repeat

domain, and a pentraxin domain; VLGR1 also contains the characteristic 7-transmembrane domain (7TM)

and a short cytoplasmic intracellular domain (ICD) with a C-terminal PDZ (Post-synaptic density 95, Discs

large, Zonula occludens-1) domain-binding motif (PBM). The ECD contains the characteristic GPCR auto-

proteolysis-inducing (GAIN) domain with the GPCR proteolytic site (GPS). Like other ADGRs, autocleavage

at this GPS separates VLGR1 into a C-terminal fragment (CTF) and N-terminal fragment (NTF) (Hu et al.,

2014). We recently found that the first 11 amino acids in the N-terminus of the CTF function as a tethered

agonist that can trigger receptor activation (Knapp, et al., unpublished data). VLGR1 preferentially couples

to the Gai signaling pathway (Hu et al., 2014).

Several homozygous pathologic variants of the VLGR1/ADGRV1 gene cause USH2C, a subtype of the hu-

man Usher syndrome (USH), themost common form of hereditary deaf blindness (Weston et al., 2004). Hap-

loinsufficiency of VLGR1/ADGRV1 associates with audiogenic epilepsy in human (Wang et al., 2015; Myers

et al., 2018). Although the mechanisms underlying the epilepsy phenotypes remained unclear, so far, dys-

functions of VLGR1 related to the senso-neuronal defects in USH have been associated with fibrous linkers

in membrane-membrane adhesions in retinal photoreceptor cells and auditory hair cells (McGee et al.,

2006; Maerker et al., 2008) and with a putative role at the ribbon synapses of both types of sensory cells
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(Reiners et al., 2005; Specht et al., 2009). At these sites, VLGR1 interacts with other USH proteins in the USH-

related interactome (Mathur and Yang, 2015).

Recent and present systematic affinity proteomics analyses identified numerous new putative VLGR1 bind-

ing proteins (Knapp, et al., unpublished data, present study). Enrichment analysis and present comparisons

with focal adhesion (FA) proteomes (Zaidel-Bar and Geiger, 2010; Schiller et al., 2011) and the adhesome

database (http://www.adhesome.org) revealed numerous components of FAs in the VLGR1 interactome.

FAs are large macromolecular assemblies arranged around transmembrane integrin dimers at the contact

sites of the cell membrane with the extracellular matrix (ECM) (Geiger et al., 2009). Their dynamic assembly

and disassembly play a central role in cell spreading andmigration. FAs control these processes as hubs for

bidirectional signaling: ‘‘inside-out’’ transmission of intracellular forces generated by contractions of the

actin-myosin system to the ECM and vice versa ‘‘outside-in’’ signal transmission such as shear forces be-

tween the cell and the ECM from the environment to the cell interior (Shen et al., 2012; Sun et al., 2016).

The molecular composition and the dual function in adhesion and signal reception of ADGRs such as

VLGR1 per se suggest a putative function at FAs. Here, we demonstrate that VLGR1 is an integral compo-

nent of FAs essential for cell spreading and cell migration. We provide evidence that VLGR1 works as a

metabotropic mechanoreceptor in FAs at the interface between the cell and its extracellular microenviron-

ment. Our insights into the molecular and cellular function of VLGR1 in FAs enlighten the pathophysiology

of the diseases related to VLGR1 dysfunction.

RESULTS

Affinity proteomics identifies FA-related proteins as putative VLGR1 interaction partners

To identify putative VLGR1-interacting proteins, we performed tandem affinity purifications (TAPs) from

hTERT-RPE1 cells. We transfected these cells with Strep II Flag (SF)-tagged VLGR1 constructs (Figure 1A)

and applied SF-TAP (Boldt et al., 2016). Eluted complexes were analyzed by liquid chromatography

coupled with tandem mass spectrometry. Software Tool for Researching Annotations of Proteins-anno-

tated proteomic data sets (Bhatia et al., 2009) revealed 478 proteins as putative VLGR1 interaction partners

(Table S1). A comparison of these prey proteins with FA proteomes (Zaidel-Bar and Geiger, 2010; Schiller

et al., 2011) and the adhesome database (http://www.adhesome.org) (Table S2) revealed 26 core FA mol-

ecules as putative interaction partners of VLGR1 (Figure 1, Table S3). Many classical FA core proteins such

as integrin b1, integrin a3, and vinculin were enriched in the VLGR1 interactome of hTERT-RPE1 cells.

Integration of VLGR1 in FAs

To verify that VLGR1 is a component of FAs, we co-stained cell lines and primary cells for VLGR1, actin fil-

aments (F-actin), and vinculin, a structural key component andmolecular marker of FAs (Figure 2). Confocal

microscopy of hTERT-RPE1 cells revealed VLGR1 localization in stripes at the end of F-actin bundles (Fig-

ure 2A), which were co-labeled for vinculin (Figure 2B). Quantification of VLGR1, vinculin, or F-actin staining

in fluorescence intensity plots revealed substantial co-localization of these proteins (Figures 2C and 2D).

We confirmed VLGR1 localization in FAs by double immunolabelling of VLGR1 and vinculin in mouse em-

bryonic fibroblasts and primary astrocytes (Figure S1). Furthermore, we applied two additional FA markers:

paxillin, present in the majority of adhesion sites including primordial focal complexes (FXs), and zyxin, ab-

sent from immature FXs but incorporated in more mature FAs (Zaidel-Bar et al., 2003). VLGR1 localized at

both paxillin-associated adhesions (Figures S2A–S2C) and zyxin-labeledmature FAs (Figures S2B and S2D).

The localization of VLGR1 in FAs was additionally confirmed by co-immunostaining of the FA markers vin-

culin or paxillin, respectively, and the two alternative VLGR1#2 and VLGR1#3 antibodies in both hTERT-

RPE1 and primary astrocytes (Figure S3). Taken together, these findings indicate the presence of VLGR1

in all types of FAs, i.e., from nascent adhesions to bona fide FAs.

We further explored that the integration of VLGR1 in FAs using in situ proximity ligation assays (PLAs) (Fig-

ures 2E, S2E, and S2F). PLAs with pairs of two primary antibodies against VLGR1/vinculin, VLGR1/paxillin,

and VLGR1/zyxin resulted in fluorescent PLA interaction spots indicating integration of VLGR1 into FA com-

plexes (Figures 2E, S2E, and S2F). The PLA positive interaction spots were found near F-actin termini (Fig-

ures 2E, S2E, and S2F). In contrast, when antibodies were omitted, no PLA interaction spots were present

(Figure S4). Overall, our results demonstrate that VLGR1 is part of the multi-protein complex in FAs.
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VLGR1 deficiency or absence alters FA morphology

Next, we analyzed the effect of VLGR1 depletion on the structure and morphology of FAs in hTERT-RPE1

cells and astrocytes obtained from Vlgr1-deficient mutant mice. We used Vlgr1-del7TM mice lacking

VLGR1 or the VLGR1 7TM and ICD (McMillan and White, 2004) and Drum B mice lacking large parts of

the NTF and the entire CTF (Figure 3). For VLGR1 depletion, we transfected hTERT-RPE1 cells with non-tar-

geting control or validated VLGR1-specific siRNAs (Figures 3A–3C; for VLGR1 siRNA validation see: Fig-

ure S5). Vinculin immunostaining revealed a decrease in the number and length of FAs in VLGR1-depleted

cells compared with control cells (Figures 3A–3C). To quantify FA lengths, we grouped FAs into four

Figure 1. VLGR1 TAP associated putative FA proteins

(A) Full-length VLGR1a, N- or C- terminally VLGR1_CTF tagged with a Strep II- FLAG (SF)-tag used as baits in TAPs.

(B) Venn diagram showing an overlap of 26 proteins from VLGR1 TAP preys with previously published FA proteomes (Schiller

et al., 2011; Zaidel-Bar and Geiger 2010) and the adhesome database (http://www.adhesome.org). STRING database analysis

reveals the interconnection of overlapping proteins. Venn diagrams of FA preys found in the different VLGR1 TAP baits. NTF,

N-terminal fragment; CTF, C-terminal fragment; ICD, intracellular domain; TM, transmembrane domain; ECD, extracellular

domain; SP, signal peptide; Calxb, Calx-b domains; PBM, PDZ-binding motif; GAIN, GPCR autoproteolysis-inducing domain;

* indicates GPS, G protein-coupled receptor proteolytic site. See also Tables S1, S2, and S3.
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categories: nascent FXs 0-1 mm in length andmoremature FAs of 1-2.5 mm, 2.5-5 mm, and 5-10 mm in length.

VLGR1-depleted cells showed a higher percentage of shorter FAs 1-2.5 mm in length, while control cells

contained more prominent and longer FAs (2.5-10 mm) (Figure 3C).

Figure 2. VLGR1 is localized at FAs

(A and B) Double labeling immunofluorescence of VLGR1 (green) and vinculin (magenta) in hTERT-RPE1 cells revealed a

concentration of VLGR1 at the tip of F-actin stained by TRITC-phalloidin (red) (A) and in different forms of FAs (B). Pearson

correlation coefficient R calculated in magnified images for white dotted region quantifies the degree of co-localization.

(C and D) Normalized fluorescence intensity plots of VLGR1 and F-actin (C) and VLGR1 and vinculin (D) share common

peaks along the depicted blue line (ROI) in the magnified images indicating co-localization of both proteins.

(E) In a proximity ligation assay (PLA), the VLGR1-vinculin interaction dots (green) are in close proximity to F-actin. The

boxed areas in the overlays are shown magnified. Nuclei are stained with DAPI (blue); scale bars: 25 mm, 5 mm magnified

images. See also Figures S1–S4.
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In astrocytes obtained from Vlgr1-deficient, Vlgr1-del7TM, and Drum B mutant mice, we also observed

fewer and shorter FAs compared to wild-type (WT) control astrocytes (Figures 3D–3G). The consistency

of the effects on FAs in the knockdown experiments and the Vgr1-del7TM and Drum Bmutant cells further

Figure 3. VLGR1 deficiency alters FA morphology

Representative images of FAs in non-targeting control (NTC) and VLGR1-deficient hTERT-RPE1 cells (A–C) and in primary

astrocytes from Vlgr1-del7TM (D–F) and Drum B mutant mice (G–I).

(A, D, G) FAs were stained for vinculin (magenta), F-actin with TRITC-phalloidin (red), and nuclei with DAPI (blue); GFAP

(green) was used as an astrocyte marker. FA number and length were reduced after VLGR1 depletion in hTERT-RPE1 cells

(B, C) and in primary astrocytes of both Vlgr1mutant mouse lines (E, F, H, I). (B) Twenty-five cells per condition, (C) 900 FAs

per condition. (E) Twenty cells per condition, (F) �1300-1700 FAs per category for control and �200-1000 FAs for mutant

astrocytes. (H) Twenty cells per condition, (I) �950-1250 FAs per condition for control and �410-510 FAs for mutant

astrocytes. Scale bars: (A) 25 mm and 5 mm in magnified images; (D), (G) 10 mm.

Data represented in (B), (E), and (H) are shown as box plot, and statistical analyses were done using two-tailed Mann-

WhitneyU test. Data in (C), (F), and (I) are represented asmeanG SD. Statistical analyses were done using Sidak’s multiple

comparison test; *p % 0.05, **p % 0.01, ***p % 0.001. See also Figure S5.
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supports the specificity of the siRNAs applied. Collectively, these data demonstrate that VLGR1 is crucial

for FA assembly.

VLGR1 knockdown and absence delays cell spreading

The size, shape, and spreading of cells mainly depend on FAs (Chen et al., 2003; Leiss et al., 2008). VLGR1-

deficient and mutant cells were smaller in comparison to the control cells treated with non-targeting siRNA

(Figures 3A and 3D). To address the role of VLGR1 in cell spreading more directly, control and VLGR1-defi-

cient cells were allowed to spread and analyzed at different time points. Control cells formed spontaneous

lamellipodia at the cell periphery, whereas the majority of the VLGR1-deficient cells failed to form these

structures (Figure 4A). VLGR1-deficient cells showed abnormal morphology such as defects in blebbing,

a process necessary for plasma membrane protrusion during cell spreading and migration (Norman

et al., 2010).

Cell spreading goes through distinct defined subsequent phases (Gauthier et al., 2012; Greiner et al., 2013).

After seeding onto an adhesive surface, cells form FAs to adhere to the ECM and proceed through phase 1

(P1, non-contractile spreading), then phase 2 (P2, contractile spreading), and finally phase 3 (P3, polariza-

tion). We defined these cell spreading phases for HEK293T cells (Figure S6). To determine the role of

VLGR1 in phase progression during cell spreading, we knocked down VLGR1 and monitored the cell shape

30 min and 2.5 hr after seeding on a poly-lysine-coated surface (Figures 4B and 4C). We found that 30 min

after seeding,�78% of the control cells had reached P2, whereas�75% of VLGR1-deficient cells were still in

P1 (Figures 4B–4B0). After 2.5 hr, �80% of control cells were polarized (P3), whereas most VLGR1-deficient

cells remained in P1 or P2 (Figures 4C–4C0).

The ECM protein fibronectin promotes cell spreading of mammalian cells (Leiss et al., 2008). On fibro-

nectin-coated surfaces, the cell size of VLGR1-deficient HEK293T cells was also reduced at both time points

when compared to control cells (Figures 5A, 5A0, 5B, and 5B0). In addition, primary astrocytes of both Vlgr1-

del7TM andDrum Bmouse mutants also had reduced surface areas compared toWT Bl6 control astrocytes

(Figures 5C and 5C0). Taken together, our data demonstrate that the absence or depletion of VLGR1 causes

defects in cell spreading.

VLGR1 depletion decreases total FAK expression but increases pFAK397 levels

The dynamics of FAs are regulated by the focal adhesion kinase (FAK) known as a multifunctional adapter

and non-receptor tyrosine kinase involved in integrin-mediated signaling at FAs (Lawson and Schlaepfer,

2012). Phosphorylation of different amino acid residues on FAK modulates FA functions. For example, au-

tophosphorylation of FAK at Tyr397 (pFAK-397) is a determinant step for FA disassembly (Hamadi et al.,

2005; Webb et al., 2004). To determine a potential role of VLGR1-FAK interaction at FAs, we examined

the expression of FAK and pFAK-397 in VLGR1-deficient hTERT-RPE1 cells in Western blot analyses.

VLGR1 depletion resulted in a decrease of total FAK and an increase of pFAK-397 in comparison to control

cells (Figure 6). These changes suggest that FAK has roles in downstream signaling of VLGR1.

VLGR1 stimulates cell migration

Next, we investigated the role of VLGR1 in unidirectional, collective cell migration. We grew hTERT-RPE1

cells and mouse primary astrocytes cells to confluency and then ‘‘scratched’’ a space in the monolayer and

followed the cells as they polarized and moved into the cleared area (Figure 7). In these migrating cells,

VLGR1 was predominantly localized at the ends of F-actin bundles in small vinculin-positive puncta, likely

FXs (Figure 7A). The localization of VLGR1-stained FAs of variable size at the leading edge of migrating

cells suggests a putative role of VLGR1 in the regulation of polarized cell migration. To address such a

role, we explored the effects of reducing cellular VLGR1 levels in the kinetics and extent of wound closure

in two types of cells (Figure 7B). Firstly, we compared the closure rates of control hTERT-RPE1 cells with

rates using hTERT-RPE1 in which we had knocked down VLGR1. We also compared the closure rates of

mouse primary astrocytes fromWT and Vlgr1-del7TM. Quantification revealed that wound closure was de-

layed at all time points in VLGR1-deficient cells compared to control cells (Figures 7B–7D). These motility

assays indicate that the migration capacity is impaired in VLGR1-deficient cells and suggest a role of VLGR1

in collective cell migration regulation.

The kinetics of the closure of a wound in amonolayer is influenced both by the rate of themovement of cells

into the denuded area as well as the rate of cell proliferation of new cells filling the space. Because VLGR1
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Figure 4. VLGR1-deficient cells show defects in phase progression during cell spreading

(A) Immunofluorescence staining of VLGR1 (green) of control (NTC) and VLGR1-depleted HEK293T cells subjected to cell

spreading. VLGR1 is localized in the protruding cell membrane of control cells after 30 min and 2.5 hr of spreading. VLGR1

deficiency results in defective spreading. F-actin staining by TRITC-phalloidin (red) indicates cell areas. Vinculin (magenta)

marks FAs.

(B and C) F-actin-stained control and VLGR1-depleted cells after 30 min (B) or 2.5 hr (C) of spreading on poly-L-coated

coverslips. Cartoons represent stages of spreading for each condition. Blue: DAPI counterstain. (B0, C0) Quantification

cells in different phases (P1, P2, and P3) of spreading. 300 cells per condition; scale bars, 25 mm. Data are represented

as mean G SD. Statistical evaluation was performed using Sidak’s multiple comparison test; *p % 0.05, **p % 0.01,

***p % 0.001. See also Figure S6.
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knockdown lead to a low but significant decrease of about 10% in cell proliferation (Figure S7), it is possible

that the observed decrease in wound closure is a result of decreased cell proliferation and not a decreased

migration. Therefore, we additionally tested the role of VLGR1 in cell migration using live-cell imaging of

single cells, which is not influenced by cell proliferation. We found that the velocity of primary astrocytes of

Vlgr1-del7TM mice significantly decreased when compared to WT control astrocytes (Figures 7E and 7F,

Videos S1 and S2). Our wound healing and single-cell imaging results suggest that cell migration in

VLGR1-deficient cells is impaired and indicate an important role of the VLGR1 in controlling cell migration.

Figure 5. VLGR1 deficiency reduces cell surface area that is attached to the substrate

(A and B) HEK293T cells treated with non-targeting control (NTC) siRNA and VLGR1 siRNA were replated on fibronectin-

coated coverslips and stained for F-actin (red, TRITC-phalloidin) and for nuclear DNA (blue, DAPI) at 30 min (A) and

2.5 hr (B).

(C) Primary astrocytes from Vlgr1-del7TM (C) stained for GFAP (green, astrocyte marker) and F-actin (red, TRITC-

phalloidin); nuclei are stained with DAPI (blue). Quantifications of cell surface areas (white outline) by Fiji revealed a defect

in cell spreading in VLGR1-deficient cells at both time points (A0 , B0) and in primary astrocytes of Vlgr1-del7TM andDrum B

mutant mice (C0 ). Green lines in dot plots indicate median (A‘, B0) n = 400-600 cells per condition, 3 independent

experiments. (C‘) n = 20-40 cells per condition, 6 independent experiments for Vlgr1-del7TM and 3 independent

experiments for Drum B mutant mice. Scale bars: (A), (B), 25 mm; (C), 10 mm. Data are represented as mean G SD.

Statistical evaluation was performed using Sidak’s multiple comparison test in (A) and (B) and two-tailed Student’s t test

was applied in (C), *p % 0.05, **p % 0.01, ***p % 0.001.
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VLGR1 senses mechanical stimuli at FAs

There is growing evidence that ADGRs can act as mechanosensors that can transduce external mechanical

forces into internal biochemical signals (Scholz et al., 2015). To investigate a role for VLGR1 in mechano-

sensing, we applied fluid shear stress to VLGR1-deficient and WT hTERT-RPE1 cells (Figure 8). We found

that external mechanical force increased both the number and length of FAs in WT cells but not in un-

treated WT cells (Figures 8A–8C). Our results confirm previous studies under slightly different conditions

with other cell types (Ponik and Pavalko, 2004; Lei et al., 2020). In WT cells, in addition to changes in

FAs, we also observed that shear stress also decreased cell spreading on the substrate (Figure 8D). In

contrast to WT cells, the number and length of FAs and cell spreading did not differ in shear stress-treated

compared with untreated VLGR1-deficient hTERT-RPE1 cells (Figures 8A–8D). These findings indicate that

VLGR1 participates in the transduction of mechanical force into a cellular response by remodeling FAs.

DISCUSSION

In the present study, we identified VLGR1 as an important component of FAs, highly dynamic macromolec-

ular complexes coupled to the actin cytoskeleton (Zaidel-Bar and Geiger, 2010). FAs represent signaling

Figure 6. VLGR1 regulates FAK signaling

(A) Western blot analysis of FAK in control (NTC) and VLGR1-depleted hTERT-RPE1 cells and in the right panel,

densitometric quantification of bands related to GAPDH expression in arbitrary units (A.U.).

(B) Western blot analysis of pFAK367 in control (NTC) and VLGR1-depleted hTERT-RPE1 cells and in the right panel

densitometric quantification of band related to GAPDH expression in arbitrary units (A.U.).

(C) Relative expression pFAK397 and FAK. VLGR1 depletion leads to a significant decrease in total FAK and a slight increase of

pFAK397. Data are represented as meanG SD. Two-tailed Student’s t test was applied, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 7. VLGR1 regulates cell migration

(A) VLGR1 (green) and vinculin (magenta) co-localize at the leading edge of hTERT-RPE1 cells migrating into the

scratched wound area. White asterisks indicate the leading edge of migrating cells that are magnified in the lower panel

showing focal complexes (arrowheads). F-actin (red); nuclear DNA (blue, DAPI).

(B) Wound closure analysis in control (NTC siRNA) and VLGR1-depleted (VLGR1 siRNA) cells at 0, 8, 16, and 20 hr. Dotted

white lines indicate the wound area left open. Double headed white arrow indicates ‘‘wound’’ cleft. F-actin (red); DAPI

stained nuclei (blue).

(C and D) (C) Wound closure rates in control and VLGR1-depleted hTERT-RPE1 cells and (D) in primary astrocytes of BL/6

wild-type control and Vlgr1-del7TM mice from 3 independent experiments each.
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hubs that control cell adhesion and migration in response to internal or environmental cues (Geiger et al.,

2009; Shen et al., 2012). Although the dual function of ADGRs in cell adhesion and sensing predestines

ADGRs for signaling at cell adhesions, none of the 33 human ADGRs has been found in FAs to date.

VLGR1 associates with the FA core promoting FA maturation and dynamics

We provide several lines of evidence that VLGR1 is a component of FA. First, we identified many FA-related

molecules as putative VLGR1 interacting proteins by TAP-based affinity proteomics performed in two

different human cell lines (present study; Knapp et al., unpublished data), indicating that VLGR1 is a

component of FAs. This is also confirmed by a quasi ‘‘reciprocal’’ proteomic approach, which revealed

VLGR1 in the proteome of purified chemical cross-linked FAs of murine fibroblasts (Schiller et al., 2013).

Secondly, VLGR1 co-localizes with molecular markers and core components of FAs present in several

cell lines and primary cells. Thirdly, the physical interaction and thus close proximity of VLGR1 with other

FA structural core components is strengthened by our in situ PLA data.

The presence of VLGR1 in immature nascent FXs at the leading edge of migrating cells suggests that its

signaling may control the dynamics of FAs during their growth and maturation. Indeed, the formation of

FAs is stunted in VLGR1-depleted cells: all analyzed cell types display smaller and less abundant FAs. A

similar phenotype has been observed in cells deficient for FA core molecules known to participate in the

regulation of FA dynamics and function (Raghavan et al., 2003; Saunders et al., 2006). Taken together, these

findings identify VLGR1 as the first ADGR present at the protein cluster of FAs controlling FA dynamics.

VLGR1 in FA complexes establishes cell spreading and drives cell migration

FAs are signaling centers for the transformation and integration of signals between the ECM and interior of

the cell, which are essential for the regulation of cell spreading and migration (Wozniak et al., 2004; Leiss

et al., 2008). Here, we demonstrate that VLGR1 depletion reduces the kinetics of cell spreading and cell

migration indicating that VLGR1 at FAs ensures the correct course of both processes. Defective cell

spreading is a characteristic phenotype of cells deficient for FA signaling and signalingmediator molecules

(Raghavan et al., 2003; Schiller et al., 2013; Thompson et al., 2014). Cell spreading is a crucial prerequisite

for cell migration, and both processes require the coordination of the same subcellular molecular pathways

(Kassianidou et al., 2019). Therefore, it is not surprising that VLGR1 deficiency also decreases cell migration.

Consistently, cells deficient for the FA signaling molecules show decreased migration abilities (Fang et al.,

2016; Colburn and Jones, 2017).

The dynamics and activity of FA components are vital for cell migration (Wozniak et al., 2004). One of the

key players in the regulation of FA dynamics is FAK, and its ablation results in decreased cell migration (Sieg

et al., 2000). Here, we show that VLGR1 depletion alters FAK protein expression and its physiological status,

as seen by a decrease of total FAK and increase of FAK phosphorylated at tyrosine 397 (pFAK-397). VLGR1-

mediated signaling may control proteostasis of the FAK protein at FAs. One potential target for this is the

protease calpain, which mediates the cleavage and degradation of FAK at FAs (Chan et al., 2010). Interest-

ingly, autophosphorylation of FAK at tyrosine 397 is a determinant step for FA disassembly (Webb et al.,

2004; Hamadi et al., 2005) and correlates with the decrease in cell migration rates (Kim and Wirtz, 2013)

which is line with our observations in VLGR1-depleted cells. Taken together, the absence of VLGR1 dysre-

gulates FA signaling pathways and likely promotes the pathways underlying FA disassembly leading to

reduced cell migration.

VLGR1 is a metabotropic mechanosensor in FAs

FAs act as supramolecular hubs for sensing and transmission of mechanical signals between the cell and its

microenvironment (Gardel et al., 2010). In these adhesion complexes, integrins are key molecules of the

Figure 7. Continued

(E) Single-cell track plots of Vlgr1-del7TM and control mouse primary astrocytes; 24-hr video recorded with 15-min time

interval. Each black line represents tracking paths of single cells. Red dots represent final points of migration. Images

were taken at least 5 different spots; n = 329 cells for WT and n = 278 cells for Vlgr1-del7TM.

(F) Quantification of single cell migration revealing significant lower velocity of primary astrocytes in Vlgr1-del7TM mice.

Green lines in dot plots indicate median. Scale bars: (A), top, 100 mm,middle, 25 mm, and bottom, 15 mm; (B), 200 mm. Data

are represented as mean G SD. Two-tailed Student’s t test was applied in (C); *p % 0.05, **p % 0.01, ***p % 0.001. See

also Videos S1 and S2.
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bidirectional mechanical signaling (Sun et al., 2016). These transmembrane dimers transmit inside-out

sensing of the intracellular tension generated by the actin-myosin system to the ECM but also sense phys-

ical properties of the ECM in an outside-in manner. Tensile forces between integrins and ECM molecules

are transduced via cytoskeletal adapter proteins such as the molecular clutch protein talin (Elosegui-Artola

Figure 8. VLGR1 senses mechanical stimuli at FAs

(A) Analysis of FAs stained for vinculin (green) and cell area (white lines) in control (NTC siRNA) and VLGR1-depleted

(VLGR1 siRNA) hTERT-RPE1 cells induced with (SS +) or without shear stress (SS -). Scale bars: 25 mm

(B–D) (B and C) Quantification of FA number (B), FA length (C), and of the cell area (D) in control and VLGR1-depleted cells

under shear stress (SS +) and static conditions (SS -). Six hundred to 2000 FAs per condition; 50 cell areas per condition.

Green lines in dot plots indicate median values. Data are represented asmeanG SD. Statistical evaluation was performed

by Sidak’s multiple comparison tests; *p % 0.05, **p % 0.01, ***p % 0.001.
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et al., 2016). However, little is known about the participation of ADGRs in FA mechanosensation. Here, we

show that VLGR1 is also essential for cells to respond to the mechanical stimuli at FAs in a shear stress para-

digm. This indicates VLGR1 acts as ametabotropic mechanosensor in outside-in sensing at FAs, controlling

FA assembly and function.

Our findings are consistent with emerging evidence for other ADGRs acting as mechanosensors, sensing

mechanical signals from the extracellular environment (Scholz et al., 2015; Langenhan, 2020). In the periph-

eral nervous system, GPR126/ADGRG6 senses the mechanical property of the ECM in the basal lamina dur-

ing Schwan cell development (Mogha et al., 2016). Other ADGRs also detect mechanical changes in a

higher dynamic range such as shear, vibration, or stretch (Langenhan et al., 2016). In Drosophila, Cirl, an

ADGR homolog of vertebrate latrophilins/ADGRLs, is essential for the perception of sound, stretch, or

touch in mechanosensitive sensory cells (Scholz et al., 2015). VLGR1 may respond to mechanical forces

in a wide dynamic range at FAs, including static mechanical forces which are present during cell spreading

and assembly of FAs and more dynamic forces emerging during cell migration and shear stress,

respectively.

Liebscher et al. (2014) discovered peptide sequences C-terminal to the GPS motif in the GAIN domain of

ADGRs that act as a tethered endogenous agonist which is in line with their general function as mechano-

sensors (Langenhan et al., 2016). Mechanical forces, transmitted by the ECD, may dislodge this so-called

‘‘Stachel’’ into the extracellular grooves/surface of the 7TM domain of the receptor. Recently, we identified

an 11-amino acid peptide as the Stachel sequence in theGAIN domain of VLGR1 (Knapp et al., unpublished

data) indicating that the mechanical stimulation of VLGR1 may also occur through the conserved tethered

agonism. Taken together, our findings suggest that mechanical stimuli at FAs are received and transduced

by VLGR1.

VLGR1 activation likely couples to a Gai-mediated signaling downstream pathway (Hu et al., 2014; Knapp

et al., unpublished data). Although details still remain elusive, our data indicate a cross talk between VLGR1

and FAK signaling. In any case, VLGR1 deficiency dysregulates FAK expression and activation.

How do our findings relate to diseases caused by defects in VLGR1?

At first glance, our data shown here do not provide novel insights into pathomechanisms underlying to ep-

ilepsy and USH. However, VLGR1 is highly expressed in the developing CNS (McMillan andWhite, 2010), in

which cell migration is an important feature. Interestingly, defects in migration pathways have recently

been linked to increased susceptibility to epilepsy (Qin et al., 2017; Liu et al., 2020). Accordingly, cell migra-

tion defects described here may be the cellular basis for the susceptibility to audiogenic seizures and ep-

ilepsy associated with VLGR1 dysfunction.

USH2C is characterized by hearing and vision deficiencies. In both affected sensory cells, VLGR1 is an

essential component of extracellular fibers, namely the ankle links present between the neighboring

stereocilia of developing hair cells (McGee et al., 2006) and fibrous links associated with sensory cilia of

photoreceptors (Maerker et al., 2008). There is evidence that the ankle links sense the proximity between

neighboring stereocilia, which is needed to refine and shape the typical V-form hair bundle at the hair cell

surface (Richardson and Petit, 2019). Within these links, VLGR1 may serve as the mechanosensor detecing

mechanical forces between neighboring stereocilia. The mechanical forces acting on the VLGR1-based

fibrous links at the ciliary base of photoreceptors are even less clear. They may contribute to the alignment

of the photoreceptor cilium and the outer segment toward the incoming light (Enoch, 1978; Wolfrum,

1995). However, based on the present findings, further research will be required to elucidate the pathome-

chanisms caused by defects in VLGR1.

Conclusion

We identified and validated VLGR1 as the first ADGR in the macromolecular cluster of proteins comprising

FAs. We show that VLGR1 is vital component of FAs and provide novel insight into the molecular compo-

sition and function of FAs. VLGR1 is crucial for key functions of FAs in processes such as cell spreading and

cell migration. We provide evidence that VLGR1 functions as metabotropic mechanosensor at FAs sensing

mechanical cues from the extracellular environment of the cell during these processes. These findings also

provide fresh basis for explaining the pathomechanisms underlying VLGR1-associated diseases.
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Limitations of the study

Our study provides several lines of molecular and cellular evidence for the role of VLGR1 in FAs as a me-

tabotropic mechanosensor that regulates cell spreading and migration. Further studies are needed to

gain molecular and mechanistic insights into mechanostimulation of VLGR1 receptors in FAs, for

example, using non-cleavable VLGR1 mutants to clarify whether this involves release of the NTF from

its CTF base. Our data also show that a signaling pathway downstream of VLGR1 interacts with the

FAK pathway. However, deciphering the details of the cross talk of FAK and integrin signaling in FAs

is reserved for future studies. We propose that defective cell migration and mechanosensation that

we observed in VLGR1 deficiency could trigger the development of epilepsy and USH, but further

research is needed to elucidate the pathomechanisms caused by VLGR1 defects leading to these

diseases.
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Figure S1. VLGR1 localization at FAs in different cell types, Related to Figure 2. (A) Subcellular 
localization of VLGR1 in FAs of cultured mouse embryonic fibroblasts (MEFs, A) and astrocytes (B). 
Immunofluorescence staining of VLGR1 (green), which is co-expressed with vinculin (magenta) in FAs. 
(C) VLGR1 localizes to the tip of F-actin in mouse astrocytes. Immunofluorescence staining of VLGR1 
(green) and F-actin stained with TRITC-phalloidin (red). Scale bar, 25 μm; magnified panel, 5 µm. Nuclei 
were stained with DAPI (blue).  
  



 
 
 
 



Figure S2. VLGR1 is localized at different forms of FAs, Related to Figure 2. (A-B) 
Immunofluorescence double labeling in hTERT-RPE1 cells revealed localization of VLGR1 (green) in 
nascent adhesions marked by paxillin (magenta, A), as well as mature adhesions stained with zyxin 
(magenta, B). The boxed areas in the overlays are shown at higher magnifications in the right column 
(magnified). Pearson coefficient (R) in magnified images for dotted region of interest (ROI; white) shows 
the degree of co-localization (positive values), indicated at the top of magnified image. Nuclei are 
stained with DAPI (blue). Scale bars: 25 μm, in magnified panel 5 µm. (C-D) Normalized fluorescence 
intensity plots of corresponding line scan (blue line) show co-localization of VLGR1 with paxillin (C), 
zyxin (D). (E-F) In situ proximity ligation assay (PLA) events (green dots) showing a close proximity 
localization of VLGR1 and nascent FA marker paxillin (E), VLGR1 and mature FA marker zyxin (F). 
TRITC-phalloidin (red) staining of F-actin was used to visualize cell area, nuclei were stained with DAPI 
(blue). Scale bars 25 µm, in magnified panel 5 µm.  
  
  



  



Figure S3. VLGR1 localization in FAs confirmed by immunostaining with alternative antibodies 
against VLGR1, Related to Figure 2. Immunofluorescence double labeling of paxilin or vinculin, 
respectively, (magenta) and of VLGR1 (green) by either the C-terminal pAb VLGR1#2 or the EAR-
domain pAb VLGR1#3 in hTERT-RPE1 (A) and in primary BL/6 wildtype mouse astrocytes (B) reveal 
localization of VLGR1 in FAs confirming the data obtained by the C-terminal pAb VLGR1 used as 
standard antibody in the present paper. Positive Pearson correlation coefficient R calculated in 
magnified images for white dotted region indicates the degree of co-localization. Normalized 
fluorescence intensity plots (right hand) of VLGR1 and FA markers paxillin and vinculin, respectively 
share common peaks along the depicted blue line (ROI) in the magnified images indicating co-
localization VLGR1 with both proteins in FAs. (C) Immunofluorescence double labeling of paxilin 
(magenta) and of VLGR1 (green) by either one of the three alternative antibodies used in the present 
study, namely VLGR1, VLGR1#2, and VLGR1#3 in primary astrocytes of VLGR1 deficient Drum B mice. 
In the absence of VLGR1 expression, all three VLGR1 antibodies do not stain FAs labeled with 
antibodies to paxilin, as confirmed by the normalized fluorescent intensity plots of ROIs indicated by 
blue lines. This demonstrates that all three antibodies specifically stain VLGR1 in FA when expressed 
(Fig. S1, and Fig. S3B). It is noted that the antibody staining in the nucleus, which is most pronounced 
by VLGR1#2 (see A and B), is reduced but not completely abolished in all three antibodies, indicating 
possible cross-reactivity with nuclear components. 
 



 

 
Figure S4. Controls of PLAs confirmed absence of false positive results in hTERT-RPE1 cells, 
Related to Figure 2. (A-D) In negative antibody controls, no PLA events could be detected (absence 
of green dots in second panel). TRITC-phalloidin (red) staining F-actin was used to visualize cell area, 
and nuclear DNA was stained with DAPI (blue). Scale bars, 25 µm. 
 
  



 
 
Figure S5. Validation of siRNAs for human VLGR1, Related to Figure 3. A) hTERT-RPE1 cells were 
transfected with a non-targeting control siRNA (NTC siRNA) or siRNA targeting VLGR1 (VLGR1 siRNA). 
40 h after siRNA transfection, cells were fixed and immunostained for VLGR1 (green) to validate the 
knockdown efficacy. DAPI counterstaining in blue. (B) hTERT-RPE1 cells were lysed 48 h after siRNA 
transfection, and mRNA was extracted followed by qRT–PCR using primer sets specific to exon 10-11 
and 70-71 of human VLGR1. GAPDH was used as reference. Graph shows expression levels of VLGR1 
in the knock down cells compared to that of corresponding NCT cells. Error bars show mean ± SD, three 
independent experiments. Statistical analyses were done using unpaired two-tailed t test.***P < 0.001. 
  



 
 
Figure S6. Phases of cell spreading, Related to Figure 4. A) Schematic representation of different 
phases of cell spreading phases introduced by Gauthier et al. (2012) and Greiner et al. (2013). (a) After 
seeding cells attach weakly to the substratum and are often rounded with very few thin F-actin 
microspikes emerging out (arrow head). (b) Cells start to spread, small membrane blebs (arrow head) 
and slightly longer microspikes are observed. (c) Thin layer of membrane starts stretching out from one 
side of the cell (arrow head) and the cell reaches its maximum adhesive area. (d) The cell progresses 
towards contractile spreading (P2) with alternate protrusions and retraction observed along the cell 
edge; occasional F-actin spikes are observed. (e) Membrane ruffles starts emerging from the edges of 
the cells. Stable FAs formation leads to homogenous protrusions and flower like cells are observed 
(arrow head). Cell exerts stronger forces and spreads further resulting in increased membrane area. (f) 
The cell experiences a drastic decrease in the membrane protrusions. Actin stress bundles (arrow head) 
become more prominent, membrane ruffles starts spreading along the edges and somewhat star-
shaped cells are observed (asterisk). Cells start to polarize. (g) Cells protrude from one end maintaining 
constant membrane area. (h) Membrane protrudes towards one side forming lamellipodia (arrowhead) 
and at the rare end of the cell shrinks. The cell experiences high tension, which enables the cell to 
polarize. (B) HEK293T cells at different stages during cell spreading. Cells seeded on coverslips were 
stained for F-actin (red) after 2, 5, 10, 20, 30, 60 and 90 min to determine phases of cell spreading. 
DAPI (blue): nuclear DNA. 
  



 
 

  
 
Figure S7. VLGR1 depletion affects proliferation of hTERT-RPE1 cells, Related to Figure 6. 
Quantification of three independent WST-1 proliferation assays revealed slightly reduced cell 
proliferation after siRNA-mediated VLGR1 knockdown when compared to untreated and non-targeting 
control (NTC) siRNA application, Data are represented as mean ± SD. Two-tailed Student’s t test was 
applied, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S3. FA proteins identified in VLGR1 TAPs from hTERT-RPE1 cells, Related to Figure 1. 



 

Gene name Common protein name Functional category 

ACTN1 Alpha-actinin-1 Actin regulation 

CFL1 Cofilin-1 Actin regulation 

DPYSL2 Dihydropyrimidinase-like 2 Actin regulation 

FLNC Filamin-C Actin regulation 

MARCKS Myristoylated alanine-rich C-kinase substrate Actin regulation 

MYH9 Myosin-9 Actin regulation 

PTPN1 Protein tyrosine phosphatase 1B Actin regulation 

CAV1 Caveolin-1 Adaptor/Cytoskeletal 

EZR Ezrin Adaptor/Cytoskeletal 

GNB2L1 RACK1 Adaptor/Cytoskeletal 

HAX1 HS1BP1 Adaptor/Cytoskeletal 

TUBA1B Tubulin Adaptor/Cytoskeletal 

VCL Vinculin Adaptor/Cytoskeletal 

CALR Calreticulin Chaperone 

CANX Calnexin Chaperone 

HSPA2 HSP72 Chaperone 

HSPB1 Heat shock protein beta-1 Chaperone 

ITGB1 Integrin beta-1 Adhesion receptor 

ITGA3 Integrin alpha-3 Adhesion receptor 

SLC3A2 CD98 Adhesion receptor 

CAD Carbamoyl-phosphate synthetase 2 Enzymes and protease 

MMP14 Matrix metalloproteinase-14 Enzymes and protease 

PTPN1 Protein tyrosine phosphatase 1B Enzymes and protease 

HNRNPK Heterogeneous nuclear ribonucleoprotein K RNA Metabolism 

RPL10L Ribosomal protein L10-like;ribosomal protein 10 RNA Metabolism 

SLC16A3 MCT4 Channel 

 
 
 
 
 
 
 
 
 
Transparent Methods 



 
Animals 
 
All experiments described herein were performed in accordance with guidelines provided by Association 
for Research in Vision and Ophthalmology. Vlgr1-del7TM leads to the deletion of the entire 7TM domain 
of Vlgr1 (McMillan and White, 2004). Drum B mice were identified in an ENU (N-ethyl-N-
nitrosourea) mutagenesis screen (Potter et al., 2016). The c.8554+2t>c mutation the donor splice site 
of exon 37 resulting in a premature stop Codon in intron 37-38. Both mouse lines are bread on a 
C57BL/6 background. 
 
Antibodies and dyes 
 
Antibodies used are directed to vinculin (Merck, Darmstadt, Germany), paxillin (Abcam, Cambridge, 
United Kingdom), zyxin (Abcam, Cambridge, United Kingdom), FAK and pFAK397 (CST, Frankfurt, 
Germany). In most experiments we applied a rabbit poyclonal antibody (pAb) against the C-terminus of 
murine VLGR1 (aa 6198 – 6307) previously characterized in our lab (Maerker et al., 2008). We 
confirmed the localization of VLGR1 in FAs by using two alternative rabbit pAbs: VLGR1#2 against the 
C-terminus of murine VLGR1 (aa 6159–6306) and VLGR1#3 against an extracellular region of murine 
VLGR1 bodies against (amino acids 3249 – 3425), both kindly provided by Dr Dominic Cosgrove, 
Omaha, USA) (MacGee et al., 2006; Maerker et al., 2008; Zallocchi et al., 2012).  Secondary antibodies 
conjugated to Alexa488, Alexa555, Alexa568 or Alexa647 were purchased from Molecular Probes (Life 
Technologies, Darmstadt, Germany) or from Rockland Inc. (Gilbertsville, PA, USA). DNA was stained 
with 4',6-diamidino-2-phenylindole (DAPI, Merck). F-actin was labelled with TRITC-phalloidin (Merck). 
 
Cell culture 
 
hTERT-RPE1 and HEK293T cells were cultured in DMEM-F12 or DMEM (ThermoFisher Scientific, 
Darmstadt, Germany)/10% fetal bovine serum (FBS), and 1% penicillin/streptomycin (ThermoFisher 
Scientific). Mouse embryonic fibroblasts (MEFs) were cultured in DMEM/10% FBS and 1% 
penicillin/streptomycin. Primary astrocyte cultures were prepared from cerebral cortices of C57BL/6 WT, 
Vlgr1/del7TM or Drum B mutant postnatal stage day 1 (PN1) mice. Mouse cortices (6-10) were 
enzymatically dissociated with DNase/trypsin followed by mechanical dissociation.  Single cells were 
cultured in DMEM/10% FBS/2 mM l-glutamine 1% penicillin/streptomycin and 50 μg/ml gentamycin. 
Medium was changed at days 1, 2 and 7 after plating. Upon confluence, oligodendrocytes were 
removed. After trypsinization and DNAse treatment of still attached cells, astrocytes were passed over 
successive Petri dishes to get rid of microglia. Astrocytes were maintained in complete media and used 
after 14 days culture.  
 
siRNA transfection  
 
ON-TARGETplus siRNA SMARTpools for non-targeting pool (D-001810-10-05) and the siRNAs 
targeting human VLGR1 (ThermoFisher Scientific) were transfected using 20 nM siRNA with 
Lipofectamine RNAimax (ThermoFisher Scientific). 
 
 
Tandem affinity purification (TAP) and mass spectrometry 
 
TAP was performed as described previously (Knapp et al. 2019; Boldt et al. 2016). In brief, VLGR1 
domains were tagged with the tandem Strep II/FLAG tandem affinity purification tag (SF-TAP) (Fig. 1A). 
SF-tagged VLGR1 versions were expressed in hTERT-RPE1 cells for 48 h lysed and cleared by 
centrifugation. Mock-treated hTERT-RPE1 cells were used as controls. Supernatant were then 
subjected to a two-step purification on Strep-Tactin® Superflow® beads (IBA, Goettingen, Germany) 
and anti-FLAG M2 agarose beads (Merck). Competitive elution was achieved by desbiothin (IBA) in the 
first step and FLAG® peptide (Merck), respectively. Eluates, precipitated by methanol-chloroform were 
subjected to liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) (Boldt et al. 
2016). Raw spectra were searched against the human SwissProt database using Mascot and results 
were verified by Scaffold (version Scaffold 4.02.01, Proteome Software Inc.) to validate MS/MS-based 
peptide and protein identifications.  
 
Data processing 
 



TAP data was compared to the according data for mock-transfected cells. Proteins that occurred in the 
mock data set were not further considered. Datasets were also compared to common control TAPs of 
the RAF1-protein (Gloeckner et al., 2009, Boldt et al., 2016). Gene names of preys were used as input 
for the Cytoscape plugins STRING and ClueGO and the STRAP software. The parameter confidence 
(score) cutout was set to 0.4 and the parameter maximum number of interactors was set to 0 for STRING 
analysis. ClueGO v2.3.3 was used for Gene Ontology (GO) term enrichment analysis. Network 
specificity was set to default (medium).  
 
Immunofluorescence 
 
Cells were fixed with 2% paraformaldehyde, washed and incubated with 50 mM NH4Cl for 10 min. 
Samples were permeabilized with PBSTX (0.2% Triton-X) and blocked with 0.1% ovalbumin, 0.5% fish 
gelatin in PBS before primary antibodies were incubated overnight at 4°C. After washing, samples were 
incubated with secondary antibodies and DAPI for 1 h. After washing, cover slips were mounted in 
Mowiol (Roth, Germany). Specimens were analyzed on a Leica DM6000B microscope (Leica, 
Bensheim, Germany), images were processed, deconvoluted and co-localization profiles generated 
with Leica and Fiji (https://fiji.sc) image analysis software. 
 
Cell spreading assay 
 
24 h post siRNA transfection, 1 x 105 cells/well were seeded in a 6-well plate on either poly-L-lysine or 
fibronectin (Merck) coated coverslips. Poly-L-lysine was used for adhesion and fibronectin to promote 
cell spreading.  After indicated periods of replating, cells were fixed and immunofluorescence analysis 
was performed. The area of the cells was analyzed using Fiji image analysis software. 
 
Morphometric analysis of FAs 
 
For the FAs morphometric analysis, vinculin was used as a marker protein. The length and number of 
FAs were quantified applying a modified protocol (Horzum et al., 2014). FA image analysis was 
implemented using Fiji. Briefly, the images were processed with fast Fourier transformation followed by 
a band pass filter to normalize the background. The images were thresholded, converted to binary 
images and analyzed using the built-in ‘analyze particles’ macro in Fiji, where large is defined as 40 or 
more pixels. This automatically generated the number and morphometric details of the FAs. The length 
of FAs was manually determined using the line option tool in Fiji.  
 
Cell migration assay 
 
Collective cell migration assay (Rodriguez et al., 2005) was performed 48 h after siRNA transfections 
of hTERT-RPE1 cells and in Vlgr1-del7TM primary astrocytes. The scratch wound was made by cutting 
cell monolayer longitudinally with a 200-μl or a 10-µl pipette tip in hTERT-RPE1 cells and astrocytes, 
respectively. Cells were allowed to migrate into the “wound” for indicated time points, fixed and stained. 
Image analysis to calculate wound closure was performed using Fiji. For single-cell tracking Vlgr1-
del7TM mutant and WT Bl/6 mouse primary astrocytes were seeded on fibronectin-coated chambers at 
low density. Live-cell imaging performed under 5% CO2 and at 37°C using Nikon Eclipse Ti2-E equipped 
with a spinning disc. D.I.C. images were acquired using a 20x microscope objective every 15 minutes 
for 24 h for a total in 97 time points. Cells were tracked using a Fiji manual tracking plugin and plot data 
were generated using Chemotaxis and Migration Tool 2.0 (Ibidi, Munich, Germany). 
 
Proximity ligation assay (PLA) 
 
In situ PLA was used to visualize protein – protein interactions in hTERT-RPR1 cells using Duolink In 
Situ FarRed Kit Mouse/Rabbit (Merck) according to the manufacturer’s instruction. Cells were incubated 
overnight at 4°C with primary anti-bodies followed by anti-rabbit PLUS and anti-mouse MINUS 
secondary PLA probes. The two complementary oligonucleotides were then hybridized, ligated and 
amplified by rolling circle amplification, resulting in fluorescence spots when the targeted proteins were 
closer than 30-40 nm.  
 
 
Shear-stress experiments 
 
For shear-stress experiments, 24 h post siRNA transfections cells were replated into μ-slides (Ibidi), 
cultured for 24 h, and subjected to static conditions or shear stress of 20 dyn/cm2 for 20 min using the 

https://fiji.sc/


Ibidi pump system. Afterwards, the cells were fixed, stained and analyzed using Leica TCS SP5 confocal 
laser-scanning microscope (Leica) and Fiji. 
 
Western blot analysis 
 
Protein lysates were prepared using RIPA lysis buffer (10 mM Tris, 1mM CaCl2, 150 mM NaCl, 10 mM 
NaF, 20 mM ß-Glycerophosphate, 0.5% Nonident P-40, 0.5% Deoxycholic acid, 0.1% SDS, pH 7.4) 
containing complete protease inhibitor cocktail (04693132001, Roche Diagnostics, Mannheim, 
Germany) and sonicated. Protein content was quantified using the BCA protein assay (Merck) and 
subjected to SDS-PAGE. After blotting, the polyvinylidene difluoride membranes (PVDF FL) (Millipore, 
Schwalbach, Germany) were blocked in AppliChem blocking reagent (AppliChem, Darmstadt, 
Germany) for 1 h.  The membranes were incubated with primary antibodies overnight followed by 
appropriate secondary antibodies Alexa Flour 680 (Invitrogen) or IR Dye 800 (Rockland, Gilbertsville, 
USA). Scans of the blot were made employing the Odyssey infrared imaging system (LI-COR 
Biosciences, Bad Homburg, Germany). For densitometry analysis Fiji was used. 
 
Quantitative Real-time PCR (qRT-PCR) 
 
RNA from control and VLGR1-deficient RPE1 cells was isolated using TRIzol (ThermoFisher Scientific). 
4 µg RNA was reverse transcribed to cDNA using the SuperScript III first-strand synthesis system. qRT-
PCR was performed using the Platinum™ SYBR™ Green qPCR SuperMix-UDG (ThermoFisher 
Scientific) with the Applied Biosystems® 7500 Real-Time PCR System. The relative expression levels 
of the target genes were normalized GAPDH. Primer pairs used: VLGR1,  
forward: 5′-CAGCCGATTGTTACCGAAAATG-3′,  
reverse: 5′- AGCATCACAGTCACCAGTTG -3′;  
and GAPDH,  
forward primer: 5′-GAGGTCAAGGGATTTGGTCGT-3′,  
reverse primer: 5′−TTGATTTTGGAGGGATCTCG-3′. 
 
Statistical analyses  
 
Statistical analyses were performed using Graphpad Prism 7.0 software (GraphPad Software Inc., San 
Diego, CA, USA). Differences between two groups were compared using two-tailed Student’s t test. For 
multiple group comparisons, ANOVA followed by Dunnett’s multiple comparison tests and Sidak’s 
multiple comparison tests were performed depending on the data to be compared. Differences were 
considered significant at *p < 0.05, ** p < 0.01, ***p < 0.001. Bar plots are presented as mean ± SD. 
Box plots show median (middle line), edge of boxes is top and bottom quartiles (25–75%), and whiskers 
represent the ranges for the upper 25% and the bottom 25% of data values. 
 
WST-1 cell proliferation assay 
 
The cell proliferation of hTERT-RPE1 cells was tested by using the WST-1 cell proliferation assay 
(Roche Diagnostics). hTERT-RPE1 cells were seeded on 96 well plate at a density of 4x103 cells per 
well as described in the manufacturer’s protocol (Roche Diagnostics). After 24 h cells were treated with 
VLGR1 siRNA and non-targeting (NTC) siRNA for 48 h. Subsequently, 10 µl WST-1 tetrazolium salt (4-
[3-(4-Iodophenyl)-2-(4-nitro-phenyl)-2H-5-tetrazolio]-1,3-benzene sulfonate) were added into wells 
which contain 100 µl growth medium and cells were incubated at 37°C with 5% CO2 for 4 h. Absorbance 
values at 460 nm were measured using a Vario Skan Flash (ThermoFisher Scientific) plate reader. 
Averages of spectrophotometric absorbance values were calculated and blank control value was 
subtracted. 
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Abstract

VLGR1/ADGRV1 (very large G protein-coupled receptor-1) is the largest adhe-

sion G protein-coupled receptor (aGPCR). Mutations in VLGR1/ADGRV1 are

associated with human Usher syndrome, the most common form of deaf-

blindness, and also with epilepsy in humans and mice. VLGR1 is expressed

almost ubiquitously but is mainly found in the CNS and in the sensory cells of

the eye and inner ear. Little is known about the pathogenesis of the diseases

related to VLGR1. We previously identified VLGR1 as a vital component of

focal adhesions (FAs) serving as a metabotropic mechanoreceptor controls cell

spreading and migration. FAs are highly dynamic and turnover in response to

internal and external signals. Here, we aimed to elucidate how VLGR1 partici-

pates in FA turnover. Nocodazole washouts and live cell imaging of paxillin-

DsRed2 consistently showed that FA disassembly was not altered, but de novo

assembly of FA was significantly delayed in Vlgr1-deficient astrocytes, indicat-

ing that VLGR1 is enrolled in FA assembly. In FRAP experiments, recovery

rates were significantly reduced in Vlgr1-deficient FAs, indicating reduced

turnover kinetics in VLGR1-deficient FAs. We showed that VLGR1 regulates

cell migration by controlling the FA turnover during their assembly and expect

novel insights into pathomechanisms related to pathogenic dysfunctions of

VLGR1.
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1 | INTRODUCTION

VLGR1 (very large G protein-coupled receptor-1), also
known as GPR98 and MASS1 and recently renamed to
ADGRV1,1 belongs together with other 33 members to

the G protein-coupled receptor (GPCR) family of adhe-
sion G protein-coupled receptors (aGPCRs).2 Among var-
ious VLGR1 isoforms, full-length VLGR1b is the largest
G-protein coupled receptor in the human body with a
molecular weight of �700 kDa.3 VLGR1/ADGRV1 is a
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classical aGPCR characterized by a large extracellular
domain (ECD), which contains 35 putative Ca2+-binding
calx-ß motifs, pentaxin/laminin G-like repeats (LAMG/
PTX), epilepsy-associated/epitemptin-like domain
(EPTP/EAR), the 7-transmembrane domain (7TM), and
the relatively short cytoplasmic intracellular domain
(ICD) with a class I PDZ domain-binding motif (PBM) at
the very C terminal end (Figure 1). Autocleavage at the
auto proteolysis site (GPS) localized within GAIN (GPCR
auto-proteolysis-inducing) domain leads to a C-terminal
fragment (CTF) and an N-terminal fragment (NTF),
which can function independently.4,5 There is growing

evidence that after autocleavage, the short so-called “Sta-
chel” sequence in the very N-terminal end of CTF is
exposed and can act as a tethered agonist activating
aGPCRs.6,7 We have recently found an 11 amino acid
sequence as the “Stachel” peptide of VLGR1.5 We also
found evidence that this activation induces a switch from
Gs- to Gi-mediated signalling of VLGR1.

The expression of VLGR1 is almost ubiquitously but
highly concentrated in the central nervous system (CNS),
especially during development and the sensory cells of
the eye and inner ear3 (Protein Atlas: https://www.
proteinatlas.org/). Mutations in the VLGR1/ADGRV1 gene
cause human Usher syndrome 2C (USH), a subtype of the
most common combined hereditary deaf-blindness dis-
ease.8,9 In addition, it has been found that different muta-
tions in mouse models for Vlgr1/Adgrv1 are associated
with audiogenic epilepsy.3 However, over the last years,
there is also growing evidence that mutations in VLGR1/
ADGRV1 also can cause different forms of epilepsy in
humans.10,11 Concrete knowledge of VLGR1’s molecular
function and signalling is necessary for gaining insights
into the pathomechanisms and the elucidation of poten-
tial targets for therapies of diseases related to VLGR1.

In cochlear hair cells of the inner ear and the retinal
photoreceptor cells, VLGR1 is essential for the formation
of fibrous links spanning between neighbouring mem-
branes.12,13 While it is thought that the absence of these
membrane attachment fibres underlie the sensory neuro-
nal degeneration in the eye and ear causing USH, the
processes leading to epilepsy due to defects in VLGR1 are
completely unclear to date.

Applying affinity proteomics, we have previously iden-
tified numerous proteins related to focal adhesions (FAs)
as potential interaction partners of VLGR1.4,5,14 FAs are
large supramolecular assemblies at contact sites of the cell
membrane with the extracellular matrix.15 The dynamic
turnover, controlled assembly, and disassembly of FAs
play a key role in cell spreading and migration. In this
regard, FAs are essential for sensing and integrating intra-
cellular signals as well as signals from the environment
that control cell migration.16 We have previously shown
that VLGR1 is part of the multiprotein complex of FAs5

and essential for their proper size and abundance in the
cell.14,17 More importantly, we have also demonstrated
that VLGR1 in FAs functions as a metabotropic mechano-
receptor and controls cell spreading and migration.14 How-
ever, it remained unknown how VLGR1 participates in
the control of the dynamics of FAs during cell migration.

In the present study, we aimed to elucidate how
VLGR1 controls the FA turnover during cell migration
by applying nocodazole washout assays and live-cell
imaging fluorescence recovery after photobleaching
(FRAP) experiments. Our data conclusively demonstrate

F I GURE 1 Domain structure of VLGR1/ADGRV1 and

mutations in Vlgr1 mouse models. VLGR1 is composed of an

extremely long extracellular domain (ECD), 7-serpentine

transmembrane domain (TM), and a relatively short intracellular

domain (ICD) with a characteristic PDZ binding motif (PBM). The

ECD includes a signal peptide (SP), 35 Ca2+ binding calcium

exchanger β motifs (Calx-β), pentaxin/laminin G-like repeats

(LAMG/PTX), an epilepsy-associated/Epitemptin-like domain

(EPTP/EAR), a GPCR autoproteolysis-inducing domain (GAIN),

which includes the G-protein-coupled receptor proteolytic site

(GPS). Autoproteolytic cleavage at the GPS can result N-terminal

fragment (NTF) and the C-terminal fragment (CTF) and the

exposer of the Stachel sequence at the very N-terminal end of the

CTF which can act as tethered agonist. In Vlgr1/del7TM mice

V2260* nonsense mutation introduces a STOP codon which leads

to the deletion of 7TM and ICD domains of Vlgr1 and translation

product is only ECD. In the Vlgr1/DrumB mice, the 8554+2t>c

mutation leads to a STOP codon in intron 37–38. Translation
product is a relatively short truncated protein, which includes only

13 CalXbeta domains and the LAMG domain.
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that VLGR1 regulates cell migration by controlling the
assembly of FA. From our findings, we also expect novel
insights into pathomechanisms related to molecular and
cellular dysfunction of VLGR1 in the developing and
mature CNS.

2 | MATERIAL AND METHODS

2.1 | Animals

All animal experiments were performed per the guide-
lines of the Association for Research in Vision and Oph-
thalmology. Vlgr1/del7TM mice carry a premature STOP
codon at exon 82 of Vlgr1, namely, the V2250* nonsense
mutation of Vlgr1, which leads to the deletion of the
entire 7TM domain and only the expression of the extra-
cellular domain.18 Drum B mice carry c.8554+2t>c muta-
tion in exon 37 of Vlgr1 which results in an early STOP
codon in intron 37–38 and if no splicing event occurs, the
translation product only contains the first 13 CalXbeta
domains and the LamG/PTX domain.19 Both Vlgr1-
deficient mouse lines are bred on a C57BL/6 background.

2.2 | Isolation of primary astrocytes
from murine brains

Astrocytes were isolated from brains of postnatal day
0 (PN0) female and male sibling mouse pups as previ-
ously described.17 Briefly, P0 mouse pups were dissected
and cortexes were enzymatically and mechanically disas-
sociated. Single-cell suspensions were seeded on PLL-
coated T75 flasks and cultured in DMEM/10% FBS/2%
penicillin/streptomycin (Thermo Fisher Scientific) for
7 to 10 days. Upon confluence, oligodendrocytes and neu-
rons were removed by shaking the flasks. To isolate pri-
mary astrocytes from microglia cells, cultures were
trypsinized and cell suspensions were seeded on succes-
sive dishes. While microglia cells attached to the surface
of dishes, astrocytes could be collected from the superna-
tant. Isolated primary astrocytes were cultured additional
7–10 days in a complete growth medium.

2.3 | Cell culture

Primary astrocytes isolated from postnatal stage day
0 (PN0) mice were cultured in DMEM/10% FBS/20mM l-
glutamine 1% penicillin/streptomycin. Half of the culture
medium was changed on days 1, 2, 7, and 14 after the first
isolation. Only passage 1 of astrocyte cultures was used
for the experiments to maintain experimental consistency.

2.4 | Antibodies, fluorescent tools, and
DNA constructs

We used the following primary antibodies: a rabbit
monoclonal (ab32115) (Abcam) and a mouse monoclonal
(BD Transduction Laboratories, 610 052) antibody
against paxillin, and a rabbit polyclonal antibody against
the C terminal of murine Adgrv1/Vlgr1.13 Secondary
antibodies conjugated to Alexa488, and Alexa647 was
purchased from Molecular Probes (Life Technologies) or
Rockland Immunochemicals. DNA counterstained with
40,6-diamidino-2-phenylindole (DAPI, Merck). The
Paxillin-DsRed2 plasmid was kindly provided by Drs.
Rudolf E. Leube and Rick Hortwitz.20

2.5 | Immunocytochemistry

Primary astrocytes were fixed with 2% paraformaldehyde
for 10 min. After fixations, specimens were washed
twice, permeabilized with 0.2% Triton-X in PBS (Carl
Roth GmbH) for 15 min, and quenched with 50-mM
NH4Cl for 5 min. Before primary antibody treatment,
cells were blocked with 0.1% ovalbumin and 0.5% fish
gelatin in PBS. Primary antibodies were incubated at
4�C overnight. After removing unbound antibodies by
PBS washing, secondary antibodies were incubated at
room temperature for 1 h, and an additional wash with
H2O, and coverslips were mounted with Mowiol 4.88
(Hoechst).

2.6 | Nocodazole-induced FA
disassembly assay

FA disassembly assay was performed as described previ-
ously with slight modifications21; 1.5 � 105 primary
murine brain astrocytes were seeded onto fibronectin-
coated coverslips. After 48 h of culturing, cells were trea-
ted with 10-μM nocodazole (AppliChem GmbH) in 0.3%
DMSO for 4 h in a serum-free medium. Subsequently,
NDZ was washed out three times with 1� PBS, and
upon washout, fresh complete growth medium was
added. Coverslips were removed from the medium at
time points 0, 15, 30, 45, 60, and 120 min, and cells were
fixed and stained for FAs during microtubule
polymerization.

2.7 | Morphometric analysis of FAs

Paxillin FA marker was used for FAs number analysis.
The number of FAs was quantified as described in Güler
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et al.17 using Fiji image analysis software (https://fiji.sc).
Briefly, images were converted to 8-bit images and the
background was normalized with FFT Bandpass filter.
Filtered images are thresholded and converted to binary
images. FA numbers are analysed with the “analyse par-
ticles” built-in function. The minimum FA size is defined
as 40 pixels. Finally, the total number of FAs was divided
by cell area to determine FA numbers in μm2.

2.8 | FA turnover analysis

For live-cell imaging analysis of FA turnover, �35 000
cells were seeded on a 5 μg/ml fibronectin-coated μ-Slide
4 Well chamber (Ibidi) 72 h before imaging. The day after
seeding, cells were transfected with Paxillin-DsRed2 con-
struct with GeneJuice® transfection reagent (Merck Milli-
pore). Transfections were performed according to the
manufacturer’s instructions. Cells were incubated for an
additional 48 hours at 37�C with 5% CO2 in the incuba-
tor. Before starting live-cell imaging, the temperature of
the incubation chamber was brought to 37�C with 5%
CO2 supply. Imaging was performed with Nikon Eclipse
Ti2-E/Yokogawa CSU-W1 Spinning disk microscope
using 100�/oil objectives. Live-cell movies were acquired
at 1 frame/5 min with 10 z-stacks for a total 155 min.
Images were analysed using Focal Adhesion Analysis
Server (FAAS) (https://faas.bme.unc.edu/).22 Maximum
projections were applied to the image series and con-
verted to 8-bit before uploading to the server. Adhesion
size was defined as 10 pixels and the FA phase length
was determined as five continuous image sets in the
entire image analysis to provide experimental consis-
tency. FAAS automatically detect and calculate FA
assembly/disassembly rates based on changes in intensi-
ties during imaging. Life cell imaging also allowed us to
determine the lifetime of FAs: The time span that
encompasses the entire FA turnover cycle, that is, the
time between the first appearance of an individual FA,
the assembly, and the subsequent disassembly, until the
disappearance of a FA.

2.9 | FRAP in primary astrocytes

For FRAP analysis, we used Paxillin-DsRed2 expressed
wild type and Vlgr1-deficient astrocytes. Before photo-
bleaching cells were imaged every 20 s for total 120 s to
define basal bleaching rates. After 120 s of imaging, ran-
domly selected FAs from the periphery of the cells were
photobleached with 561-nm laser set to 100% power. To
quantify FA kinetics, raw intensity values photobleached
area (ROI1), whole cell (ROI2), and background area

(ROI3) were measured with Fiji image analysis software.
Intensity values were uploaded to the easyFRAP online
tool (https://easyfrap.vmnet.upatras.gr/).23 Post-bleached
intensity values were normalized by subtracting pre-
bleach values for bleach correction. Full-scale normaliza-
tion was applied for FRAP fluorescence intensity curves
and T-half time and mobile fractions were calculated
with double curve fitting function. Only p values less
than 0.05 are taken under consideration for quantifica-
tions. Samples were analysed with a Nikon Eclipse
Ti2-E/Yokogawa CSU-W1 Spinning disk microscope
using 63�/water objectives.

The study was conducted in accordance with the
Basic & Clinical Pharmacology & Toxicology policy for
experimental and clinical studies.24

3 | RESULTS

3.1 | Nocodazole washout assays
revealed enrolment of VLGR1 in the
assembly of FAs

We have previously shown that VLGR1 is vital for FAs
affecting the size and length of FAs as well as the veloc-
ities of cell spreading and migration.14 However, it has
remained unclear/open whether VLGR1 controls migra-
tion capacity and turnover of FA during the assembly
or the disassembly of FAs. We performed washout
assays with the microtubule depolymerization drug
nocodazole (NDZ), previously introduced to monitor the
disassembly of FAs21 (Figure 2A). We treated primary
astrocytes derived from the brains of Vlgr1-deficient
Vlgr1/DrumB mutant mice or wild type (WT) mice with
either DMSO or nocodazole (NDZ) (10 μM) in DMSO.
Consistent with previous reports,21,25,26 NDZ treatment
induced microtubule depolymerization leading to cell-
cycle synchronization and accumulation of FAs
(Figure 2A,B). After replacing the NDZ medium by a
fresh medium without NDZ (NDZ washout) a phase of
rapid FA disassembly was introduced which rested for
approximately 45 min (Figure 2A,B). Quantifying the
number of FAs after the 4-h NDZ treatment and during
the FA disassembly phase, we did not observe signifi-
cant differences between WT and Vlgr1-deficient mice
in the number of FAs (Figure 2C, time points 15 to
45 min).

After 45 min of NDZ washout, the FA disassembly
phase was followed by a phase of de novo assembly of
FAs, characterized by increasing numbers of FAs in
the primer astrocytes of mouse lines (Figure 2A,B; time
points 60 and 120 min after NDZ washout).21 Quantify-
ing the number of FAs during this FA de novo
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assembly phase revealed a significantly lower number
of FAs in Vlgr1-deficient astrocytes when compared to
WT astrocytes (Figure 2B,C). In contrast, we did not
observe any changes in FA numbers in controls in
which we only treated the astrocytes of both mouse
lines with DMSO (Figure S1A,B). Taken together, the
NDZ washout experiments showed that the absence of
VLGR1 did not affect the disassembly of FAs but
rather indicated a role of VLGR in the assembly
of FAs.

3.2 | Live-cell imaging demonstrated
that VLGR1 controls FA assembly in the
living cell

Next, we analysed the FA turnover by live-cell imaging of
primary astrocytes of WT and Vlgr1-deficient mice
expressing the FA marker Paxillin-DsRed2.17 Immunos-
taining of astrocytes demonstrated the co-localization of
VLGR1 and Paxillin-DsRed2 confirming our previous
results on VLGR1 and paxillin (Figure S2).14

F I GURE 2 Analysis of focal adhesion (FA) turnover in primary astrocytes by nocodazole washout assays. (A) Scheme of nocodazole

(NDZ) washout assay. Primary murine astrocytes were incubated with 10 uM NDZ in serum-free medium for 4 h to induce FA

accumulation. Subsequent NDZ washout with complete growth medium induces FA disassembly (15–45 min), before de novo assembly

starts at 60–120 min. (B) Immunostaining of the FA marker paxillin (magenta) and nuclear counterstaining of DAPI (blue) in primary

astrocytes derived from wild type (WT) and Vlgr1-deficient Vlgr1/DrumB mouse hippocampi at different time points after NDZ washout.

(C) Quantification of FA numbers after NDZ washout. In the FA disassembly phase (15–45 min after NCD washout), FA numbers steadily

decreased in both WT and in Vlgr1-deficient Vlgr1/DrumB astrocytes without a significant difference. During the de novo assembly of FAs

(60, 120 min), the number of FAs was significantly lower in Vlgr1-deficient Vlgr1/DrumB. N = 47–58 cells in WT astrocytes and 48–62 cells

in Vlgr1/DrumB astrocytes per time-points were analysed in n = 3 independent experiments. Data are represented as mean ± SD. Statistical

evaluation was performed using two-tailed Mann–Whitney U test, *p % 0.05, **p % 0.01, ***p % 0.001. Scale bars: 10 μm.
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For live-cell imaging, we recorded Paxillin-
DsRed2-labelled FAs in Vlgr1-deficient primary astro-
cytes derived from Vlgr1/DrumB mice and WT astrocytes
for 2 h in a spinning disc confocal microscope (Videos S1
and S2). Subsequently, we analysed and quantified the

dynamics of Paxillin-DsRed2-FAs in these video tracks by
applying the FAAS web tool (https://faas.bme.unc.edu)22

(Figure 3). To eliminate putative background signals in
FAAS analyses, FA sizes were defined minimum of
10 pixels and assembly/disassembly processes were

F I GURE 3 Live-cell imaging analysis of FAs turnover in primary astrocytes Vlgr1-deficient Vlgr1/DrumB mice. (A) Identification of

FAs Paxillin-DsRed2 fluorescence image analysis by the Focal Adhesion Analysis Server (FAAS) (https://faas.bme.unc.edu) in wild type

(WT) and Vlgr1-deficient Vlgr1/DrumB astrocytes expressing Paxillin-DsRed2. (B) Time-lapse image sequences of Paxillin-DsRed2 in FAs

from WT and Vlgr1-deficient Vlgr1/DrumB astrocytes selected every 15 min from video traces recorded with a sequence of 5 min in a time

course of 155 min. Yellow arrow heads point to assembling FAs and white arrow heads point to disassembling FAs. (C) Pseudo-coloured

tracked FA images in WT and Vlgr1/DrumB astrocytes indicate initial and end points of assembly and disassembling FAs. Quantification of

FA assembly rates (D), FA disassembly rates (E), and the average FA lifetime (F) in WT and Vlgr1/DrumB astrocytes. Cell numbers: N = 13

(WT), N = 20 (Vlgr1/DrumB) in n = 3 independent experiments. Data are represented as mean ± SD. Statistical evaluation was performed

using two-tailed Student’s t test, *p % 0.05, **p % 0.01, ***p % 0.001. Scale bars: 10 μm.
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determined by using FAs, which appeared in five contin-
uous image sets (Figure 3A). Following individual FAs
(identified by FAAS) in time-lapse image sequences of
Paxillin-DsRed2 in WT and Vlgr1/DrumB astrocytes, we
observed that FAs undergo rapid assembly and disassem-
bly in WT astrocytes, while the turnover of FAs was
slower in Vlgr1/DrumB astrocytes (Figure 3B). The spa-
tiotemporal dynamics in living astrocytes of WT and
Vlgr1/DrumB were visualized by superposition of all FAs
from microscopy image taken every 5 min during the
entire time course of 155 min of colour for the set of FAs
at each time point (Figure 3C).

Quantifications of all FAs in the analysed cells
revealed that the assembly rate of FAs (Figure 3D) was
significantly higher in WT astrocytes when compared to
Vlgr1/DrumB astrocytes. In contrast, the disassembly
rates did not significantly differ between both
(Figure 3D). The lifetime of FAs (Figure 3F) was signifi-
cantly longer in Vlgr1/DrumB astrocytes compared to
WT astrocytes. To verify these results on FAs in Vlgr1/
DrumB astrocytes, we also examined primary astrocytes
derived from brains of Vlgr1/Del7TM mice (Figure S3),
another Vlgr1-deficient mouse line.18 Analogous live-cell
imaging experiments showed, as in Vlgr1/DrumB astro-
cytes, no differences in the rate of FA disassembly but a
significantly lower assembly rate of FAs in Vlgr1/Del7TM
astrocytes compared with WT (Figure 3D,E;
Figure S3C,D). In contrast to Vlgr1/DrumB, we did not
observe differences in the life time of FAs in astrocytes of
Vlgr1/del7TM (Figure S3E).

Taken together, our data show that deficiency in
Vlgr1 results in differences in turnover rates based on
slower assembly rates of FAs.

3.3 | VLGR1 controls turnover kinetics
of FAs by FRAP

We have shown that VLGR1 controls the assembly FA by
our NDZ washout assays and live-cell imaging. We
addressed next the effects of Vlgr1-deficiency on the
kinetics of FA assembly by adhesions by FRAP (Figure 4).
WT and Vlgr1-deficient astrocytes derived from Vlgr1/
del7TM mouse brains were seeded onto fibronectin-
coated surfaces and transfected them with Paxillin-
DsRed2. Randomly selected FAs in the cell periphery of
astrocytes were photobleached by the full power of laser
of 560-nm excitation (Figure 4). Subsequently, fluores-
cence intensities in the bleached regions were determined
by time-lapse imaging over a time period of 880 s (Video
S3 and S4). Image analyses of the video tracks showed fast
fluorescent intensity increases (FRAP) in WT astrocytes;
already �120 s after photobleaching Paxillin-DsRed2

fluorescence was recovered in FAs (Figure 4A,B, upper
panels). In contrast, the recovery of Paxillin-DsRed2 was
much slower in Vlgr1/del7TM astrocytes; we did not
observe substantial FRAP until 240 s after photobleaching
(Figure 4A,B, lower panels). FRAP signals were quanti-
fied by the online FRAP analysis tool EasyFRAP (https://
easyfrap.vmnet.upatras.gr/).23 For this, the FRAP intensi-
ties of bleached FA regions were normalized to the inten-
sity values of background regions where noise signals
were measured and to unbleached FAs where auto-fading
values were measured. In Figure 4C, the quantitative
analysis for the time course of Paxillin-DsRed2 fluores-
cence recovery is shown. The recovery of Paxillin-DsRed2
intensity was faster in WT astrocytes when compared to
Vlgr1/del7TM astrocytes. In WT after 420 s approximately
50% of the Paxillin-DsRed2 fluorescence intensity of
before bleaching levels were reached while in contrast,
only 40% the Paxillin-DsRed2 fluorescence intensity was
recovered in Vlgr1/del7TM astrocytes after that time
(Figure 4C). In line with these results, we found a signifi-
cantly slower average half-time (t1/2) recovery of FRAP in
Vlgr1/del7TM astrocytes with 338 s compared to WT
astrocytes in which the t1/2 was 223 s (Figure 4D).
Nevertheless, our analysis by EasyFRAP revealed no
significant differences in the calculated mobile fractions
of Paxillin-DsRed2 between astrocytes of both WT and
Vlgr1-deficent mice (Figure 4E).

Our FRAP data indicated that VLGR1 also partici-
pates in the recruitment of paxillin to FAs during their
assembly.

The study was conducted in accordance with the
Basic & Clinical Pharmacology & Toxicology policy for
experimental and clinical studies.27

4 | DISCUSSION

The coordination and regulation of FA dynamics are cen-
tral for cell migration under both healthy and pathologi-
cal conditions.16,24 Cell migration requires the
continuous dynamic arrangement of FAs, the assembly
of nascent FAs in the leading edge of cells, and disassem-
bly in their rear.28,29 In this regard, FAs are essential for
sensing and integrating intracellular signals as well as for
the reception of signals from the environment to control
cell migration.16 We previously showed that VLGR1 is
part of the multiprotein complex of FAs and essential for
their proper size and abundance in cells.14,17 More impor-
tantly, our studies have also shown that VLGR1 is crucial
for FA key functions, namely, in cell spreading and cell
migration.14 For this, the VLGR1 acts as a metabotropic
mechanosensor sensing mechanical signals from the
extracellular environment. So far, however, it had to
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remain open in which aspect of the turnover process of
the dynamic macromolecular FA complexes VLGR1
participates.

In the present study, we aimed to elucidate how
VLGR1 controls the FA turnover during cell migration.
The turnover rate of FAs is characterized by the time

F I GURE 4 Fluorescence recovery after photo bleaching (FRAP) analysis of FAs turnover in primary astrocytes expressing Paxillin-

DsRed2. (A) Representative time-lapse fluorescence images of Paxillin-DsRed2-transfected wild type (WT) and Vlgr1/del7TM primary

astrocytes before and after fluorescence recovery after photobleaching (FRAP). Paxillin-DsRed2-expressed cells were imaged for 100 s before

photobleaching (flash) to track basal intensity levels and bleached at 120 s. Images were acquired to record intensity recoveries for 880 s

after photo bleaching. (B) Fluorescence recovery curve showing the intensity over time in the bleach ROI. From the recovery curve the

immobile fraction and recovery half time can be determined. Intensity changes in individual Paxillin-DsRed2 focal adhesions during pre-

bleaching and post-bleaching. (C) Normalized Paxillin-DsRed2 fluorescence intensity FRAP curves. Quantification of FRAP indicates

reduction in intensity recovery in Vlgr1/del7TM astrocytes. The red dashed line indicates 50% of the recovery of the initial fluorescence

intensity. Asterisks indicate significant differences in the fluorescence recovery between WT and Vlgr1/del7TM astrocytes. (D) Recovery of

Paxillin-DsRed2 fluorescence after photobleaching. The recovery time after photobleaching is significantly longer Vlgr1/del7TM astrocytes

(average 338 s) compared to WT astrocytes (average 233 s). (E) Mobile fractions of Paxillin-DsRed2 in WT and Vlgr1/del7TM astrocytes show

no significant difference. Fluorescence recoveries normalized to pre-bleach levels and intensities of individual FA were calculated by Fiji

image analysis tool and quantified by using EasyFRAP online-tool; 66–80 individual FAs were analysed in N = 3–7 cells of n = 3

experiments. Statistics: two-tailed Student’s t test, *p % 0.05, **p % 0.01, ***p % 0.001. Scale bars: 10 μm.
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courses of their assembly and disassembly. Our data
received by NDZ washout assays, live-cell imaging, and
FRAP consistently provide several lines of evidence that
VLGR1 regulates the turnover of FAs by participating in
the assembly process of FAs. In the NDZ washout assay,
FAs accumulated in response to NDZ-induced microtu-
bule depolymerization are first rapidly degraded after
NDZ washout, before FAs are reassembled.21,25,26 Our
results show that the time course of the later FA de
novo assembly, but not the disassembly phase, is signifi-
cantly delayed to an equal extent in the primary brain
astrocytes of both Vlgr1-deficient mouse models studied.
(Figure 2A–C; Figure S3A,B). Consistent with these
findings, present live-cell imaging data acquired by
monitoring the dynamics of FA turnover in living cells
expressing the fluorescently tagged FA core protein pax-
illin30 also demonstrated that the assembly rate but not
the disassembly rate of FAs was significantly reduced in
astrocytes of both Vlgr1-deficient mouse models
(Figure 3D,E; Figure S3C,D). Present FRAP experiments
also showed that the recruitment of fluorescent paxillin
to FAs is slower in Vlgr1-deficient astrocytes
(Figure 4C,D), which is in line with a reduced assembly
rate of FAs as discussed above. Defects in the assembly
of FAs also lead to reduced FA dynamics, which is
documented by an increase of the lifetime in astrocytes
of Vlgr1/DrumB mice (Figure 3F). Our data indicate
that the increase of the lifespan FAs is based on a lon-
ger time span for the complete assembly of FAs as
observed in Vlgr1-deficient astrocytes discussed above.
All in all, these findings are consistent with the reduced
migration rate in VLGR1 deficient cells that we previ-
ously found.14

All in all our findings on VLGR1 are consistent with
the role of regulators of FA dynamics and cell migration,
such as RACK1 and the phosphatidylinositol phosphate
kinase type Iγ (PIPKIγ). Deficiency of VLGR1 decreases
the turnover rates of the FA adaptor protein paxillin
which has previously been observed for downregulation
or mutations in FA regulators.31,32

When FAs are reassembled, integrins of disassembled
FAs are recycled to the leading edge of migrating
cells.25,33,34 These integrin clusters receive signals from
the extracellular matrix substrate triggering the sequen-
tial recruitment and activation of further FA
components.35–37 We have recently identified several
molecules essential for the sequential assembly of FAs
and related activation, such as the integrins β1, α3, α5,
and α6, talin, RhoA, focal adhesion kinase (FAK), and
integrin-linked kinase (ILK), as potential interacting pro-
teins of VLGR1.4,5,14 The absence of talin-1, one of the
first FA molecules recruited to the integrin cluster, or, for
example, mutations in FAK essential for the activation of

other FA proteins, result in a delay of FA assembly but
do not affect the FA disassembly rate.25,38 This is exactly
what we found in the present study for VLGR1 in Vlgr1-
deficient cells. Taken together these data indicate that
VLGR1 interplays with its interacting partners during the
process of FA assembly.

The assembly of FAs as contact sites of the cell to its
ECM substratum is controlled by external forces.39 The
principal membrane receptors to sense mechanical sig-
nals from the ECM are integrin dimers.40,41 Nevertheless,
there is emerging evidence that adhesion GPCRs act as
mechanosensors at the cell surface, sensing mechanical
forces from the extracellular environment as well.2,42 Our
recent identification of VLGR1 as a metabotropic
mechanosensor in FAs,14 in conjunction with the results
found in the present study, suggests a mechanosensory
role for VLGR1 in the process of FA assembly. Future
studies will elucidate how the mechanosensation of
integrins and VLGR1 during the assembly of FAs are
coordinated.

There is growing evidence that defects in cell
migration can increase susceptibility to epilepsy.10,43

Given that the turnover of FAs is crucial for proper cell
migration,16 the altered composition rate of FAs in cells
defective for VLGR1 is likely to contribute to the cellular
pathophysiology in diseases caused by defects of VLGR1.
VLGR1 is highly expressed in the developing CNS,3

where the correct migration of neurons, glial cells, and
their progenitors is essential.44,45 To determine the role of
VLGR1 in the turnover of FAs, we examined FA dynam-
ics in primary brain astrocytes, which are characterized
by particularly high migration properties.46 Proper migra-
tion of astrocytes is essential for the development and
maintenance of the CNS.47 During the differentiation of
the CNS, astrocytes are derived from radial glia cells in
the ventricular and subventricular zone and migrate to
the different layers of the brain.47–49 In their final loca-
tion, astrocytes play crucial roles in neurotransmitter
clearance, synaptogenesis, and ion homeostasis and the
loss of astrocyte function can lead to severe disorders of
the CNS in human.50,51 Interestingly, the loss or dysfunc-
tion of potential interacting proteins of VLGR1 in FAs,
such as integrin β1, talin, or FAK can lead to astrogliosis,
a hall mark in the pathogenesis of epilepsy.52 Accord-
ingly, VLGR1 deficiency in astrocytes may also contribute
the pathophysiology underlying epilepsy, which will need
to be addressed in detail in the future.

5 | CONCLUSIONS

Studying the highly mobile brain astrocytes, we validated
the important role of adhesion GPCR VLGR1 in the
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dynamics of FAs. Our data conclusively revealed that
VLGR1 controls the kinetics of FAs by participating in
the assembly of FAs, thereby the migration of the cells.
For this, VLGR1 may act as a metabotropic mechanosen-
sor sensing in parallel with integrins mechanical signals
from the environment. Our findings not only elucidate
the molecular and cellular function of VLGR1 in healthy
brain astrocytes but also provide novel insights into the
pathomechanisms of VLGR1-associated epilepsy.
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Highlights  

• ADGRV1 deficiency reduces the number of astrocytes in CA1 and changes the morphology 

of astrocytes in the hippocampus. 

• ADGRV1 interacts with numerous proteins enriched in astrocytes. 

• Differential transcriptomes revealed differential expression of genes related to glutamate 

homeostasis and epilepsy in ADGRV1 deficient models. 

• ADGRV1 controls glutamate uptake and regulates homeostasis in astrocytes. 

• ADGRV1 in astrocytes is vital for neuron morphogenesis. 

• First insights into the molecular pathophysiology underlying the development of epilepsy 

associated with mutations in ADGRV1. 
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Abstract 

ADGRV1 is the largest member of adhesion G protein-coupled receptor (aGPCR) family. In the 

cell, aGPCRs have dual roles in cell adhesion and signal transduction. Mutations in ADGRV1 have 

been linked not only to Usher syndrome (USH), which causes deaf-blindness, but recently also to 

various forms of epilepsy. While the USH defects are attributed to the loss of fiber links between 

membranes formed by the extracellular domain of ADGRV1, the pathomechanisms leading to 

epilepsy remain elusive to date.  

Here, we study the specific functions of ADGRV1 in astrocytes where it is highest 

expressed in the nervous system. Affinity proteomics showed the interaction of ADRGV1 with 

proteins enriched in astrocytes. Dysregulations of cellular processes important in astrocyte function 

were indicated by the different transcriptomes of patient-derived cells and Adgrv1-deficent mouse 

hippocampi compared to appropriate controls. Alteration in morphology and reduced numbers of 

astrocytes in the hippocampus of Adgrv1-deficent mice. Monitoring the glutamate uptake in 

colorimetric assay and by live cell imaging of a genetic glutamate reporter consistently showed 

that glutamate uptake from the extracellular environment is significantly reduced in Adgrv1-

deficent astrocytes. Expression analyses of key enzymes of the glutamate-glutamine cycle in 

astrocytes and the glutamate metabolism indicated imbalanced glutamate homeostasis in Adgrv1-

deficient astrocytes. Finally, we provide evidence that the supportive function of astrocytes in 

neuronal development also relies on ADGRV1 expression in astrocytes. Our data collectively 

provides first insights into the molecular pathophysiology underlying the development of epilepsy 

associated with mutations in ADGRV1. 

 

Key words: GPCR, VLGR1, epilepsy, Usher syndrome, astroglia, glutamate-glutamine cycle, 

glutamate metabolism, hippocampus, astrocyte-neuron interaction 
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INTRODUCTION 

ADGRV1 (previously known as GPR98, MASS1, or VLGR1) with a molecular weight of 

approximately 700 kDa is the largest member of the adhesion G protein-coupled receptor (aGPCR) 

family consisting of 33 other members (Hamann et al., 2015). Adhesion GPCRs are structurally 

chimeric and contain the signature domains of seven transmembrane receptors and adhesion 

proteins (Langenhan, 2020). This repertoire makes them suitable to participate in cell adhesion and 

signaling through G protein coupled pathways (Knapp et al., 2022). Like the other aGPCRs, 

ADGRV1 can be autoproteolytically processed at its GAIN domain and operate as a metabotropic 

mechanoreceptor (Kusuluri et al., 2021). Furthermore, there is evidence that mechanosensation of 

ADGRV1 may trigger its cleavage and subsequent receptor activation by the tethered “Stachel” 

agonist inducing the switch from Gαs- to Gαi-mediated signaling (Knapp et al., 2022). ADGRV1 

is a component of fibrous membrane-links, membrane contacts to the extracellular matrix, namely 

focal adhesions and in organelle contact sites such as the mitochondria-associated ER membranes 

(MAMs) (Maerker et al., 2008; Kusuluri et al., 2021; Krzysko et al., 2022; Güler et al., 2023a). 

There, ADGRV1 were related to the control of cell spreading and migration and the maintenance 

of Ca2+-homeostasis. 

In vertebrate hair cells and photoreceptor cells, ADGRV1 forms fiber connections between 

adjacent membranes of neighboring stereocilia and at the ciliary pocket, respectively and their loss 

leads to USH2C, a subtype of the human Usher syndrome, the most common form of hereditary 

deaf blindness (Weston et al., 2004; Michalski et al., 2007; Maerker et al., 2008). However, in 

recent years pathogenic variants in ADGRV1 have been also associated with various forms of 

epilepsy (Wang et al., 2015; Myers et al., 2018a; Liu et al., 2020; Leng et al., 2022; Zhou et al., 

2022). In cohorts of patients with confirmed epilepsy, the rate of ADGRV1 pathogenic variants was 

determined to be nearly 3% (Leng et al., 2022). Although most of these epilepsy cases related to 

ADGRV1 haploinsufficiency have good prognoses, a recent case report of a heterozygous missense 

mutation of ADGRV1 (c.5785G> T) in a patient resulted in hippocampal sclerosis characterized by 

neuronal cell loss and sudden unexpected death (Ji et al., 2023). It is generally accepted that the 

epileptic seizures which are characteristic for epilepsy are induced by excessive and abnormal 

neuronal activity in the brain (Bou Assi et al., 2017). However, the molecular mechanisms leading 

to the different forms of epilepsy remain elusive to date (Chong et al., 2023; Johannesen et al., 
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2023). Also, to date, nothing is known about the molecular and cellular pathomechanisms that lead 

to the epileptic brain conditions caused by defects in ADGRV1. 

Although ADGRV1 is expressed almost ubiquitously in many tissues, its expression is 

strongest in the developing and mature nervous system (McMillan and White, 2010). Of all brain 

cells, ADGRV1 is most strongly expressed in astrocytes (https://www.proteinatlas.org/). 

Astrocytes are glia cells and one of the most abundant cells in the central nervous system (CNS). 

Astrocytes have many roles including, regulation of extracellular ion concentration, control of 

energy metabolism, glutamate clearance, neuroprotection, synaptogenesis, and establishment of 

the blood-brain barrier (Mahmoud et al., 2019; Michinaga and Koyama, 2019). The branching of 

astrocytes promotes extensive contacts with neighboring cells, in particular neurons and specific 

association with synapses (Higashi et al., 2001). In tripartite synapses, astrocytes wrap around the 

pre- and post-synapses of neurons and regulate the crosstalk between synapses by balancing the 

ion and glutamate homeostasis (Perea et al., 2009; Allen and Eroglu, 2017; Broadhead et al., 2022). 

Glutamate uptake by astrocytes clears the glutamate spillover from synaptic clefts and is part of 

the glutamate-glutamine cycle between astrocytes and neurons preventing glutamate toxification 

of the neural tissue (Rose et al., 2018; Mahmoud et al., 2019). However, the uptaken glutamate can 

be also metabolized in the astrocytes for energy production in the mitochondrial tricarboxylic acid 

cycle (TCA) (Rose et al., 2020). The dysregulation of both the glutamate-glutamine cycle and the 

glutamate metabolism in astrocytes can cause an imbalance in brain glutamate homeostasis and 

lead to hyperexcitability of neurons as seen in epilepsy (Alcoreza et al., 2021). Loss of astrocyte 

functions or defects in their migratory capacity during development, or postnatal dysfunctions of 

astrocytes, have been associated not only with neurodegenerative diseases, such as Alzheimer´s 

and Parkinson’s disease, but also with the development of various forms of epilepsy (Steinhäuser 

et al., 2012; Zhang et al., 2016; González-Reyes et al., 2017). 

Although ADGRV1 is abundantly expressed in astrocytes, little is known about its specific 

function in astrocytes of the CNS. In previous studies on ADGRV1 function we made use of 

primary astrocytes-derived from murine brain as cellular models without a specific focus on the 

possibly epilepsy-relevant functions in the brain (Kusuluri et al., 2021; Krzysko et al., 2022; Güler 

et al., 2023b). Our studies collectively revealed insights into a variety of roles of ADGRV1 in cell 

functions such as cell adhesion, cell migration, mechanosensation, and the regulation of the Ca2+-

homeostasis at MAMs.   
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Our current work is focused on elucidating and understanding the specific functions of 

ADGRV1 in astrocytes by omics, immunohisto- and cytochemistry, biochemistry and a spectrum 

of cell physiology assays utilizing Adgrv1-deficient mice and human patient cells as models. We 

show that astrocyte morphology is altered, and their number is significantly reduced especially in 

the CA1 region of the hippocampus of the Adgrv1-deficient mouse brain. Omics data support the 

association of ADGRV1 with proteins and processes specifically enriched in astrocytes. Our data 

also indicates an imbalance in glutamate homeostasis in hippocampal Adgrv1-deficient astrocytes 

resulting in a reduced glutamate uptake from the extracellular environment and an alteration in the 

glutamate-glutamine cycle and glutamate metabolism. Our work in primary cultures suggests that 

ADGRV1 is also important for the proper development of neurons and showed that ADGRV1 

substantially contributes to the beneficial support of astrocytes for neurons. Overall, our data 

provides first insights in the molecular pathophysiology underlying the development of epilepsy 

associated with mutations in ADGRV1. 

 

Material and Methods 

Animals 

Experiments were conducted in accordance with the guidelines set forth by the Association for 

Research in Vision and Ophthalmology. Mice were housed in a controlled environment with a 

12/12-hour light/dark cycle with unrestricted access to food and water. Adgrv1/del7TM mice, 

susceptible to audiogenic seizures, carry a nonsense mutation, V2250X, in the Adgrv1 gene, 

leading to the loss of both its transmembrane and cytoplasmic domains (McMillan and White, 

2004). The mice were bred on a C57BL/6 background. The use of mice for research purposes was 

granted approval by the District Administration Mainz-Bingen under reference number 41a/177-

5865-§11 ZVTE on April 30, 2014.  

Antibodies 

The following antibodies were used: rabbit anti-GFAP (DAKO agilent, ZO334), rabbit anti-SOX9 

(Abcam, ab185966), guinea pig anti-MAP2 (Sysy, 188004), rabbit anti-GLAST (Almone lab, 

AGC-021), mouse anti-Gapdh (Abcam, ab9484), rabbit anti-Glutamine synthetase (Abcam, 

ab49873), mouse anti-Glutamine synthetase (Abcam, ab64613), rabbit anti-Homer1 (Sysy, 

160011), mouse anti-Gephyrin (Sysy, 147021). Secondary antibodies conjugated to Alexa488, 

Alexa568 and Alexa647 were purchased from Molecular Probes (Life Technologies). Nuclear 
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DNA was stained with DAPI (4′,6-diamidino-2-phenylindole, 1 mg/ml, Sigma-Aldrich, 

10236276001).  

Transcardiac perfusion fixation of mouse brains and immunohistochemistry analysis 

Mice were anesthetized with an injection of 40 to 80 mg/kg of pentobarbital. Then transcardiac 

perfusion was performed with cold 0.1 M phosphate buffer (pH 7.4) (PBS) containing 0.0025 g/50 

ml heparin solution following by 4% paraformaldehyde (PFA) in phosphate buffer (Gage et al., 

2012).  Dissected brains were post-fixed in buffered 4% PFA overnight, infiltrated stepwise with 

10%, 20% and, 30% sucrose in PBS, and embedded in Tissue-Tek OCT before frozen in melting 

isopentane (Wolfrum, 1991).  16 µm thick cryosections and placed onto Poly-L-Lysine (Sigma-

Aldrich, P4832-50ML) coated coverslips. After permeabilization in 0.2% Triton X-100 for 10 min 

(Sigma-Aldrich, 102533092) in PBS, immunostaining performed as previously described (Arévalo 

et al., 2022). Fluorescence intensity immunoreactivity in mouse hippocampi was analyzed using a 

build-in ImageJ/Fiji plugin (https://fiji.sc/).  

Morphometric analysis of hippocampal astrocytes 

The morphology of astrocytes and neurons was quantified as previously published (Young and 

Morrison, 2018). In brief, cryosections through the hippocampus of mice were stained for 

astrocytes by anti-GFAP and counterstained with DAPI. Hippocampal subregions were identified 

by the Allen mouse brain atlas (https://mouse.brain-map.org/) (Figure S1). Z-stacked images were 

maximum intensity projected, converted to 8-bit using ImageJ/Fiji, and pre-processed with an FFT 

bandpass filter (filter up to 5 pixels, down to 40). Individual astrocytes were cropped, skeletonized, 

and quantified using AnalyzeSkeleton(2D/3D) and FracLac analysis plugins (Arganda‐Carreras et 

al., 2010). 

Astrocyte number analysis 

GFAP and SOX9 positive astrocyte numbers were counted in different hippocampal subregions in 

immunostained cryosections of mice brains. GFAP and DAPI positive cells were marked with the 

image counter plugin of ImageJ/Fiji. For the analysis of SOX9-positive cells, images were 

converted to 8-bit and “huang dark” threshold was applied, converted to binary, and watershed was 

applied. Particles analysis was performed with the sizes defined as 100 to infinity and circularity 

was defined as 0.4 to 1.00. Counted cells were exported and processed in GraphPad prism.  

Mouse hippocampi transcriptome analysis  

PN40 wild type and Adgrv1/del7TM mice were sacrificed by cervical dislocation. The 

hippocampus was dissected from the brain and flash-frozen using liquid nitrogen. mRNA was 
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isolated according to the instructions of the Qiagen RNeasy Mini kit. The quality and quantity of 

RNAs were measured with a Nanodrop 2000 spectrophotometer (Thermo Fischer Scientific). 

Sequencing was performed with Illumina NovaSeq 6000 Sequencing Systems (Novogene). 

Analysis was performed using Conda package manager v.23.5.2 (Grüning et al., 2018). All 

packages were installed in separate environments and an analysis pipeline was written in 

Snakemake v.7.32.3 (Mölder et al., 2021). First, we performed a quality control analysis of raw 

paired end reads using FastQC v.0.12.1 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Then we trimmed our reads using 

Trimmomatic v.0.39 (Bolger et al., 2014) with HEADCROP:15 parameter. After trimming, we 

performed contamination check analysis using FastQ Screen v.0.15.3 (Wingett and Andrews, 

2018) software and reference genomes: Escherichia coli strain K-12 (ASM584v2), Homo sapiens 

(GRCh38.p14), Metamycoplasma orale strain NCTC10112 (50465_D02-3), Mus musculus 

(GRCm39), Staphylococcus aureus (ASM1342v1). During contamination check, we used Bowtie2 

v.2.5.1 as an aligner. Reads that did not match to any mammalian genome or aligned to E. coli, M. 

orale or S. aureus were excluded from subsequent analysis. Then, we aligned the filtered reads to 

the reference mouse genome (GRCm39) using Hisat2 v.2.2.1 (Kim et al., 2019) software, sorted 

and recorded them in the bam format using Samtools v.1.17 (Li et al., 2009). To quantify the 

number of reads that mapped to each gene we used the featureCounts program that included in 

Subread v.2.0.6 (Liao et al., 2014) package. In the following analysis we used only genes with 

more than 5 mapped reads. After filtering files, we performed a differential expression analysis 

using DESeq2 v.1.40.2 (Love et al., 2014). In further analysis we used only genes with adjusted p-

value less than 0.05. Three biological replicates of WT and Adgrv1/del7TM mice were used. 

However, during the analysis of the raw data, we observed high ingroup variation in 

Adgrv1/del7TM. Therefore, to identify the differences between WT and Adgrv1/del7TM group, 

we excluded the outlier biological replicate to decrease ingroup variation. 

Human fibroblast transcriptome analysis 

Dermal primary fibroblast lines were expanded from skin biopsies of human subjects (ethics vote: 

Landesärztekammer Rhineland-Palatinate to KNW). Fibroblasts from the skin biopsies of a 57-

year-old male patient with clinically confirmed Usher syndrome 2C caused by a nonsense mutation 

in the ADGRV1 gene (g.[90006848C>T], R2959*) were kindly provided by Dr Erwin van Wijk 

(Radboud University Medical Center, Nijmegen). Fibroblasts derived from the patient and from a 

healthy individual were maintained in DMEM/10% FBS (Thermo Fischer Scientific, 31966-021) 
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before the RNA isolation, isolated fibroblast RNAs were subjected to RNAseq analysis with 

Illumina NovaSeq 6000 Sequencing Systems (Novogene) previously described (Schäfer et al., 

2023). 

Analysis of tandem affinity purification (TAP) data sets and Gene Ontology (GO) analysis 

Data sets obtained by tandem affinity purification (TAP) from HEK293T cells lysates expressing 

Strep II/ Strep-Tactin tagged ADGRV1 constructs (Figure S2A, B) were previously published in 

(Knapp et al., 2022). We categorized the TAP hits by using Gene Ontology (GO) term analysis 

following by Cytoscape (http://www.cytoscape.org; accessed on 09 September 2023) plugin 

ClueGO (Bindea et al., 2009). Functional protein association networks were prepared by using 

String database v10 (Szklarczyk et al., 2015). For transmembrane transporter activity related genes 

in fibroblasts were screened in the web application of the Amigo2 

(https://amigo.geneontology.org/amigo/search/bioentity?q=transmembrane%20transporter%20act

ivity). 

Isolation of primary astrocytes 

Astrocytes were isolated from newborn female and male sibling mouse pups on postnatal day 0 

(PN0), as previously described (Güler et al., 2021). Briefly, PN0 mouse pups were dissected, and 

their brains enzymatically and mechanically dissociated. The resulting single-cell mixtures were 

plated on Poly-L-Lysine-coated (PLL) flasks and cultured in DMEM/10% FBS/2% 

penicillin/streptomycin for 7 to 10 days. Upon reaching confluence, flasks were agitated to remove 

oligodendrocytes and neurons. To separate primary astrocytes from microglia cells, cultures were 

trypsinized and plated on sequential bacterial-grade dishes. Microglia cells adhered to the dish 

surfaces, while astrocytes were recovered from the supernatant. Isolated primary astrocytes were 

cultured for an additional 7 to 10 days in complete growth medium. 

Isolation of primary neurons 

Primary neurons were isolated from the mouse hippocampus on embryonic day E18.5. 

Hippocampal tissues were dissected and kept in ice-cold HBSS buffer. After washing twice with 

HBSS to remove dead cells, tissues were trypsinized for 5 min at 37°C. Single-cell solutions were 

prepared using fire-polished Pasteur pipettes with varying opening diameters. After trituration, 5 

ml HBSS was added to stop the enzymatic reaction. Cell suspensions were allowed to settle for 5 

min before aspirating the HBSS/trypsin mixture. Cell pellets were then triturated with 2 ml cold 

HBSS, and cell numbers were counted. Cells were seeded on PLL coated coverslips and cultured 
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in neuron growth medium containing B27 supplement, L-glutamine, penicillin-streptomycin, and 

glutamate in Neurobasal medium (ThermoFisher Scientific, 21103049). 

Astrocyte-neuron co-culture 

Primary astrocytes were cultured in PLL coated coverslips in a 6 well plate for 2 days at a density 

of 3x105 cells per well in DMEM/10% FBS/2% penicillin/streptomycin medium. After two days 

of cultivation, primary neurons were isolated and seeded on top of the lawn of astrocytes at a 

density of 3x105 neurons per well. In these co-cultures, the DMEM medium was replaced by neuron 

growth medium.  

Immunocytochemistry  

Primary astrocytes and neurons were processed for immunocytochemistry as previously described 

(Kusuluri et al., 2021; Güler et al., 2023b). 

Western blot analyses  

Protein lysates from tissue and primary cells were prepared as previously described (Krzysko et 

al., 2022) and densitometry analysis was performed by using an Odyssey imaging system (LI-COR 

Biosciences). 

Glutamate uptake and Glutamate dehydrogenase (GDH) activity assays  

Glutamate uptake assays were performed as previously described (Mahmoud et al., 2019). Briefly, 

primary astrocytes were seeded at a density of 2x105 cells per well of 12 well plate. After 72 h in 

DMEM medium, astrocytes were treated with serum free Opti-MEM medium for 2 h. Opti-MEM 

was removed by 3 PBS washes. Cells were exposed to 100 or 200 µM Glutamate solution in Hank´s 

Balanced Salt Solution (HBSS) containing Ca2+ buffer for 4 h. Cell culture supernatants were 

analyzed in a Glutamate assay kit (Sigma-Aldrich, MAK004) following the manufacturer’s 

instructions. GDH activities in primary astrocytes were determined with glutamate dehydrogenase 

activity assay kit following with the manufacturer´s instructions (Abcam, ab102527).  

Stachel peptide synthesis 

The “Stachel” peptide (SVYAVYARTDN) (Knapp et al., 2022) and a randomized control peptide 

(ATSVRYDNAYV) were synthesized from C- to N-terminus by solid phase peptide chemistry, 

HPLC purified and analyzed by mass spectrometry (Chempeptide limited). Lyophilized peptide 

was solubilized in 100% DMSO and diluted in 80% ddH20 and 20% HNO3 (20% v/v) to obtain a 

10 mM stock solution. 

Live cell imaging and “Stachel” peptide application 
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Glutamate was monitored in primary astrocytes using the fluorescent reporter for glutamate 

pAAV.GFAP.iGluSnFR3.v857.GPI (Addgene plasmid # 178338) which was a gift from Kaspar 

Podgorski (Aggarwal et al., 2023). Images were acquired by Nikon eclipse Ti2 microscope (Nikon 

Instruments Inc) equipped with CSU-W1-T2 automatic Spinning Disk Confocal Scanning unit with 

63x water objective (Yokogawa Electric Corporation). Dyes were excited with a 488 nm laser. The 

exposure time was kept at 250 ms and image sequences were obtained every 700 milliseconds for 

a total of 300 seconds. 1 mM “Stachel” peptide applied to the HBSS medium to evoke the Adgrv1 

signaling at 98th sec of imaging. Fluorescence values were normalized to the first 98 frames of 

images (F0). Calculation of intensity changes was done by following formula (F-F0)/ F0. 

Morphometric analysis of neurons 

To analyze neuronal dendritic complexity, Sholl analysis method was used as previously described 

(Ferreira et al., 2014). Briefly, images of MAP2 positive neurons were exported to ImageJ/Fiji and 

converted to 8-bit images and “IsoData” thresholding was applied to images. Thresholded images 

were converted to Mask and fill hole function applied. Binarized images were loaded into the SNT 

plugin in ImageJ/Fiji. Branches of neuritis were selected and semi-autonomous branch detection 

option of SNT used. Intersection numbers were exported to Excel and Sholl plots were generated 

using R Studio.  

Synaptic puncta analysis in cultured neurons 

Primary neurons isolated from WT and Adgrv1/del7TM mice hippocampi were cultured for 14 

days. For the quantification of the number of synaptic puncta along the MAP2 positive dendrites, 

SynapCountJ and NeuronJ Fiji/ImageJ plugins were used (Mata et al., 2016). Briefly, dendrites 

from individual neurons were tracked using NeuronJ plugin and dendritic structures saved as a tab-

limited text file (Txt). Next, dendritic branch information and images with synaptic channels were 

uploaded to SynapCountJ plugin. Images were manually thresholded and threshold values kept 

constant throughout the analysis. Synaptic densities were calculated per 100 µm dendritic length.  

Synaptic puncta sizes were analyzed with another Fiji/ImageJ plugin Synapse Counter (Dzyubenko 

et al., 2016). Images were thresholded with Triangle and synaptic particle size was limited from 20 

px2 to 400 px2 using the batch mode function of the plugin. 

Microscopy 

Images were acquired using a Leica DM6000B Microscope (Leica-Bensheim) or a Nikon eclipse 

Ti2-E microscope (Nikon Instruments Inc) equipped with CSU-W1-T2 automatic Spinning Disk 

Confocal Scanning unit (Yokogawa Electric Corporation). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 28, 2024. ; https://doi.org/10.1101/2024.04.25.591120doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.25.591120
http://creativecommons.org/licenses/by-nc-nd/4.0/


12 
 

Statistical analyses  

Statistical analyses were performed with Graphpad Prism 9.0 software (GraphPad Software Inc.). 

Differences between two sets of data were assessed via a two-tailed Student’s t-test. In the case of 

multiple group comparisons, one way ANOVA was employed, followed by either Dunnett’s 

multiple comparison tests or Sidak’s multiple comparison tests, chosen based on the specific data 

being compared. Significance levels were defined as *p < 0.05, **p < 0.01, and ***p < 0.001. The 

bar plots display means with standard deviations (mean ± SD). The box plots exhibit the median 

(central line), while the edges of the boxes represent the interquartile range (25th-75th percentile). 

The whiskers depict the range for the upper 25% and lower 25% of the data points. 

 

 

RESULTS 

Adgrv1 controls astrocyte morphology in the mature mouse hippocampus 

We have previously shown that the morphology of primary astrocytes is altered in Adgrv1/del7TM 

mice (Kusuluri et al., 2021). To examine the astrocyte morphology in situ, we stained cryosections 

of the hippocampus of mature Adgrv1/del7TM and control wild-type (WT) mice for the astrocyte 

marker glial fibrillary protein (GFAP) (Figures 1B, and S1). We then quantified the branching, the 

circularity, and the convex-hull area of astrocytes in the different subregions of the hippocampus 

(Figure 1C). The number of branches in astrocytes was significantly increased in all three Cornu 

ammonis regions of the hippocampus (CA1, CA2, and CA3) in Adgrv1/del7TM compared to WT 

(Figures 1D-F). The circularity (polarization) and convex-hull area of the astrocytes were 

significantly reduced in CA1 and CA2, but not in CA3 (Figures 1E, F). These data suggest that the 

lack of Adgrv1 results in morphological changes in astrocytes, predominantly in the CA1 region 

of the hippocampus. 

Loss of astrocytes in hippocampus regions of Adgrv1/del7TM mice 

Next, we examined whether the number of astrocytes in the hippocampus is altered in 

Adgrv1/del7TM mice. The number estimated by determining the level of expression of the 

astrocyte-specific markers GFAP and SOX9 in Western blots of hippocampus tissue (Figures 2A, 

B). Quantification of Western blot bands showed a slight decrease of GFAP and SOX9 expression 

in the hippocampus of Adgrv1/del7TM mice. We subsequently stained cryosections through the 

hippocampus for GFAP, SOX9, and DAPI and counted the immunostained astrocytes in the 
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different regions (Figures 2C, D). There were no significant changes in the number of astrocytes 

in the CA2, CA3, and dentate gyrus region, but a significant decrease in the number of astrocytes 

in the CA1 region of Adgrv1/del7TM hippocampi compared to WT controls. 

Affinity proteomics reveals the interaction of ADGRV1 with proteins enriched in astrocytes 

We have previously identified numerous putative interacting proteins of ADGRV1 by affinity 

proteomics capture approaches based on tandem affinity purifications (TAP) combined with mass 

spectrometry (Figure S2A) (Knapp et al., 2019, 2022). Re-analyzing our TAP datasets previously 

obtained in HEK293T and hTERT-RPE1 cells (PXD042629), we identified 289 proteins which are 

enriched in the proteome of astrocytes (Batiuk et al., 2020) as potential interacting proteins to 

ADGRV1 (Table S1, subtitle 1: Enriched protein annotations; Figure S2B). GO term analysis of 

these astrocyte proteins showed that in total 52 proteins are clustered in the GO term 

“Transmembrane transporter activity” (Table S1, subtitle 2: Biological function analysis; Figure 

S2C). Interestingly, five of these potentially interacting proteins of ADGRV1 were also found 

under the GO term “L-glutamate import” (subtitle Table S1; Figure S2C, D) suggesting a link to 

the glutamate homeostasis, a major function of astrocytes in the CNS. In particular, the two plasma 

membrane proteins, namely the excitatory amino acid transporters SLC1A1/EAAT3 and 

SLC1A3/EAAT1/GLAST1 are core proteins of the glutamate uptake machinery in astrocytes 

(Cuellar-Santoyo et al., 2023) and the three mitochondrial carrier family proteins, 

SLC25A12/Aralar, SLC25A13, and SLC25A22 are related to the glutamate metabolization in the 

TCA (Table S1, subtitle 3: Transporters and L-Glutamate import; Figure S2D) (Hillen and Heine, 

2020). These findings indicated that ADGRV1 potentially interacts with numerous proteins that 

are important for the astrocyte functions in the nervous system. 

Transcriptome analysis reveals differentially expressed genes (DEGs) related to glutamate 

homeostasis and epilepsy in the hippocampus of Adgrv1/del7TM mice 

Next, we performed genome-wide mRNA sequencing from hippocampus tissue dissected from 

Adgrv1/del7TM and WT mice. The comparison of transcriptomes revealed 80 differentially 

expressed genes (DEGs) in the hippocampus of Adgrv1/del7TM in relation to WT mice (Table 

S2). The removal of the non-coding RNAs from the list of DEGs due to incomplete genome 

annotation (Boivin et al., 2020) resulted in 25 and 31 protein-coding genes being significantly up 

or down regulated, respectively (Figure 3A, B; Table S2).  
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Gene set enrichment analysis (GSEA) of the term “cellular compartment” showed that 

DEGs in the hippocampus of Adgrv1/del7TM mice are associated with “cellular endomembrane 

system entity”, “cytoplasmic intracellular vesicle”, “plasma cell bounded projection”, 

“intracellular non-membrane-bounded organelle” and “cytoplasm membrane-bounded 

anatomical structure” (Figure 3C) (date of analysis: 24.08.2023). GSEA of “biological function” 

showed that DEGs in Adgrv1/del7TM hippocampus are associated with functions related to “cell 

signaling”, “cellular response to stimulus”, “regulation of biological processes”, “establishment 

of nitrogen compound transport” and “protein cellular macromolecule localization” (Figure 3D) 

(date of analysis: 24.08.2023).  

In screens of the Harmonizome 3.0 database (Rouillard et al., 2016) (date of analysis: 

22.12.2023) we found 6 DEGs associated with epilepsy diseases in Adgrv1/del7TM hippocampus. 

Of these genes, 4 were found to be upregulated (Nudt3, Adar, Adgrv1, Hif3a) while 2 were 

downregulated (Trh, Grm4). Interestingly we found that epilepsy associated genes Adar, Hif3a, 

Trh, and Grm4 also play a role in glutamate receptor and metabolism regulation. In addition to 

those DEGs, we identified Pcdh17, Chrm5, Gabra2, and Ptpn5 which function as glutamate 

receptor and metabolism regulatory proteins (Figure 3B).  

Transcriptome analysis of human patient-derived cells confirmed DEGs related to glutamate 

homeostasis and epilepsy 

Next, we performed genome-wide mRNA sequencing of dermal fibroblasts of a confirmed USH2C 

patient and a healthy individual by Illumina platform and pair end reads were mapped and 

quantified (Figure 4). Our DEG analysis of the transcriptomes revealed a total of 1,319 DEGs 

(Table S3, subtitle 1: All DEGs of patient vs healthy fibroblasts). By GO term analysis applying 

the web application of the amigo2 and previously reported epilepsy-associated genes (Macnee et 

al., 2023) we identified in 87 genes related to “transporter activity” and 63 genes related to 

“epilepsy associated”, respectively (Table S4, subtitle 2: Transporter activity genes, subtitle 3: 

Epilepsy associated genes).  (https://amigo.geneontology.org/amigo) (Figure 4A, B). 24 of these 

DEGs (15 up-regulated and 9 down-regulated) were identified as being common to genes involved 

in transporter activity and to genes associated with epilepsy. (Figure 4B, Table S3, subtitle 4: 

Common in Transporter activity and epilepsy associated gene). For further GSEA analysis, we 

combined “transporter activity” and “epilepsy associated genes” which was a total number of 125 

DEGs. Of these DEGs, 74 genes were up- and 51 genes were downregulated (Figure 4A, S3, Table 
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S3, subtitle 5: DEGs in epilepsy and transport). A comparison with of these DEGs with those found 

in the Adgrv1/del7TM hippocampus revealed that the solute carrier proteins SLC2A1, SLC4A3, 

and SLC19A3 were present as DEGs in both transcriptomes (Figure 4A, B, S3). 

We additionally performed GSEA on the DEGs which were detected in the patient 

fibroblasts. The cellular compartment GSEA showed that DEGs are related to “AMPA ionotropic 

glutamate complex”, “neurotransmitter receptor complex”, “plasma membrane signaling 

complex”, “organelle envelope” and “nuclear membrane envelope” (Figure 4C). GSEA of 

biological function showed that DEGs in patient fibroblast are associated with “calcium response”, 

“regulation potassium ion transport”, “adult cognition locomotory behavior “forebrain, 

hippocampus, limbic and pallium development” and “cation monoatomic transporter activity” 

(Figure 4D). GSEA of the “biological function” subclusters showed that DEGs in patient fibroblast 

are also related to “nerve development and neuron migration” as well as the “development of the 

brain regions”, such as the forebrain, hippocampus, and telencephalon (Figure 4D).  

Altogether, Adgrv1 deficiency causes the dysregulation of genes related to glutamate 

homeostasis and epilepsy in mouse hippocampus and patient-derived cells.  

Glutamate uptake of primary brain astrocytes depends on Adgrv1 activation 

Our omics data analysis suggested that ADGRV1 may play an important role in glutamate 

homeostasis in hippocampal astrocytes. To confirm the data at a functional level, we accessed 

glutamate uptake in primary astrocytes in vitro using a glutamate uptake assay introduced by 

(Mahmoud et al., 2019). Primary astrocytes were isolated from Adgrv1/del7TM and WT p0 mice 

and incubated with either 100 or 200 µM glutamate in a Ca2+ containing cell culture medium. 

Colorimetric analysis of the supernatants demonstrated the dose-dependent reduction in glutamate 

uptake by Adgrv1/del7TM astrocytes compared to WT controls (Figure 5A). 

To follow the uptake of glutamate from the media into the primary astrocytes, we used the 

genetically encoded glutamate reporter GFAP.iGluSnFR3.v857.GPI (Aggarwal et al., 2023). This 

glutamate reporter contains a glycosylphosphatidylinositol anchor that allows it to bind to 

glycosylphosphatidylinositols in biological membranes and thereby to monitor changes in 

glutamate concentration (Kinoshita and Fujita, 2016). In the first set of experiments, we confirmed 

that the glutamate reporter activity can be induced in both primary WT and Adgrv1/del7TM 

astrocytes by the addition of 10 mM glutamate to the culture medium (Figure S4). Next, we 

activated Adgrv1 using the “Stachel” of ADGRV1, an 11-amino acid peptide SVYAVYARTDN, 
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which we had previously identified as the tethered agonist of the receptor (Knapp et al., 2022) to 

the culture medium of GFAP.iGluSnFR3.v857.GPI expressing primary astrocytes. Activation of 

Adgrv1 by the spike peptide led to an increase in reporter fluorescence in primary WT astrocytes, 

but not in astrocytes derived from Adgrv1-deficient Adgrv1/del7TM (Figure 5B, C). A control 

peptide, which consisted of a randomized amino acid sequence and should not activate Adgrv1, 

did not cause an increase in fluorescence in WT astrocytes (data not shown). Collectively, our data 

demonstrate that glutamate uptake into primary brain astrocytes depends on the activation of 

Adgrv1. 

The catabolism of internalized glutamate is increased in Adgrv1/del7TM hippocampal 

astrocytes 

Alternative to its detoxification in the glutamate-glutamine cycle, glutamate can be also 

metabolized in astrocytes by TCA in mitochondria (Nissen et al., 2015). In the TCA, glutamate 

dehydrogenase (GDH) is the key enzyme, and its activity is a benchmark for glutamate 

metabolization. Measuring the GDH in cultured astrocytes with a colorimetric assay revealed an 

almost 1.5-fold increase in GDH activity in Adgrv1/del7TM astrocytes compared to WT astrocytes 

(Figure 5D). 

Expression of glutamine synthetase is reduced in hippocampus of Adgrv1/del7TM mice 

Next, we analyzed the protein expression of key components of the glutamate-glutamine cycle in 

astrocytes of the hippocampal CA1 region: the glutamate transporter GLAST which imports 

glutamate from the extracellular space (Zhou et al., 2014) and the glutamine synthetase (GS) 

catalyzes the glutamine synthesis from glutamate in the cell (Papageorgiou et al., 2018) (Figure 6). 

We immunostained sections through the hippocampal CA1 region of Adgrv1/del7TM and WT 

mice for GS, GFAP, and DAPI (Figure 6A). Confocal microscopy demonstrated bright 

immunofluorescence of GS in GFAP-positive astrocytes of WT mice, and a greatly reduced 

fluorescence in astrocytes of Adgrv1/del7TM mice (Figure 6B). Quantification of anti-GS Western 

blots of hippocampus reveals a significant decrease in Adgrv1/del7TM mice (Figure 6C). In 

contrast, we observed only a minor and not significant increase in GLAST expression in the 

hippocampus of Adgrv1/del7TM neither by immunohistochemistry nor Western blotting (Figure 

6D-F). 
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Adgrv1 affects neurite morphogenesis in neurons 

To investigate the effects of Adgrv1 in neurons, we analyzed single neuron cultures from brains of 

Adgrv1/del7TM and WT mice on day 1 in vitro (DIV1) and day 3 in vitro (DIV3) by staining for 

the neuronal marker MAP2 and with DAPI (Figures 7).  

Morphological analysis of neurites in fluorescent microscopy images for neurite 

intersections (Sholl analysis), convex area, and maximal branch length revealed that all parameters 

were reduced in Adgrv1/del7TM neurons at both DIV1 and DIV3 (Figure 7C, H). All 

quantification analyses revealed significant differences (Figure 7D, I), except for the maximum 

branch length measurements in DIV3, which shows only a tendency in reduced length in 

Adgrv1/del7TM neurons (p value: 0.70) (Figure 7J). These findings suggest that Adgrv1 is not 

only important in astrocyte morphology (Figure 1C-F) but also has an additional significant 

influence on neuronal morphogenesis. 

Astrocyte Adgrv1 affects neurite morphogenesis 

Astrocytes cooperate with neurons and support them in a variety of ways to maintain and nurture 

the neuronal microenvironment and help to control neuronal migration during development 

(Sidoryk-Wegrzynowicz et al., 2011). To investigate the effects of Adgrv1 in astrocytes on 

neurons, we analyzed cocultures of primary astrocyte and neurons from brains of Adgrv1/del7TM 

and WT mice at DIV1 and DIV3 and identified neurons and astrocytes with immunostaining of 

MAP2 and GFAP, respectively (Figures 8 and 9).  

Sholl analysis of the fluorescence images indicated a significant increase in the number of 

neurite intersections in WT neurons when co-cultured with WT astrocytes at both DIV1 and DIV3, 

indicating a synergistic effect on neuronal development (Figure 8B, F). In contrast, co-culturing 

WT neurons with Adgrv1/del7TM astrocytes led to fewer neurite intersections at both stages, with 

the most pronounced effect at DIV3 (Figure 8B, F). Furthermore, the convex area of neurites in 

WT neurons was significantly increased by WT astrocytes at DIV1 but not at DIV3, suggesting a 

temporal influence on neurite morphology (Figure 8C, G). Interestingly, DIV3 cultures with 

Adgrv1/del7TM astrocytes exhibited a decrease in convex area compared to WT neuron cultures 

alone, highlighting the impact of Adgrv1 deficiency on neurite development (Figure 8C, G). 

However, the maximum branch length analysis revealed no significant differences in WT neurons 

when co-cultured with either WT or Adgrv1/del7TM astrocytes at DIV1 and DIV3 (Figure 8D, H). 
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Next, we explored the role of astrocyte Adgrv1 expression on Adgrv1-deficient neurons. 

Sholl analysis revealed a substantial increase in neurite numbers in the presence of WT astrocytes 

at both DIV1 and DIV3 (Figure 9B, F). Additionally, WT astrocytes significantly increased the 

convex area of neurites in WT neurons at DIV1, though not at DIV3, indicating a dynamic interplay 

between astrocytic Adgrv1 expression and neurite morphology (Figures 9C, G). Moreover, 

maximum branch length analysis of Adgrv1/del7TM neurons showed an initial increase at DIV1 

followed by a significant decrease at DIV3 in the presence of WT astrocytes (Figure 9D, H). 

However, Adgrv1/del7TM astrocytes showed an opposite effect on Adgrv1/del7TM neurons, 

namely an increase of the number of intersection numbers and of convex area of neurites at DIV1 

(Figure 9B, C) but inducing a significant decrease at DIV3 cultures (Figure 9F, G).  

In summary, Adgrv1 in astrocytes supports the beneficial role of astrocytes in neurite 

morphogenesis during neuronal development and the dysfunctions of Adgrv1-deficient astrocytes 

exacerbate defective neurite morphogenesis in Adgrv1-deficient neurons. 

Adgrv1 functions in the astrocyte-neuron crosstalk affecting synaptogenesis 

Astrocytes promote synapse formation in a variety of ways (Baldwin and Eroglu, 2017). To 

determine whether Adgrv1 in astrocytes plays a role in synaptogenesis in neurons, we isolated 

primary neurons and astrocytes derived from the hippocampus of WT or Adgrv1/del7TM mice and 

cultured primary neurons alone or together with primary astrocytes, respectively. In DIV14 

cultures, we immunostained neurons for homer, a post synaptic density (PSD) marker for excitatory 

synapses, gephyrin as a PSD marker for inhibitory synapses, and the neurite marker MAP2. This 

triple labelling allowed us to determine the number of PSD per 100 µm neurite length ~ (synaptic 

density) and sizes of the PSD puncta (~ synaptic strength) (Holler et al., 2021), and to distinguish 

between the excitatory and inhibitory synapses in neurites (Figure 10A).  

In neuron-only cultures of WT or Adgrv1/del7TM mice, there were no differences in the 

density of excitatory PSDs (homer puncta) on neurites while the density of inhibitory PSDs 

(gephyrin puncta) was slightly increased (Figure 10B, C). In co-cultures of WT neurons with 

astrocytes from either WT and Adgrv1/del7TM mice, the density of synaptic puncta was 

significantly increased in both excitatory and inhibitory synapses (Figure 10B, C) compared to 

neuron-only cultures. Co-culturing of Adgrv1/del7TM neurons with both WT and Adgrv1/del7TM 

astrocytes, respectively, did not affect the inhibitory PSD puncta density on neurites (Figure 10C). 

However, excitatory PSD puncta density on Adgrv1/del7TM neurites increased to the level of WT 
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neurites in co-cultures with WT astrocytes but decreased in co-cultures with Adgrv1/del7TM 

astrocytes (Figure 10B). Our data suggest that Adgrv1 in astrocytes controls the frequency of 

excitatory synapses on neurites but has only a modest effect on the frequency of inhibitory 

synapses. This may lead to an imbalance of excitatory-inhibitory (E/I) synapses which has been 

previously correlated with neurological diseases such as epilepsy (Bonansco and Fuenzalida, 

2016). 

Next, we measured and quantified the size of the synaptic puncta stained for homer and 

gephyrin, a feature previously shown to be related with synaptic strength (Holler et al., 2021) 

(Figure 10D, E). In WT neurons the puncta size for both excitatory and inhibitory PSDs was not 

affected by co-cultured WT and Adgrv1/del7TM astrocytes. However, in neuron-only cultures, the 

sizes of the excitatory and inhibitory PSDs were significantly decreased (p-value 1.29987e-19 and 

1.79652e-18, respectively) in Adgrv1/del7TM compared to WT control mice. This was 

compensated in co-cultures with Adgrv1/del7TM or WT astrocytes but were more prominent by 

WT astrocytes (Figure 10D, E).  

In summary, our data demonstrate that Adgrv1 expression in neurons significantly affects 

the size of PSDs which correlates with a reduced synaptic strength in Adgrv1-deficient neurons. 

Furthermore, our data show that the synaptic strength in Adgrv1-deficient neurites increases by the 

interaction with astrocytes and that Adgrv1 in astrocytes can potentiate this effect. 

 

 

DISCUSSION 

The high expression of ADGRV1 in astrocytes is indicative of its major importance for astrocyte 

functions which was confirmed by our omics data: Using affinity proteomics, we identified nearly 

300 proteins enriched in the proteome of human and mouse astrocytes (Batiuk et al., 2020) as 

potential interacting proteins of ADGRV1. In addition, transcriptome analyses of mouse 

hippocampus and human cells deficient for ADGRV1 revealed that numerous genes encoding for 

proteins with important functions in astrocytes were differentially expressed.  

Furthermore, our omics data analysis suggests that ADGRV1 is associated with signaling 

pathways that are highly specific for astrocytes and essential for their proper function. One of the 

major functions of astrocytes in the brain is the rapid clearance of excitatory neurotransmitter 

glutamate from the synaptic cleft after its release from the pre-synapse to prevent glutamate 
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neurotoxicity (Armbruster et al., 2016; Langer et al., 2017). Strikingly, we identified the glutamate 

transporters EAAT3 and EAAT1 (GLAST1) as potential interacting partners of ADGRV1 (Zhou 

et al., 2014; Piepgras et al., 2022). Although we did not find altered protein expression of glutamate 

transporters in Adgrv1-deficient cells, the interaction of ADGRV1 with these core proteins of the 

glutamate uptake machinery suggests a role in the regulation of glutamate uptake processes in 

astrocytes. Indeed, in in vitro glutamate uptake assays and by live cell imaging using a glutamate 

reporter, we found consistently reduced glutamate uptake in primary astrocytes deficient for 

Adgrv1 confirming that ADGRV1 participates in glutamate uptake in astrocytes. Interestingly, 

glutamate uptake by astrocytes could be triggered by the synthetic activator mimicking the tethered 

agonist peptide, (Knapp et al., 2022). This stimulation suggests that glutamate uptake is controlled 

by the activation of the CTF receptor part of ADGRV1 and is not due to its cell adhesion function. 

Failure in glutamate uptake by astrocytes and thereby of the clearance of glutamate form the 

extracellular environment can lead to glutamate toxification in the brain and lead to glia and neuron 

cell death (Kritis et al., 2015). The toxicity of excess glutamate in the extracellular milieu is 

probably the cause for the astrocyte depletion found in in the hippocampus Adgrv1/del7TM mice. 

After uptake by astrocytes, glutamate can be converted into the non-toxic essential amino 

acid glutamine catalyzed by GS as part of the glutamate-glutamine cycle between astrocytes and 

neurons (Papageorgiou et al., 2018). Alternatively, glutamate can be also metabolized in astrocytes 

by the TCA cycle which operates inside the mitochondria (Rose et al., 2020). A balanced 

interaction of the two pathways is vital for glutamate homeostasis in astrocytes and globally in the 

brain (Robinson et al., 2020). The identification of potential interacting proteins of ADGRV1 and 

DEGs in Adgrv1/del7TM mice related to both pathways collectively support a vital role of 

ADGRV1 in glutamate homeostasis. This role is further supported by the dysregulation of two key 

enzymes of the two pathways in Adgrv1-deficient astrocytes, namely an increase of the activity of 

the glutamate dehydrogenase (GDH) in the TCA and the glutamate synthetase (GS) a pivotal 

enzyme in the glutamate-glutamine cycle.  

Interestingly, the increase of the activity of the TCA enzyme GDH is accompanied in 

Adgrv1-deficient astrocytes by a drastic reduction in the expression of the GS protein, a key 

enzyme in the glutamate-glutamine cycle. The downregulation of GS in ADGRV1-deficient 

hippocampal astrocytes is likely due to deficient glutamate uptake, as described in previous studies, 

leading to accumulation of toxic intracellular glutamate in astrocytes (Trabelsi et al., 2017). 

Intriguingly, a decrease of GS expression accompanied with an increase of GDH activity was 
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previously described in patients with myoclonic absence epilepsy with sclerotic hippocampus 

(D.M. et al., 2005; Bahi-Buisson et al., 2008; Chan et al., 2019) a clinical condition that also occurs 

in ADGRV1-associated epilepsy (Leng et al., 2022). Overall, our results suggest that ADGRV1 is 

significantly involved in the control of glutamate homeostasis, which is imbalanced by defects in 

ADGRV1, which is proven to be disease relevant (Onaolapo and Onaolapo, 2020). 

In the brain, ADGRV1 is strongly expressed in neurons, but highest in astrocytes 

(McMillan and White, 2010) Here, we observed that deficiency of ADGRV1 leads to decreased 

abundance and altered morphology of astrocytes in the CA1 region of the hippocampus, most likely 

due to an imbalanced glutamate homeostasis. Corresponding changes in astrocyte morphology and 

number have been observed in diseases in which astrocytes are known to be involved in the 

pathogenesis such as acute brain trauma and chronic neuropathies, e.g., Alzheimer's disease, but 

also in the development of epilepsy (Wu et al., 2021; Hayashi et al., 2022; de Sousa et al., 2023). 

The increase in branching or convex hull area of astrocytes is thought to be a consequence of the 

reduced number of cells in the diseased brain due to their exploratory attempts to contact the 

remaining neurons. 

In the present study, we demonstrate that ADGRV1 is not only important for the functions 

of astrocytes but also of neurons. In developing neurons, the lack of ADGRV1 compromises neurite 

synaptogenesis. This is consistent with previously found interactions of ADGRV1 with numerous 

components of the pre- and post-synapse and with molecules important for synaptic signaling and 

neurotransmitter vesicle cycle (Knapp et al., 2019). The previously identified interactions of 

ADGRV1 with other synaptic molecules such as latrophillin 2 (ADGRL2) another aGPCR 

(Anderson et al., 2017), might be vital for synaptic function and synaptogenesis. This hypothesis 

supports our finding that expression of Adgrv1 in astrocytes is crucial for the size of excitatory and 

inhibitory synapses and thereby for synaptic strength (Chung et al., 2015; Gürth et al., 2020). 

Interestingly, the presence of Adgrv1 in astrocytes influences only the abundance of excitatory 

synapses on neurites, but not of inhibitory synapses. This possibly leads to an imbalance of 

excitatory-inhibitory (E/I) synapses previously correlated with neurological diseases such as 

epilepsy (Bonansco and Fuenzalida, 2016).  

In addition, we found that neurite branching was significantly reduced in ADGRV1-

deficient neurons. This reduction is consistent with the identification of DEGs in patient cells with 

mutations in ADGRV1 that encode proteins related to neuronal development and neuronal 
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migration as well as the development of brain regions. These results demonstrate a possible role of 

ADGRV1 in neurite outgrowth during neurogenesis previously proposed (Knapp et al., 2022).   

The molecular crosstalk between astrocytes and neurons is crucial for the correct 

development, function, and maintenance of the proper health of the CNS (Allen and Eroglu, 2017; 

Perez-Catalan et al., 2021). Here, we studied the contribution of ADGRV1 in astrocyte-neuron 

communication in co-cultures of primary cells from the mouse hippocampus. We found that 

developing primary WT neurons were supported in their development by the presence WT 

astrocytes but not by Adgrv1-deficent astrocytes. In addition, the defective development of 

Adgrv1/del7TM primary neurons was rescued by the presence of WT primary astrocytes but was 

potentiated by Adgrv1-deficent astrocytes. Our findings suggest the bidirectional interaction of 

ADGRV1 in astrocyte-neuron communication supportive for the correct development of neurons.  

Pathogenic variants of ADGRV1 cause quite distinct diseases such as human Usher 

syndrome type 2 leading to hereditary deaf blindness (Weston et al., 2004) and various forms of 

epilepsy in human and rodents (McMillan and White, 2010; Wang et al., 2015; Myers et al., 2018; 

Liu et al., 2020; Leng et al., 2022; Zhou et al., 2022). It can be assumed that the loss of the fibrous 

membrane links formed by the extracellular domain of ADGRV1 cause crucial defects in the 

sensory cells of the inner ear and eye leading to USH2C (Lefèvre et al., 2008; Maerker et al., 2008). 

It is possible, but no current evidence suggests, that dysfunctions of ADGRV1 in astrocytes may 

also contribute to the USH disease in eye and the inner ear links.  

The data presented in this paper provides first insights into the molecular and cellular basis 

underlying epilepsy associated with mutations in ADGRV1. Present omics data identified 

molecules as potential interaction partners of ADGRV1 related to glutamate homeostasis (see 

above) have been previously also associated with epilepsy (Lechan and Fekete, 2006; Poduri et al., 

2013; Falk et al., 2014; Saleh et al., 2020; Sachs et al., 2023). The absence of ADGRV1 from these 

protein complexes may also result in pathways altered in epilepsy. This is consistent with our 

finding that DEGs found in the hippocampus of Adgrv1/delTM7 mice and in patient-derived cells 

with ADGRV1 deficiency have previously been associated with epilepsy. Interestingly, the 

morphological and physiological alterations in astrocytes were pronounced especially in the CA1 

of the hippocampus, a region which is vulnerable to glutamate toxicity (Ouyang et al., 2007), where 

recently astrocyte loss was related to early epileptogenesis (Wu et al., 2021). Cumulatively, our 

data support the hypothesis that the molecular origin of ADGRV1-associated epilepsy lies in the 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 28, 2024. ; https://doi.org/10.1101/2024.04.25.591120doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.25.591120
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 
 

dysfunction of astrocytes in the hippocampus due to impaired glutamate homeostasis and its 

consequences caused by ADGRV1 deficits. 

Conclusion   

We show here that ADGRV1 is crucial for the morphology and physiology of hippocampal 

astrocytes. ADGRV1 deficiency imbalances the glutamate homeostasis possibly leading to 

glutamate toxification in the cell and neuronal tissue. The resulting consequences presumably lead 

to impaired neuronal development and to impaired communication between astrocytes and neurons 

in the brain. These molecular dysfunctions of ADGRV1-deficent astrocytes provide first clues to 

understanding the pathomechanisms in epilepsy associated with mutations in ADGRV1 and will be 

essential in the development of future therapies. Future studies aimed at the physiology of receptor 

complexes in astrocytes and neurons related to ADGRV1 and the pathways downstream to 

activated ADGRV1 could assist to defining the precise mechanisms of ADGRV1 functions in the 

CNS in health and disease. This should also provide further targets for therapies and offer prospects 

for the future treatment and cure of ADGRV1-related epilepsy. 
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Figures and Legends 

Figure 1 
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Figure 1. Morphological analysis reveals differences between astrocytes in WT and 

Adgrv1/del7TM mouse hippocampi. (A) Domain structures of ADGRV1 full length and 

Adgrv1/del7TM proteins. The cleavage of the full-length molecule from the highly conserved 

GPCR proteolytic site (GPS) in the GAIN (autoproteolysis-inducing) domain results in relative 

short C-terminal fragment (CTF) which contains 7-transmembrane (7TM) and intracellular domain 

(ICD) and extra-large N-terminal fragment (NTF). Extra-large N-terminal fragment contains 

calcium binding Calxß repeats, seven epilepsy-associated/Epimptin like (EAR/EPTP) repeats, and 

pentaxin/laminin G-like domain (Lamg/PTX). Adgrv1/del7TM mice carry a nonsense mutation in 

V2260* which results in STOP codon and leads to deletion 7TM and ICD domains. (B) Overview 

of hippocampal sections from WT and Adgrv1/del7TM hippocampus through the CA (Cornu 

ammonis) 1, CA2 and CA3 subregions of the hippocampus stained for GFAP and for nuclear DNA 

by DAPI. (C) Anti-GFAP stained astrocytes in the three different CA1-3 regions of the 

hippocampus and the quantification of (D) branching, (E) circularity and (F) convex hull areas. n 

= 3 per mouse group, 3 continuous sections were analysed. In total 150-160 cells from CA1, 80-

85 cells from CA2 and 75-85 cells from CA3 were used for the quantification. Scale bar: 25 μm. 

Statistics: two-tailed Student´s t test; *p≤0.05, **p≤0.01, ***p≤0.001. 
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Figure 2 
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Figure 2. Analysis of the abundance of astrocytes in the hippocampus of Adgrv1/del7TM and 

wild type mice. (A, B) Quantitative Western blot analyses of the astrocyte marker proteins GFAP 

(A) and SOX9 (B) demonstrate the decrease of the expression of both proteins in the hippocampus 

of Adgrv1/del7TM mice.  (C, D) Immunofluorescence staining of GFAP (C) and SOX9 (D), 

counterstained by DAPI for nuclear DNA in cryosections through the hippocampus of 

Adrgv1/del7TM and WT control mice. Quantification of GFAP-positive and SOX9-positive 

astrocytes revealed the significant decrease in the number of astrocytes only in the hippocampus 

CA1 region of Adgrv1/del7TM mouse compared to WT. n = 3 per mice group, 3 continuous 

sections were analysed. Scale bars: C: 25 μm; D: 200 µm. Statistical evaluation by two-tailed 

Student´s t test; *p≤0.05, **p≤0.01, ***p≤0.001. 
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Figure 3. 
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Figure 3. Transcriptome analysis of the hippocampus of Adgrv1/del7TM and WT mice. (A) 

Heatmap of differentially expressed genes (DEG) in the hippocampus of wild type control (WT) 

and Adgrv1/del7TM (del7TM) mice. Red, upregulated, and blue, downregulated genes in 

Adgrv1/del7TM compared to WT. Only adjusted p-values less than 0.05 are shown. (B) Volcano 

plot of DEGs associated to epilepsy (green) and related to transporter activity (orange) in the 

hippocampus Adgrv1/del7TM mice. (C) Gene set enrichment (GSE) analysis for the biological 

function of the DEGs shown in clusters. (D) GSE for the cellular compartment analysis of DEGs. 

n=3 biological replicates for WT and n=2 biological replicates for del7TM. 
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Figure 4. 
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Figure 4. Transcriptome analysis of fibroblasts derived from patient and a healthy 

individuum. (A) DEGs of epilepsy-associated and transporter activity genes in patient derived 

fibroblasts are shown in heatmap analysis. Red color cells indicate upregulated genes and blue 

color cells indicate downregulated genes.  (B) Volcano plot of DEGs shows the genes are common 

in epilepsy-associated genes and transporter activity related genes in patient-derived fibroblast. (C) 

Gene set enrichment (GSE) in total 125 DEGs shown in clusters. (D) GSE for “cellular 

compartment” analysis of differentially expressed genes. Only adjusted p-values less than 0.05 are 

shown. n=3 replicates for the analysis of healthy and USH2C fibroblasts. 
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Figure 5. 
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Figure 5. Glutamate uptake is mediated by Adgrv1 in primary astrocytes. (A) Glutamate 

uptake assay showing a dose-dependent reduction in Adgrv1/del7TM primary astrocytes. (B) Live-

cell imaging of pAAV.GFAP.iGluSnFR3.v857.GPI transfected primary astrocytes derived from 

WT and Adgrv1/del7TM mice. Time-lapse image sequences of the fluorescent glutamate reporter 

were recorded with a sequence of 700 ms in a time course of 300 seconds with and without 

activation by the Statchel peptide. (C) Fluorescence intensity changes were calculated with F/F0 

formula to obtain before and after application changes in fluorescence intensities. The yellow line 

indicates application of 1 mM “Stachel” peptide for receptor activation. F/F0 iGluSnFR3 intensity 

changes revealed an increase in WT astrocytes after Stachel peptide application, whereas there was 

no change observed in Adgrv1/del7TM astrocytes. (D) Glutamate dehydrogenase activity 

significantly increases in Adgrv1/del7TM astrocytes. For glutamate dehydrogenase activity assay 

3 technical and 3 biological replicates were used for the quantification. For iGluSnFR3 intensity 

analysis n=7 (WT) and n=9 (Adgrv1/del7TM) in n=3 independent experiments were used. Data 

are represented as mean ± SD. Statistical evaluations were performed for bar plots using two-tailed 

Student’s t test and using Kruskal-Wallis test for iGluSnFr3 curves*p % 0.05, **p % 0.01, ***p % 

0.001. Scale bars: 20 µm.  
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Figure 6. 
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Figure 6. Expression analysis of glutamine synthetase (GS) and GLAST in astrocytes of the 

hippocampus of Adgrv1/del7TM and wild type control mice. (A) Double immunofluorescence 

staining for GS (red) and for the astrocyte marker GFAP (green) in sections through the CA1 region 

of the hippocampus counterstained for nuclear DNA by DAPI (blue). Merged images revealed 

localization and abundant expression of GS in GFAP-positive astrocytes in WT mice which is 

almost absent in Adgrv1/del7TM mice. (B) Quantification of anti-GS immunofluorescence 

intensity in in GFAP-positive astrocytes of hippocampal CA1 region reveals a high significant 

decrease in Adgrv1/del7TM mice. (C) Anti-GS Western blot analysis of hippocampal lysates 

demonstrates the significant decrease of GS protein expression in Adgrv1/del7TM mice. (D) 

Indirect immunofluorescence staining for GFAP (green) and glutamate transporter GLAST (red) 

counterstained by DAPI (blue) in the CA1 region of the hippocampus of Adgr1/del7TM (del7TM) 

and wild type (WT) mice. (E) Quantification of anti-GLAST immunofluorescence intensity in 

GFAP-positive astocytes of hippocampal CA1 region shows slight but not significant increase in 

Adgrv1/del7TM. n=3, number of sections quantified: 3 continuous sections per group. (F) Anti-

GLAST Western blot analysis of hippocampal lysates of Adgrv1/del7TM and WT mice. 

Densitometry analysis related to Gapdh expression (A.U) showed tentative but an no upregulation 

of GLAST expression in Adgrv1/del7TM. n=3 animals and 3 continuous sections per group were 

used. Statistics: two-tailed Student´s t test, One way-ANOVA test; *p≤0.05, **p≤0.01, 

***p≤0.001. Scale bars: 20 µm. Magnified images Scale bars: 200 µm and 20 µm. 
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Figure 7. 
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Figure 7. Morphometric characterization of primary neurons derived from WT and Adgrv1 

mouse hippocampi. (A, B) Primary neurons isolated from the E18.5 WT and Adgrv1/del7TM 

mouse hippocampi were cultured for 1 day and stained with anti-MAP2 (green) and anti-GFAP 

(magenta) to visualize neurites of neurons and astrocytes, respectively. (C) Sholl analysis method 

applied for the quantification of intersection numbers of WT (green line) and Adgrv1/del7TM (red 

line) neuron cultures. A significant decrease in the number of neuronal intersections were observed 

in Adgrv1/del7TM neurons only cultures compared to the WT neuron cultures in day in vitro 1 

(DIV1). (D) Analysis of Convex area showed a significant reduction in area of Adgrv1/del7TM 

neurons compared to WT neurons. (E) Maximum branch length of intersection in Adgrv1/del7TM 

neurons were also reduced. (F) WT and Adgrv1/del7TM neurons were cultured for 3 days in vitro 

(DIV 3). Neurons were identified with anti-MAP2 (green) and possible astrocyte contamination 

were detected with anti-GFAP (magenta) antibodies. (H) Quantification of intersection numbers 

by sholl analysis showed that Adgrv1/del7TM neurons have significantly less intersection numbers 

compared to WT neurons in DIV3. (I) Convex area quantification revealed that reduction in the 

area of Adgrv1/del7TM neurons persisted in DIV3 compared to WT neurons. (G) Maximum 

branch length of intersection analysis in DIV3 showed tentative decrease but no significant 

differences in between Adgrv1/del7TM and WT neurons. 60-70 cells in total for n=3 experiments. 

Statistics: One way-ANOVA test; *p≤0.05, **p≤0.01, ***p≤0.001. Scale bar: 10 µm. 
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Figure 8.
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Figure 8. Morphometric characterization of primary neurons derived from WT mouse 

hippocampi co-cultured with WT and Adgrv1/del7TM astrocytes.  (A) Primary neurons 

isolated from the WT E18.5 mouse hippocampus were cultured alone and together with WT or 

Adgrv1/del7TM astrocytes for DIV1. Anti-MAP2 (green) and anti-GFAP (magenta) were used for 

the visualization of neuronal neurites and astrocytes, respectively. Arrow heads indicate the 

neurites of primary neurons. (B) Sholl analysis revealed that co-culturing of WT neurons with WT 

astrocytes (red line) resulted in significant increase of intersection numbers of WT neurons. On 

contrary, co-culturing of WT neurons with Adgrv1/del7TM astrocytes (blue line) showed slight 

but significant decrease compared to WT neuron only cultures (black line). (C) Convex area 

analysis showed a notable increase in area of WT neurons co-cultured with WT astrocytes. 

However, no significant changes were observed in co-cultures with Adgrv1/del7TM astrocytes. 

(D) Maximum branch length of intersection in WT neurons did not change on both co-cultured 

together with WT and Adgrv1/del7TM astrocytes. (E) Immunofluorescence staining of neuronal 

neurites and astrocytes using Anti-MAP2 (green) and anti-GFAP (magenta), respectively in DIV3. 

(F) Total number of the intersections in WT neurons co-cultured with WT astrocytes (red line) 

showed the highest neurite numbers in DIV3 similar to DIV1 cultures. The analysis revealed that 

compared to WT neurons only cultures (black line) and WT neurons with WT astrocyte cultures 

(red line), co-culturing of WT neurons with Adgrv1/del7TM astrocytes (blue line) resulted in the 

lowest intersection numbers in DIV3 of culture.  (G) Convex area quantification showed a 

significant decrease in WT neuron areas co-cultured with Adgrv1/del7TM astrocytes in DIV3. 

However no significant changes were observed in the WT neuron area when co-cultered with WT 

astrocytes.  (G) Maximum branch length of intersections in WT neurons did not change in both co-

cultures together with WT and Adgrv1/del7TM astrocytes in DIV3. However, analysis revealed 

that WT neurons with WT astrocytes co-cultures have significantly smaller areas compared to WT 

neurons with Adgrv1/del7TM astrocytes. 60-70 cells in total for n=3 experiments. Statistics: One 

way-ANOVA test; *p≤0.05, **p≤0.01, ***p≤0.001. Scale bar: 10 µm. 
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Figure 9. 
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Figure 9. Morphometric characterization of primary neurons derived from Adgrv1/del7TM 

mouse hippocampi co-cultured with WT and Adgrv1/del7TM astrocytes.  (A) Primary neurons 

isolated from the Adgrv1/del7TM E18.5 mouse hippocampus were cultured alone or together with 

WT or Adgrv1/del7TM astrocytes for DIV1. Anti-MAP2 (green) and anti-GFAP (magenta) were 

used for the visualization of neuronal neurites and astrocytes, respectively. Arrow heads indicate 

the neurites of neurons. (B) Sholl analysis of Adgrv1/del7TM neurons only cultures (black line) 

revealed the least intersection numbers. Co-culturing of the Adgrv1/del7TM neurons with WT (red 

line) or Adgrv1/del7TM (blue line) resulted in significant increase in intersection numbers. The 

most prominent increase in intersection numbers was observed in Adgrv1/del7TM neurons co-

cultured with WT astrocytes. (C) Co-cultures of Adgrv1/del7TM neurons with WT or 

Adgrv1/del7TM astrocytes significantly increased the area of Adgrv1/del7TM neurons. The most 

prominent increases in the Adgrv1/del7TM neuron areas were observed in co-cultures with WT 

astrocytes. (D) Maximum branch length of intersection in Adgrv1/del7TM neurons significantly 

increased in both co-cultured together with WT and Adgrv1/del7TM astrocytes in DIV1. (E) 

Double immunofluorescence staining of neuronal neurites and astrocytes using Anti-MAP2 (green) 

and anti-GFAP (magenta), respectively in DIV3. (F) The highest intersection numbers were 

observed in Adgrv1/del7TM neurons when co-cultured with WT astrocytes (red line). 

Adgrv1/del7TM neurons co-cultured with Adgrv1/del7TM astrocytes (blue line) showed a 

significantly lowest intersection numbers compared to both Adgrv1/del7TM neuron only cultures 

(black line) and Adgrv1/del7TM neurons/WT astrocyte co-cultures in DIV3. (G) Co-culturing the 

Adgrv1/delTM neurons with both WT and Adgrv1/del7TM astrocytes did not change the area of 

Adgrv1/del7TM neurons. However, a significant reduction observed in Adgrv1/del7TM neuron 

and Adgrv1/del7TM astrocyte co-cultures compared to co-cultures with WT astrocytes in DIV3. 

(G) Maximum branch length of intersections in Adgrv1/del7TM neurons co-cultured with WT 

astrocytes showed significant reduction compared to Adgrv1/del7TM neuron only and 

Adgrv1/del7TM neuron co-cultured with Adgrv1/del7TM astrocytes in DIV3. 60-70 cells in total 

for n=3 experiments. Statistics: One way-ANOVA test; *p≤0.05, **p≤0.01, ***p≤0.001. Scale bar: 

10 µm. 
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Figure 10. 
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Figure 10. Co-culturing of WT and Adgrv1/del7TM neurons with WT astrocytes increases 

synaptic numbers and sizes. (A) Hippocampal neurons from WT and Adgrv1/del7TM mice were 

immunolabelled with anti-Homer (Green), anti-Gephyrin (Cyan) and anti-MAP2 (red). Nucleus 

was counter-stained with DAPI. (B) Quantification of excitatory post-synaptic puncta revealed that 

similar Homer puncta in WT and Adgrv1/del7TM neuron cultures. WT astrocyte and neuron co-

cultures increased the Homer puncta number in both neuron cultures. The lowest homer puncta 

number was observed in Adgrv1/del7TM astrocyte-neuron co-cultures. (C) Quantification of 

inhibitory post-synaptic puncta using Gephyrin staining showed significantly more puncta in 

Adgrv1/del7TM neuron only cultures compared to WT neuron cultures. While astrocyte co-

cultures increased the numbers of inhibitory synaptic puncta in WT neuron co-cultures, no 

differences observed in Adgrv1/del7TM neuron co-cultures. (D) Excitatory post-synaptic puncta 

size did not change in WT neuron co-cultures with WT or Adgrv1/del7TM astrocytes. 

Adgrv1/del7TM neurons showed significantly smaller size of Homer puncta. Smaller size observed 

in Adgrv1/del7TM neurons were increased by co-culturing with WT or Adgrv1/del7TM astrocytes. 

(E) Similar to excitatory synapses quantification, there was a significant decrease in inhibitory 

synaptic puncta in Adgrv1/del7TM neurons. Highest puncta sizes were observed in neurons with 

WT astrocyte co-cultures. Scale bar: 10 and 20 µm. 15-16 cells in total for n=3 experiments were 

used, and statistical evaluation was performed using Student´s t-test analysis: *p≤0.05, **p≤0.01, 

***p≤0.001. 
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Supplemental Figures 

 

 

Figure S1. Reference coronal brain sections from mouse brain atlas for the identification of 

hippocampus subregions.  

The subregions of the mouse hippocampus sections were identified using the Allen mouse brain 

atlas (https://mouse.brain-map.org/) during the image analysis. Scale bar: 25 µm. 
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Figure S2.  TAP analysis reveals a complex protein network related to ADGRV1 protein  

(A) Different Strep II/FLAG (SF)-tagged ADGRV1 constructs used as a prey in Tanden affinity 

purification (TAP) to revealing potential interaction partners of ADGRV1 using HEK293T cells. 

ADGRV1 constructs were tagged from C or N terminals to eliminate false binding partners and 

changes in receptor structure. (B) GO term analysis revealed astrocyte enriched protein in 

ADGRV1 TAP analysis. The Venn-diagram shows a high overlap in astrocyte enriched proteins in 

4 different ADGRV1 constructs, and string network analysis shows interactions. (C) 

Transmembrane transporter activity related proteins highly overlapped in SF-N-ADGRV1a, SF-

N-ADGRV1_CTF and SF-C-ADGRV1 preys. (D) L-glutamate import related proteins have 

enriched in SF-N-ADGRV1a and SF-C-ADGRV1 preys. 

 

 

 

 

 

  

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 28, 2024. ; https://doi.org/10.1101/2024.04.25.591120doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.25.591120
http://creativecommons.org/licenses/by-nc-nd/4.0/


54 
 

 

 

Figure S3. Differential expressed genes (DEGs) in patient-derived fibroblasts compared to 

fibroblasts from a healthy individuum. The average expression profiles from 3 replicates of 

healthy individuum and patient fibroblasts. Blue color shows downregulated genes and red color 

shows upregulated genes in patient-derived fibroblasts compared to healthy individuals.   
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Figure S4. Images from live-cell imaging of pAAV.GFAP.iGluSnFR3.v857.GPI (green) 

expressing WT and Adgrv1/del7TM astrocytes.  

Time-lapse image sequences of pAAV.GFAP.iGluSnFR3.v857.GPI was recorded with 700 ms 

intervals for a total of 300 seconds. 10 µM glutamate was applied to the cells in 98th image of the 

sequence. 
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3. Summary of results and general discussions 

In my cumulative PhD thesis, I have investigated the function of ADGRV1 in FAs, utilizing 

primary astrocytes derived from mouse brain tissue Publications I and II and its additional 

functions in hippocampal astrocytes. While several studies have explored GPCR activities in 

astrocyte physiology and their impact on the CNS, there has been limited research specifically 

examining the role of aGPCRs in astrocyte. To elucidate ADGRV1 function, we have therefore 

developed a robust method for isolating primary astrocytes (Publication I). The localization of 

ADGRV1 at focal adhesion (FA) molecules has been validated, with evidence indicating its 

function as a metabotropic mechanosensory receptor (Publication II). The role of ADGRV1 

in dynamic regulation of FA arrangement and recruitment has been shown using live-cell 

imaging methods in migrating primary astrocytes. We have shown that ADGRV1 controls the 

assembly but not disassembly of FAs and regulates their recruitment to the FA macromolecular 

complex. (Publication III). Finally, the role of ADGRV1 in the mouse hippocampus was 

shown by using molecular and morphological approaches (Preprint I). This study revealed that 

ADGRV1 expression in astrocytes controls hippocampal astrocyte morphology and abundance. 

Furthermore, it has been demonstrated that ADGRV1 controls glutamate uptake. Finally, we 

provided evidence that the supportive function of astrocytes in the development of neurons is 

also dependent on the expression of ADGRV1 in astrocytes. 

 

3.1. Establishment of the primary cell model to study ADGRV1 

Primary cell culture holds paramount significance in research for its ability to maintain the 

physiological relevance of cells, preserving their natural characteristics and interactions 

(Richter et al., 2021). This method is important for disease modelling, as the cells isolated from 

their natural environment, thereby aiding the study of tissue-specific pathologies. Furthermore, 

primary cell cultures contribute significantly to our understanding of cellular signalling 

pathways, gene expression regulation, and molecular events that underpin various biological 

processes (Januszyk et al., 2015). Primary cell culture offers several advantages such as 

physiological relevance, cellular heterogeneity, disease modelling and reduced genetic drift 

(Caires et al., 2018). This enhances the reliability and reproducibility of experimental results. 

In summary, the advantages of primary cell culture lie in its ability to provide a more 

biologically relevant and realistic representation of cellular behaviour, making it an 

indispensable tool in advancing our understanding of biology, disease, and potential therapeutic 

interventions.  
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Throughout my studies, we used astrocytes as a model for studying ADGRV1 functions. 

Astrocytes are a key cell type in the CNS to regulate signalling and interaction between neurons. 

However, isolating astrocytes, like isolating many other cell types, can be a complex and 

resource-intensive process, adding to the overall expense. We present a cost-effective and 

reliable method to isolate primary astrocytes from P0 mouse pups that eliminates the need for 

specialized equipment or commercially available kits. By using our protocol, we established a 

robust culture of primary astrocytes from both WT and mutant mouse strains such as 

Adgrv1/del7TM and Adgrv1/Drum B (Publication I).  

 

3.2. The role of ADGRV1 in FAs and their dynamics 

Affinity proteomics which previously performed by (Knapp et al., 2019, 2022) revealed the 

possible role of ADGRV1 in adhesion complexes namely FAs. In Publication II and III, we 

focused on the validation of ADGRV1 localization at FAs and its regulatory roles in these 

supramolecular complexes.  

 

3.2.1. ADGRV1 localize at focal adhesion macromolecular complex and regulates the size, 

abundance and kinetics 

We first validated the localization of ADGRV1 together with core FA molecules such as 

vinculin, paxillin and zyxin (Publication II). For this purpose, we used different cell models 

such as hTERT-RPE1 cells and primary astrocytes isolated from mice brains to strengthen our 

findings. We used in situ PLA analysis which allowed us to detect the proximity of proteins 

which are in less than 40 nm distance to each other. In situ PLA analysis revealed that ADGRV1 

interacts with other FA molecules in proximity. After revealing the localization of ADGRV1 at 

FAs, we next focused on whether loss-of-function in ADGRV1 causes alteration in FA size and 

abundance. In this research, hTERT-RPE1 cells were utilized in which ADGRV1 was knocked 

down and alongside primary astrocytes isolated from Adgrv1/del7TM and Adgrv1/DrumB 

mouse brains. The analysis revealed that ADGRV1 depletion from hTERT-RPE1 cells or 

primary astrocytes causes disruptions in FA size and abundance. Quantification of the FA 

marker vinculin in those cells showed that smaller and fewer FAs highlight the role of 

ADGRV1 in FA assembly (Publication II).  Additionally, by applying fluid shear stress, we 

have shown that ADGRV1 acts as a metabotropic mechanosensor in these cells.  

We investigated how ADGRV1 regulates FA turnover in primary astrocytes during cell 

migration (Publication III). Results obtained from nocodazole (NDZ) washout assays, live-

cell imaging, and FRAP consistently provided evidence that ADGRV1 regulates FA turnover 
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by actively participating in the assembly process. In NDZ washout assays which rely on 

microtubule depolymerization, the de novo assembly of FAs was notably delayed in ADGRV1-

deficient astrocytes. Live-cell imaging using a Paxillin_dsRed2 construct to track FAs 

confirmed a reduced assembly rate in these cells. Defects in FA assembly also led to an 

increased FA lifetime in ADGRV1-deficient astrocytes. Fluorescence recovery after 

photobleaching (FRAP) also confirmed that the recruitment of Paxillin_dsRed2 is significantly 

delayed in Adgrv1/del7TM astrocytes, which shows that ADGRV1 plays a role in the 

recruitment of core FA molecules to the FA sides (Publication III). Our findings align with 

the roles of other regulators of FA dynamics, such as RACK1 and phosphatidylinositol 

phosphate kinase type Iγ (PIPKIγ) (Doan and Huttenlocher, 2007; Wu et al., 2011). 

Additionally, it has been shown in drosophila CNS that FA molecules are important for the 

astrocytic morphology and their coverage of synapses and thereby regulate their 

hyperexcitability (Cho et al., 2018b). The absence or dysfunction of FA proteins that potentially 

interact with ADGRV1 at focal adhesions, such as integrin β1, talin or FAK, can result in 

astrogliosis, an important feature in the development of epilepsy. Therefore, ADGRV1 

deficiency in astrocytes may play a role in the mechanisms that cause epilepsy, and this issue 

will be thoroughly explained in the next chapters. 

 

3.2.2 Deficiency of ADGRV1 disrupts the astrocyte migration   

It has been previously shown that FA size strictly controls the migration capacity of the cell 

(DiMilla et al., 1991; Kim and Wirtz, 2013). Since we showed that ADGRV1 is an integral 

component of the FA complex and crucial for maintaining their proper size, abundance, and 

dynamics in primary astrocytes, we additionally investigated the migration capacity of primary 

astrocytes (Publication II). The effective coordination and regulation of FA dynamics are vital 

for cell migration in both normal and pathological conditions. Cell migration relies on the 

continuous rearrangement of FAs, involving the assembly of nascent FAs at the leading edge 

and their disassembly at the rear (Yamaguchi and Knaut, 2022). With the indication of a 

regulatory role of ADGRV1 in FA sides of the cells, it is not surprising that migration can also 

be altered. Therefore, using different approaches we wanted to validate ADGRV1´s role in cell 

migration. 

 Firstly, we showed that ADGRV1 depletion from hTERT-RPE1 and primary astrocytes 

reduces the cell spreading which gives an additional clue about the role of ADGRV1 in cell 

migration. Using a unidirectional migration assay in hTERT-RPE1 cells showed that ADGRV1 

colocalizes with FAs in the leading edges. Additionally, a motility assay showed that Adgrv1 
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depletion from hTERT-RPE1 cells and in Adgrv1-deficient primary astrocytes impairs the 

migration capacity. We further showed with live-cell imaging in Adgrv1/del7TM astrocytes 

and WT astrocytes, that ADGRV1 is also vital for single-cell migration. Single-cell migration 

only relies on extracellular cues, since no cell-cell contact events occur (Lintz et al., 2017; 

Pawluchin and Galic, 2022). Overall, we show that ADGRV1 is an important molecule which 

controls cell migration likewise other reporter aGPCRs such as ADGRC1 and ADGRG1 

(Curtin et al., 2003; Li et al., 2008).  

It has been previously shown that FAs regulate neuronal growth during embryonic 

development (Monje et al., 2012). The growth cone of the axons is highly dependent on 

functional FA structures and the ECM for guidance. As neurons, astrocyte migration is also 

highly dependent on the ECM and FA dynamics during development and adulthood in the CNS 

(Hillen and Heine, 2020). During cortical development, neurons interact with radial glial fibres 

to establish precise laminar organization through integrins. Integrins containing β1 subunits, 

which associate with paxillin in FAs, play a crucial role in the proper development of the cortex. 

Specifically, the α3β1 integrin likely participates in radial glial fibre recognition by migrating 

neurons (Dulabon et al., 2000), while α5β1 integrin is essential for radial glia migration 

(Marchetti et al., 2010). Given the fact that ADGRV1 has the highest expression level in 

astrocytes in the CNS and it is potentially interacting with integrins α3, α5, and β1 (Publication 

II) raises a question about the importance of ADGRV1 in the CNS and its pathophysiology. 

As defects in cell migration and disrupted CNS organizations are linked to diseases like 

epilepsy, alterations in FA composition due to ADGRV1 deficiency may contribute to the 

pathophysiology of diseases associated with ADGRV1 defects in CNS (Qin et al., 2017). 

 

3.3. Importance of astrocytic ADGRV1 expression in CNS 

Neuron-astrocyte interaction through messenger and signalling molecules such as Ca2+ and 

glutamate, is highly important in the CNS for function, development, and pathology of the brain 

(Benarroch, 2005; Nimmerjahn and Bergles, 2015).  

In our studies in Publication II and III we elucidated the impact of ADGRV1 on 

astrocyte morphology and FA dynamics. Additionally, our previous research demonstrated that 

ADGRV1 regulates calcium homeostasis at the mitochondria-endoplasmic reticulum (ER) 

interface, mitochondria-associated membranes (MAMs), and autophagy in primary astrocytes 

derived from Adgrv1/del7TM mouse brain. These findings emphasize the important regulatory 

role of ADGRV1 in astrocyte morphology and physiology (Krzysko et al., 2022; Linnert et al., 

2023). 
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Therefore, we focused on the role of ADGRV1 in astrocyte morphology in the mouse 

hippocampus (Preprint I). We showed that Adgrv1 expression is important for the proper 

morphology of astrocytes. Furthermore, we demonstrated that loss of Adgrv1 from astrocytes 

results in fewer cell numbers in the Cornu ammonis (CA) 1 region of the Adgrv1/del7TM 

mouse hippocampus. Then, we showed that Adgrv1 can act in the physiology and morphology 

of astrocytes, as demonstrated by proteomic and transcriptomic analyses. We revealed that 

Adgrv1 functions in glutamate homeostasis in astrocytes, which is vital for the clearance of 

extracellular glutamate from synaptic clefts. Application of the "Stachel" mimetic peptide 

revealed that activation of Adgrv1 controls glutamate uptake in primary astrocytes. Finally, in 

neuron-astrocyte co-culture experiments, we provide evidence that ADGRV1 also functions in 

neuronal development and is crucial for the beneficial support of astrocytes for neurons.  

 

3.3.1 ADGRV1 controls the morphology and abundance of astrocytes in hippocampus  

We have shown for the first time that Adgrv1 controls astrocyte morphology and abundance in 

the hippocampi of mice. We found that astrocytes in the Adgrv1/del7TM mice hippocampus 

show significant morphological differences which predominantly occur in Cornu ammonis 

(CA) 1 (Preprint I). Next, we questioned whether Adgrv1 loss causes different morphology 

due to the loss of cells from the hippocampus. Quantification of astrocyte numbers in the 

hippocampus of mouse models with GFAP (glial fibrillary acidic protein) and Sox9 stainings, 

revealed a significant decrease in astrocyte numbers in CA1 of hippocampi but no other regions. 

We additionally revealed that Adgrv1 deficiency results in increased branch numbers in 

astrocytes.  

Astrocytic branches reach to the synapses and control neuronal signalling with the 

participating synapses and these special compartments are called “tripartite synapses” (Perea et 

al., 2009). In the hippocampus, astrocytic branches cover nearly 60% of the synapses and the 

synaptic coverage depends on the spine size and local efficacy of the glutamate uptake (Ventura 

and Harris, 1999; Herde et al., 2020). Astrocyte loss or dysfunction in hippocampus CA1 has 

been associated with acute and chronic diseases such as ischemia and epilepsy. Moreover, the 

early astrocyte response to ischemic injury has shown that CA1 astrocytes have a selective 

vulnerability (Ouyang et al., 2014). In kainate-mediated induction of status epilepticus (SE) in 

rodent models, astrocyte density was shown to decrease, especially in CA1 of the hippocampus, 

due to necroptosis and increased autophagy (Wu et al., 2021).  

  Altogether, the loss of astrocytic cells and morphologic alterations are classically known 

as hallmarks of a pathological condition in many neurological disorders (Zhou et al., 2019). 
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Our findings lead to the hypothesis that CA1 astrocytic cell loss in Adgrv1/del7TM mice 

hippocampi may eventually result in seizures observed in Adgrv1/del7TM mice and eventually 

in patients with epilepsy (Preprint I).  

 

3.2.2 Physiological function of ADGRV1 in astrocytes  

In our affinity proteomics data, we could identify furthermore a high number of astrocyte-

associated putative interaction partners (Knapp et al., 2019, 2022). This highlights the role of 

ADGRV1 in astrocytes. Among these proteins, we found several proteins associated with the 

regulation of glutamate homeostasis and epilepsy. In addition to proteomic analysis, bulk 

RNAseq of patient fibroblast and Adgrv1/del7TM hippocampi unveiled around 1300 and 80 

differentially expressed genes (DEGs), respectively. Among those DEGs, we identified in total 

24 common genes in both patient cells and Adgrv1/del7TM mouse hippocampi which play a 

role in epilepsy and transporter activity (Table 1).  

 

Table 1. Epilepsy and transporter activity revealed differentially expressed genes in patient-
derived fibroblasts and Adgrv1/del7TM mouse hippocampi (Blue color indicates 
downregulated and black color indicates upregulated genes). 

Gene Protein name Protein function Reference 
RELN Reelin Regulation of neuronal migration (Förster et al., 2010) 

SCN2A 
Sodium voltage-gated channel alpha subunit 
2 

Depolarizing phase of the action 
potential  

(George et al., 1992) 

KCNA1 
Potassium voltage-gated channel shaker-
related subfamily member 1 

Membrane potential and nerve 
signaling 

(Feria Pliego and 
Pedroarena, 2020) 

KCNH5 
Potassium voltage-gated channel eag-
related subfamily member 5 

Action potential, and in neuronal 
excitability and plasticity 

(Niday and 
Tzingounis, 2018) 

SCN3A 
Sodium voltage-gated channel alpha subunit 
3 

Depolarizing phase of the action 
potential  

(Chen et al., 2015) 

SLC19A
3 

Solute carrier family 19-member 3 
Transports reduced folate into 
mammalian cells  

(Zhao and Goldman, 
2013) 

CACNA1
G 

Calcium voltage-gated channel subunit 
alpha1 G 

Stabilizing the calcium channel  (Singh et al., 2007) 

ABCB1 
ATP-binding cassette sub-family B member 
1 

ATP dependent efflux pump 
(Ambudkar et al., 
2006) 

KCNQ5 
Potassium voltage-gated channel KQT-like 
subfamily member 5 

Returning the depolarized cell to a 
resting state. 

(Lehman et al., 2017) 

KCNB1 
Potassium voltage-gated channel shaw-
related subfamily member 1 

Transmembrane potassium transport  (Kang et al., 2019) 

GRIN2D 
Glutamate ionotropic receptor NMDA type 
subunit 2D 

Synaptic communication  
(Camp and Yuan, 
2020) 

KCND3 
Potassium voltage-gated channel Shal-
related subfamily member 3 

Ion channel (Pollini et al., 2020) 

KCND2 
Potassium voltage-gated channel Shal-
related subfamily member 2 

Ion channel (Lee et al., 2014) 

HECW2 
E3 ubiquitin-protein ligase HECT, C2 and 
WW domain-containing protein 2 

ubiquitin-dependent protein 
catabolic process 

(Halvardson et al., 
2016) 

MEF2C Myocyte-specific enhancer factor 2C RNA processing (Barbosa et al., 2008) 
SLC4A3 Solute carrier family 4-member 3 Bicarbonate (HCO3-) transport  (Alper, 2006) 
DMD Dystrophin Suppress the toxicities of toxins (Duan et al., 2021) 

KCNAB1 
Potassium voltage-gated channel subfamily 
A member regulatory beta subunit 1 

Shaping the action potential, 
plasticity 

(Tiong et al., 2019) 
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GLRB 
Glycine receptor beta 

Neurotransmitter ligand-gated ion 
channels 

(Lemoine et al., 2012) 

SLC2A1 Solute carrier family 2-member 1 Sugar transporting (Larsen et al., 2015) 

KCNH1 
Potassium voltage-gated channel Eag-
related subfamily member 1 

Potassium ion transport (Simons et al., 2015) 

CHRNA5 Cholinergic receptor nicotinic alpha 5 Proteolysis  (Steinlein, 2000) 

KCNJ6 
Potassium inwardly rectifying channel 
subfamily J member 6 

Potassium ion transport (Cooper et al., 2012) 

KCNMB
1 

Calcium-activated potassium channel 
subunit beta-1 

Potassium ion transport (Toro et al., 2006) 

Pcd17 Protocadherin 17 homophilic cell adhesion  (Hayashi et al., 2014) 
Chrm5 Muscarinic acetylcholine receptor M5 G-protein coupled receptors (Pedersen et al., 2018) 

Gabra2 
Gamma-aminobutyric acid receptor subunit 
alpha-2 

Mediating fast inhibitory synaptic 
transmission 

(Butler et al., 2018) 

Ptpn5 
Tyrosine-protein phosphatase non-receptor 
type 5 

Catalyze the dephosphorylation of 
phosphotyrosine peptides 

(Tautermann et al., 
2019) 

Nudt3 
Nudix hydrolase 3 Pyrophosphatase activity 

(Grudzien-Nogalska et 
al., 2016) 

Adar 
Adenosine deaminase acting on RNA RNA editing 

(Jin and Nachury, 
2009) 

Adgrv1 
Adhesion G protein-coupled receptor V1 G-protein signalling, AC regulation 

(McMillan and White, 
2004) 

Hif3a 
Hypoxia-inducible factor 3 alpha 

Regulation of hypoxia-inducible 
gene expression 

(Suzuki et al., 2017) 

Trh 
Thyrotropin-releasing hormone 

Neuromodulator in the central 
nervous system  

(Lechan and Fekete, 
2006) 

Grm4 
Metabotropic glutamate receptor 4 Glutamatergic neurotransmission 

(Muhle Hiltrud et al., 
2010) 

 

Gene set enrichment analysis (GSEA) focusing on biological function demonstrated that 

DEGs in Adgrv1/del7TM hippocampi and patient-derived USH2C fibroblast were associated 

with entities such as the "establishment of nitrogen compound transport" and "cation 

monoatomic transporter activity” which aligns with our proteomic data that ADGRV1 can be 

important for astrocytic glutamate homeostasis and epilepsy pathophysiology.   

Altogether, this observation led us to investigate the homeostasis of glutamate in 

astrocytes. One of the main excitatory neurotransmitters in the CNS is glutamate and its 

homeostasis is strictly controlled by astrocytes in the brain.  Reduced astrocytic cell number 

and synaptic coverage by astrocytic tiling can lead to extracellular glutamate concentrations 

which may rise to 1 mM at synapses (Zheng et al., 2008). High glutamate presence can exceed 

the capacity of glutamate transporters which may explain the astrocytic cell loss in CA1 of 

Adgrv1/del7TM hippocampus. We showed that Adgrv1-deficiency leads to a decrease in 

glutamate uptake which eventually can lead to accumulation of neurotoxic glutamate levels in 

CNS.  Investigation of the key glutamate homeostasis proteins glutamate synthetase (GS) and, 

Glast/EAAT1 an interaction partner of Adgrv1, showed that loss of Adgrv1 expression leads to 

defective GS expression in both in vitro and in vivo conditions but not for Glast/EAAT1. We 

showed in this study (Preprint I) that mitochondrial glutamate dehydrogenase (GDH) activity, 
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which is important for the TCA cycle, increases its activity to almost 1.5-fold in 

Adgrv1/del7TM astrocytes.  

The activation of Adgrv1 with the "Stachel” mimicking peptide, which acts as a tethered 

agonist, resulted in the activation of glutamate uptake in primary astrocytes. Consistent with 

our discoveries, previous research has indicated a correlation between mitochondrial membrane 

potential, glutamate uptake, and neuronal death in the CA1 region of the rat hippocampus 

(Ouyang et al., 2014). It's worth noting that previous studies have also reported a correlation 

between reduced GS expression and heightened GDH activity in individuals diagnosed with 

myoclonic absence epilepsy featuring hippocampal sclerosis (Bahi-Buisson et al., 2008; Chan 

et al., 2019; Raizen et al., 2005). In conclusion, our results may offer insights into the 

phenotypic and physiological alterations observed in Adgrv1/del7TM astrocytes. All together 

we showed that Adgrv1 is vital for not only glutamate uptake from ECM but also for glutamate 

homeostasis which can be relevant to epilepsy pathophysiology.  

 

3.3.3 ADGRV1 function in neuron dendritogenesis and synaptogenesis  

Additionally, we studied the impact of Adgrv1 deficiency on neuronal development. In the 

brain, astrocytic branches occupy and penetrate the synapse where no other astrocytic branching 

overlaps and this phenomenon is called an astrocytic tile (Hayashi et al., 2022). Astrocytic tiles 

are mostly controlled by neuronal cells through extracellular signalling molecules such as 

glutamate. Synaptic release of glutamate by neurons may induce the branching of astrocytes 

and neurons in the CNS (Hayashi et al., 2014). However, the exact mechanism behind the 

astrocytic tiling event is so far unknown.  

To understand the role of the astrocytic Adgrv1 expression on neuron health we 

conducted astrocyte-neuron co-culture experiments. Strikingly, Adgrv1/del7TM neurons only 

cultures exhibited reduced neurite development, convex area, and maximum branch length 

compared to WT neurons which shows an additional role of Adgrv1 in neurons. Co-culturing 

Adgrv1/del7TM neurons with WT astrocytes improved their phenotype, while Adgrv1/del7TM 

astrocytes negatively affected both WT and Adgrv1/del7TM neurons. These results showed the 

important role of astrocytic Adgrv1 expression over neuronal dendrite development. After 

showing the effect of Adgrv1 expression on neuron morphogenesis, we focused on its role in 

synaptogenesis. Previously, we found that several aGPCRs namely ADGRL2 (Latrophillin 2), 

ADGRAs, ADGRBs (BAI) and finally ADGRV1 potentially interact with synaptic scaffold 

proteins (Knapp et al., 2019). Interestingly, ADGRV1 potentially interacts with the 

postsynaptic vesicle protein SNAP23, which localizes at postsynaptic density and regulates the 
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exocytosis of glutamate receptors (Suh et al., 2010; Knapp et al., 2019), which overlaps with 

our current findings (Preprint I). ADGRL2 is one of the interaction partners of ADGRV1 and 

is known to regulate hippocampal postsynaptic assembly in the CA1 region and acts as a 

synaptic target-recognition molecule (Anderson et al., 2017). Additionally, our affitinity 

analysis indicated several presynaptic molecules which potentially interact with ADGRV1 such 

as SNAP47, VDAC1, VDAC2 and BSN. In addition to presynaptic molecules, we have found 

post-synaptic molecules such as ADAM10, ITGB1, SLC1A3, SLC29A1 SIGMA1R and NPTN 

(Knapp et al., 2019). This wide range of potential interaction partners showed the importance 

of ADGRV1 in synaptic signalling and synaptogenesis. 

 In this line, we next investigated the role of Adgrv1 in synaptogenesis. In neuron-only 

cultures, gephyrin inhibitory PSDs were significantly higher in Adgrv1/del7TM neuron-only 

cultures when compared to WT neuron cultures. Co-culturing WT neurons with astrocytes 

increased gephyrin PSDs, while Adgrv1/del7TM neurons showed no significant changes with 

either astrocyte type. The size of synaptic puncta, indicative of synaptic strength, was smaller 

in Adgrv1/del7TM neuron-only cultures compared to WT. Co-culturing with astrocytes from 

both WT and deficient mice increased the size of homer and gephyrin-positive PSDs in 

Adgrv1/del7TM neurons. However, co-culturing with Adgrv1/del7TM astrocytes resulted in 

decreased excitatory and inhibitory synaptic puncta size compared to co-culturing with WT 

astrocytes. Given the fact that depletion of Adgrv1 either from neurons or astrocytes shows a 

deficiency in synaptogenesis, it underlines the dual role of Adgrv1 in the CNS.  In conclusion, 

our findings further support the role of Adgrv1 expression during CNS development.  

 

3.4. Relevance of present findings for the role ADGRV1 in the development 

of brain pathophysiology 

Pathogenic variants of ADGRV1 cause quite distinct diseases in human: hereditary deaf 

blindness in the human Usher syndrome type 2 (Weston et al., 2004) and various forms of 

epilepsy (Wang et al., 2015; Myers et al., 2018; Liu et al., 2020; Leng et al., 2022; Zhou et al., 

2022). The present study only contributed few new facts to the understanding of the 

pathophysiology in USH2C. However, the data gathered in Preprint I provide the first 

significant insights into the pathophysiology of epilepsy associated with mutations in ADGRV1 

(see page 15). We present cumulative evidence that the absence or defects of ADGRV1 disrupts 

glutamate homeostasis in astrocytes of the hippocampus CA1 region, leading to their loss which 

has previously been related to the development epilepsy (Wu et al., 2021). The epilepsy relation 

of ADGRV1 was further confirmed and corroborated by omics data on patient-derived cells 
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and the ADGRV1-deficient mouse brain revealing the transcriptional dysregulation of genes 

and the interaction of ADGRV1 with molecules associated with epilepsy. In addition, 

deficiency of Adgrv1 in astrocytes resulted in an imbalance of excitatory-inhibitory synapses 

in neurons which was also previously related epilepsy (Bonansco and Fuenzalida, 2016).  

However, were already findings presented in Publications II and III which confirm an 

association of dysfunction of ADGRV1 in astrocytes to epilepsy (see page 13 and 14). 

ADGRV1, identified as a FA resident protein, plays a critical role in cell migration. Deficiency 

in ADGRV1 controls FA morphology and its deficiency causing astrocyte migration defects. 

There is robust evidence that deficient cell migration increases CNS vulnerability and 

contributes to epileptogenesis (Qin et al., 2021; Zou et al., 2022). Present study showed that 

ADGRV1 controls astrocyte migration by the recruitment and assembly of paxillin 

(Publication III). Paxillin and integrin β1 containing FA components are critical for cortical 

development and neuronal migration (Dulabon et al., 2000; Schmid et al., 2004; Marchetti et 

al., 2010). The migration of neurons through the recognition of glial pathways is mediated by 

astrocytic FA molecules and its dysregulation associated with epileptogenesis (Gall and Lynch 

2004). Astrocytic FA components holds significant importance for healthy CNS maintenance 

and pathophysiology of brain. Integrins containing α3β1 subunits are involved in the 

recognition of radial glial fibres by migrating neurons (Dulabon et al., 2000; Schmid et al., 

2004), α5β1 integrin is required for radial migration (Marchetti et al., 2010). ADGRV1 as a 

metabotropic mechanosensory can sense extracellular cues in parallel with integrins and 

regulate migration of cells in CNS which disorganization causes epilepsy. 

The important molecular dysfunctions observed in ADGRV1-deficient astrocytes 

provide a promising starting point for unravelling the underlying pathomechanisms of epilepsy 

associated with ADGRV1 mutations. Even though we do not have unveiled the role of ADGRV1 

as USH causing gene, this study can also provide new evidence on the role of ADGRV1 in 

human Usher syndrome. These initial findings are crucial for advancing our understanding of 

ADGRV1-associated diseases. 

 

4. Future perspectives for deepening the understanding of 

ADGRV1 function in the CNS and disease  

We have demonstrated the localization of focal adhesions (FAs) in primary astrocytes and their 

regulation of abundance, size, and dynamics by ADGRV1. This ultimately influences migratory 

capacities. The latter part of this thesis highlights the crucial role of astrocytic Adgrv1 
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expression in maintaining the health of astrocytes and, consequently, hippocampal neurons. 

However, additional studies are required to fully unravel ADGRV1's role in CNS development. 

Given our findings that ADGRV1 is essential for FA structure and dynamic 

organization, influencing migration, it is prudent to expand these investigations to the 

developing CNS of mouse brains. The proper organization of the CNS relies heavily on the 

migration of neuronal cells for brain formation. Crossbreeding Adgrv1-deficient or wild-type 

mouse strains with GFAP-EGFP or CaMKIIα-RFP mouse models can facilitate the tracking of 

migrating astrocytes or neurons in developing mouse brains, respectively. This mouse brain 

study presents an opportune avenue for exploring the role of ADGRV1 in cell migration during 

brain development. 

Beyond ADGRV1's involvement in FAs, we observed that its deficiency results in fewer 

astrocytes with increased branching. However, we have not confirmed whether the loss of 

astrocytes in the CA1 hippocampus leads to neuronal cell death or insufficient neuron activity. 

Hence, there is a pressing need to validate, under in vivo conditions, whether astrocyte loss 

culminates in neuronal death or compromised neuron activity. To comprehend ADGRV1's role 

in neurons, particularly in the Adgrv1/del7TM hippocampus where astrocyte loss occurs, 

whole-cell voltage-clamp recordings from different regions of acutely sliced hippocampal 

tissues can provide insights into potential differences in evoked and miniature Electric 

excitatory postsynaptic currents. Additionally, synaptic coverage of astrocytic branches in 

different regions of the hippocampus can be investigated by electron microscopy. To further 

understand ADGRV1's impact on astrocytes and its function in neuron physiology and 

networks, multi-electrode array (MEA) measurements can be employed. Exploring different 

co-culture setups, such as WT astrocytes with Adgrv1/del7TM neurons or vice versa, can shed 

light on the dual role of ADGRV1 in neuronal networks.  

In primary astrocytes expressing pAAV.GFAP.iGluSnFR3, we observed that activation 

of Adgrv1 by the tethered agonist “Satchel” peptide induces glutamate signalling in intracellular 

membranes. The use of pAAV.GFAP.iGluSnFR3, allowing the visualization of glutamate 

kinetics, can be extended to WT and Adgrv1/del7TM mouse models' hippocampus to observe 

glutamate release activities from neurons. 

Our results reveal alterations in dendritic arborization and synaptic formation in 

Adgrv1/delTM hippocampal neurons, with rescue potential by WT astrocytes. This implies a 

dual role of ADGRV1 in both astrocytes and neurons. Notably, our prior TAP analysis 

suggested potential interactions between ADGRV1 and proteins regulating neurogenesis (e.g., 

SLIT2, FN1, NPTN) (Knapp et al., 2019, 2022). Furthermore, ADGRV1 potentially interacts 
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with synaptic proteins, indicating a role in synaptogenesis in neurons. Validating synaptic 

interaction partners and determining synaptic localization is crucial for understanding 

ADGRV1's role in the CNS. 

In parallel with mouse studies, investigating patient-derived fibroblasts can provide 

more relevant insights into role of ADGRV1 in humans. Induced pluripotent stem cells (iPSCs) 

derived from patient fibroblasts can generate neurons, astrocytes, or 3D brain organoids. 

RNAseq data from patient-derived fibroblasts suggest promising gene set enrichment (GSE) 

results, with overlaps in categories like "hippocampus development," "neuron migration," and 

"nerve development" with previous TAP results. Expressing ADGRV1 minigenes with 

shortened domain structures in organoids or neurons can elucidate the functional domain 

structures of ADGRV1 in CNS development. 

We have previously shown that ADGRV1 is a vital component for primary cilia and 

showed that primary astrocytes from Adgrv1/del7TM hippocampi show significantly fewer and 

shorter cilia. It has been shown that primary cilia lengths show differences in astrocytes from 

different cortical layers which indicates a specific arrangement and need for cilia in different 

regions of the brain (Wu et al., 2023).  In the brain, primary cilia play an important role in 

neurogenesis, neuron survival and different signalling pathways such as WNT and hedgehog 

(Shim et al., 2023). Investigating the role of ADGRV1 in primary cilia in astrocytes or neurons 

in the mouse hippocampus or patient-derived organoids may unveil previously unknown roles 

in CNS signalling and maintenance, especially within "tetrapartite synapses" where post- and 

pre-synapses meet with astrocytes and cilia. 
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5. Summary 

In this cumulative dissertation, the physiological and molecular functions of the adhesion 

GPCR ADGRV1 in astrocytes of the brain are analysed. Pathogenic variants of ADGRV1 lead 

to Usher syndrome (USH) in humans, the most common hereditary deaf-blindness. There is 

also increasing evidence that a defect in ADGRV1 is associated with various forms of epilepsy 

in humans. The molecular and cellular causes of ADGRV1 defects in the development of 

epilepsy are completely unknown. Investigation of the molecular function of the ADGRV1 

protein in astrocytes should provide important insights into its disease relevance in the CNS. 

In Publication I, we developed a robust method for the isolation of primary astrocytes 

from the mouse brain. This was subsequently used to isolate primary astrocytes from 

Adgrv1/del7TM and Adgrv1/DrumB mouse models and control animals to understand the role 

of ADGRV1 in its function in hippocampal astrocytes.  

In Publications II and III, we investigated the role of ADGRV1 in focal adhesions 

(FA). FAs are dynamic supramolecular complexes that mediate cell attachment and whose 

signalling plays a crucial role in the control of cell migration. Our analyses showed that 

ADGRV1 is an important component of FAs and that its deficiency in different cell models 

leads to changes in cell morphology and disruption of their migration. We found that ADGRV1 

acts as a metabotropic mechanosensor on FAs. Using live cell microscopy, we also found that 

ADGRV1 controls the dynamics of FA turnover during their assembly. 

In Preprint I, we deepened our understanding of the role of ADGRV1 in hippocampal 

astrocytes. Our analysis in the mouse brain showed that the loss of ADGRV1 leads to a 

reduction in the number of astrocytes in CA1 of the hippocampus and to significant 

morphological changes in the remaining astrocytes. Furthermore, using molecular approaches, 

we confirmed that ADGRV1 controls glutamate uptake and regulates key molecules of the 

glutamate-glutamine cycle. Finally, we showed effects of Adgrv1 in astrocytes on neuronal 

development and synaptogenesis. 

In summary, ADGRV1 is crucial for the development and physiology of primary astrocytes and 

is involved in several different compartments. Above all, these findings provide the first 

valuable insights into the pathogenesis of ADGRV1 dysfunction in epilepsy. The elucidation 

of ADGRV1 as a regulatory molecule in the CNS could contribute to the understanding of the 

pathomechanisms underlying epilepsy or other neurological diseases. 
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6. Zusammenfassung 

In der vorliegenden kumulative Dissertationsschrift werden die physiologischen und 

molekularen Funktionen des Adhäsion GPCR ADGRV1 in Astrozyten des Gehirns untersucht. 

Pathogene Varianten von ADGRV1 führen zum Usher-Syndrom (USH) des Menschen, der 

häufigsten erblichen Taubblindheit. Zudem mehren sich die Hinweise, dass eine das Defekte in 

ADGRV1 mit verschiedenen Formen von Epilepsie beim Menschen assoziiert sind. Die 

molekularen und zellulären Ursachen die bei ADGRV1-Defekten sind für die Entstehung 

Epilepsie vollkommen unbekannt. Untersuchung zur molekularen Funktion des ADGRV1-

Proteins in Astrozyten sollten wichtige Einblicke in seine Krankheitsrelevanz im ZNS ergeben. 

In Publikation I haben wir eine robuste Methode zur Isolierung von primären Astrozyten 

aus dem Gehirn der Maus entwickelt. Diese wurde im Folgenden zur Isolation von primären 

Astrozyten aus Adgrv1/del7TM und Adgrv1/DrumB Mausmodellen sowie Kontrolltieren 

eingesetzt, um die Rolle von ADGRV1 bei seiner Funktion in den Astrozyten des Hippocampus 

zu verstehen.  

In den Publikationen II und III untersuchten wir die Rolle von ADGRV1 in fokalen 

Adhäsionen (FA). FA sind dynamische supramolekulare Komplexe, die die Anheftung der 

Zelle vermitteln und deren Signaling insbesondere bei der Kontrolle der Zellmigration eine 

entscheidende Rolle spielen. Unsere Analysen zeigten, dass ADGRV1 wichtige eine 

Komponente in FAs ist und seine Defizienz in verschieden Zellmodellen zu Änderung der 

Zellmorphologie und zu Störung in ihrer Migration führt. Dabei konnten wir herausarbeiten, 

dass ADGRV1 als metabotroper Mechanosensor an FAs fungiert. Durch 

Lebendzellmikroskopie fanden wir zudem heraus, dass ADGRV1 die Dynamik der FAs bei 

ihren Turnover während ihres Aufbaus kontrolliert. 

In Preprint I vertieften wir unser Verständnis der Rolle von ADGRV1 in den Astrozyten 

des Hippocampus. Dabei zeigten unsere Analyse im Gehirn der Maus, dass der Verlust von 

ADGRV1 zu einer Verringerung der Anzahl von Astrozyten in CA1 des Hippocampus und in 

den noch vorblieben Astrozyten zu signifikanten morphologischen Veränderungen führt. 

Darüber hinaus konnten wir mittels molekularer Ansätze bestätigt, dass ADGRV1 die 

Glutamataufnahme kontrolliert und die Schlüsselmoleküle des Glutamat-Glutamin-Zyklus 

reguliert. Schließlich zeigten wir Auswirkungen von Adgrv1 in Astrozyten auf die neuronale 

Entwicklung und Synaptogenese. 

Zusammenfassend lässt sich sagen, dass ADGRV1 für die Entwicklung und Physiologie 

der primären Astrozyten von entscheidender Bedeutung ist und an mehreren verschiedenen 

Kompartimenten beteiligt ist. Diese Erkenntnisse geben vor allem erste wertvoll Einblicke in 
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die Pathogenese der ADGRV1-Dysfunktion bei Epilepsie. Die Aufklärung von ADGRV1 als 

regulatorisches Molekül im ZNS könnte zum Verständnis der Pathomechanismen beitragen, 

die der Epilepsie oder anderen neurologischen Erkrankungen zugrunde liegen. 
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7.2 Contributions made to the individual publications 

This cumulative thesis consists of a total of four publications. The contributions were made by 

me, and other colleagues outlined in the following sections.  

In Publication I, Güler et al., 2022, we developed and optimized a method for isolating 

primary astrocytes which were facilitated in this cumulative thesis. Dr. Jacek Krysko helped 

during the optimization of the protocol in all steps. Isolation of the primary brain cells and 

differential bindings were conducted by me and Dr. Krysko. Maintenance and the storage of 

the cells were conducted by me. The figures through the publication were prepared by me. 

In Publication II, Kusuluri et al., 2021, All mass spectrometric measurements work 

were done by our cooperation partner Dr. Karsten Boldt and Dr. Nicola Horn (working group 

of Prof. Marius Ueffing) in Tübingen. The raw data for the TAP analysis were generated by Dr. 

Barbara Knapp and all the experiment in hTERT-RPE1 cells were conducted by Dr. Deva 

Kurupakar Kusuluri. This study has been outlined and designed by Prof. Uwe Wolfrum and Dr. 

Deva Kurupakar Kusuluri. My contribution to this publication was limited to experiments 

related to primary astrocytes which were isolated from Adgrv1/del7TM and Adgrv1/DrumB 

mice brain.  The figures related to analysis of ADGRV1 in primary astrocytes were prepared 

by me (Publication I, Fig. 3 D-I, Fig. 5C, Fig. 7D-F, Fig. S3, Fig. S7).  

In Publication III, Güler et al., 2023, we intensively used live-cell imaging method for 

the analysis of FA kinetics. Live-cell imaging was performed in the lab of Prof. Claire Jacob. 

Technical guidance for the live cell imaging has been provided by Dr. Gianuligi Nocera. All 

figures and experiments were performed by me. Primary astrocyte isolation and culturing was 

performed by me and Joshua Linnert. 

In Preprint I, Güler et al., 2024, perfusion fixation of the Adgrv1/del7TM and WT mice 

were performed in the lab of Prof. Clarie Jacob. During the perfusion fixation Dr. Gianluigi 

Nocera and Nadège Hertzog assisted me. Western blots have been performed by me and Ulrike 

Maas. Cryosections for immunohistochemistry staining were prepared by me and Yvonne 

Kerner and subsequently microscopically analysed and documented by me. The RNA isolation 

and RNAseq procedures were performed by me and Joshua Linnert. The whole transcriptome 

analysis of mouse hippocampus was reanalysed by Mark Zorin. The RNA isolation for the 

USH2C patient-derived fibroblast (Patient-derived fibroblasts provided by Dr. Erwin van 

Wijk), was conducted by Joshua Linnert. Neuron cultures were prepared by me with the help 

of Prof. Martin Heine´s group members Dr. Arthur Bikbaev and Dr. Filip Maciag. 
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