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Abstract 
 

Injuries to the central nervous system have debilitating consequences for affected individuals, since 

neuronal regeneration, tissue repair and remodeling are limited. In order to avoid spreading of 

inflammation and neurodegeneration, astrocytes initiate a program termed ‘reactive astrogliosis’ 

and form an astrocytic scar at the injury site.  Here, we investigated the role of the actin-binding 

protein Drebrin during reactive astrogliosis. We show that Drebrin is not expressed in astrocytes 

under physiological conditions, but is upregulated in astrocytes in vitro and in vivo upon injury. 

Genetic deletion of Drebrin leads to impaired polarization of scar-forming astrocytes in the short 

term and abolishes astrocyte reactivity in the long term. This defective astrocytic scar formation in 

Drebrin deficient mice is accompanied by excessive neurodegeneration in vivo.  

At the cellular level, we show that Drebrin switches actin homeostasis from branched ARP2/3-

dependent actin arrays to microtubule-compatible scaffolds. This organization of the actin 

cytoskeleton by Drebrin, in turn, allows for the formation of Rab8-positive tubular endosomes which 

extend along microtubules.  Drebrin deficient astrocytes fail to form Rab8+ tubular compartments 

upon injury due to excessive ARP2/3 activity and thus, branched actin networks do not support the 

extension of Rab8+ tubular endosomes along microtubules. We further show that Rab8+ tubular 

endosomes serve as a trafficking compartment for astrogliosis-mediating focal adhesion proteins, as 

Drebrin deficient astrocytes show impaired localization of β1-Integrin.  

In conclusion, we establish a novel role for the actin-binding protein Drebrin in injury-induced 

membrane trafficking and demonstrate the importance of Drebrin for astrocyte-mediated 

neuroprotection after traumatic brain injury in mice. 
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Zusammenfassung 
 

Verletzungen des zentralen Nervensystems (ZNS) haben für Betroffene schwerwiegende Folgen, da 

die neuronale Regeneration, Gewebereparatur und Geweberemodellierung im ZNS eingeschränkt 

sind. Um eine Ausbreitung von Inflammation und Neurodegeneration zu verhindern, leiten 

Astrozyten ein Programm ein, mit dessen Hilfe an der Verletzungsstelle eine astrozytäre Narbe 

gebildet wird. Durch diese sogenannte ‚reaktive Astrogliose‘ können Schäden lokal begrenzt und das 

gesunde Gehirngewebe vor schädlichen Einflüssen geschützt werden.  

In dieser Arbeit untersuchen wir die Rolle des Aktin-bindenden Proteins Drebrin während der 

reaktiven Astrogliose. Wir zeigen, dass Drebrin unter physiologischen Bedingungen nicht in 

Astrozyten exprimiert wird, sondern bei Verletzung in Astrozyten in vitro und in vivo hochreguliert 

wird. Die genetische Deletion von Drebrin führt kurzfristig zu einer gestörten Polarisation 

narbenbildender Astrozyten und hebt langfristig die Astrozytenreaktivität auf. Diese defekte 

astrozytäre Narbenbildung bei Drebrin-defizienten Mäusen wird in vivo von exzessiver 

Neurodegeneration begleitet. 

Auf der zellulären Ebene zeigen wir, dass Drebrin die Aktinhomöostase dahingehend beeinflusst, 

dass statt ARP2/3-abhängiger Aktin-Arrays Mikrotubuli-kompatible Aktin-Strukturen gebildet 

werden. Diese Organisation des Aktin-Zytoskeletts durch Drebrin ermöglicht wiederum die Bildung 

von Rab8-positiven tubulären Endosomen, die sich entlang von Mikrotubuli erstrecken. Drebrin-

defiziente Astrozyten können aufgrund einer übermäßigen ARP2/3-Aktivität keine Rab8+-tubulären 

Kompartimente bilden, da verzweigte Aktinnetzwerke die Verlängerung von Rab8+-tubulären 

Endosomen entlang der Mikrotubuli verhindern. Wir zeigen weiterhin, dass Rab8+ tubuläre 

Endosomen als Transportkompartiment für Astrogliose-mediierende fokale Adhäsionsproteine 

dienen, da Drebrin-defiziente Astrozyten eine beeinträchtigte Lokalisation von β1-Integrin 

aufweisen. 

Zusammenfassend zeigen wir hier eine zuvor noch nicht bekannte Rolle von Drebrin für die 

Astrozyten-abhängige Neuroprotektion nach traumatischen Hirnverletzungen bei Mäusen, die auf 

Drebrins Funktion während des verletzungsinduzierten Membrantransport in Astrozyten 

zurückzuführen ist. 
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Introduction 

1.1 CNS injury 

Upon injury, mammals initiate a wounding response consisting of hemostasis, inflammation, repair, 

and remodeling, followed by a resolution phase (Stroncek & Reichert, 2008). This process restores 

key functions in many organs, however, injuries to the adult mammalian central nervous system 

(CNS) often result in permanent damage because tissue repair and remodeling in the CNS are 

insufficient. Impairments caused by CNS injury are extremely disabling, ranging from immediate and 

permanent loss of movement control following spinal cord injury (SCI) (Courtine & Sofroniew, 2019) 

to long-term consequences in response to mild traumatic brain injury (TBI), such as seizures, 

neuropsychiatric symptoms or increased susceptibility to neurodegenerative disorders (Burda et al., 

2016).  

CNS injuries have a high estimated global prevalence (~55 million for TBI and ~27 million for SCI) and 

represent a burden to health-care systems due to associated high health-care cost (Injury & Spinal 

Cord Injury, 2019). Moreover, available therapies rarely restore function due to the limited success 

of regenerative strategies (Tam et al., 2014). 

The development of successful therapies is challenging because of the complexity of the CNS and its 

inaccessibility due to limited diffusion of drugs across the blood-brain barrier (Tam et al., 2014). 

To aid the development of novel regenerative therapies, it is necessary to gain a more detailed 

understanding of CNS injury-induced processes on a cellular level.  

 

1.2  Brain cells during injury 

The CNS is a complex cellular network consisting of neurons and glial cells, which are separated from 

the rest of the body by the blood-brain barrier. Disruption of this highly organized system upon injury 

coordinates a multifaceted and multicellular response in an attempt to preserve CNS integrity (Burda 

& Sofroniew, 2014; Vainchtein & Molofsky, 2020). 

While many cell types in other tissues can proliferate and regenerate, postmitotic neurons in the 

CNS have a limited capacity of regeneration:  transected or damaged axons of neurons fail to regrow 

spontaneously (Anderson et al., 2016) and - despite a limited amount of neural sprouting after injury 

-  fail to reintegrate into their original neural circuits to rebuild functional connections (Jara et al., 

2020; Mahar & Cavalli, 2018). Reasons for the poor regeneration in the mature mammalian CNS 

include (i)  limited capacity to reinitiate intrinsic developmental growth programs in adult neurons, 

(ii) the absence of extracellular growth factors and guidance cues that support neuronal growth and 

(iii) the presence of inhibitory molecules at the injury site (Anderson et al., 2016). This absence of 
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functional regeneration in neurons makes the containment of damage at the injury site crucial to 

avoid spreading of inflammation throughout the CNS into uninjured areas. 

Similar to other tissues, injuries to the CNS trigger a coordinated wound healing response involving 

many different cell types. First, disruption of the blood-brain barrier initiates hemostasis within 

seconds after an insult. The entry of serum and blood cells at the injury site leads to formation of a 

blood clot. Signaling molecules released during hemostasis initiate an inflammation response within 

minutes to hours. During inflammation, microglia, the only resident phagocytic cells in the brain, are 

activated and recruited to the injury site, where they, in conjunction with invading macrophages, 

degrade damaged axons and myelin from compromised oligodendrocytes (Stroncek & Reichert, 

2008).  

A large variety of extracellular signals then act as molecular regulators to initiate an injury response 

in astrocytes (Sofroniew, 2014). 

 Collectively, this injury response leads to the formation of a ‘glial’ scar. The glial scar refers to a lesion 

core, consisting of a mixture of deposited extracellular matrix proteins and non-CNS resident cells 

which invade the lesion site, including perivascular-derived fibroblasts, pericytes, ependymal cells 

and phagocytic macrophages. Around the lesion core, a compact border is formed by astrocytes, 

NG2-Glia and microglia (Adams & Gallo, 2018). 

The term glial scar will be used in this thesis when referring to the above definition. In contrast, 

astrocytic scar will be used when referring to the specific scar forming behavior of astrocytes only.  

In this thesis, I will focus on the impact of CNS injury on astrocytes and how astrocytes contribute to 

the CNS wounding response.  

 

1.3 Astrocytes and astrogliosis 

Under physiological conditions, adult astrocytes occupy distinct territorial domains in the brain, with 

little overlap of extending processes between different astrocytes (Bushong et al., 2004). Within their 

domains, astrocytes exert several structural, metabolic, and homeostatic functions (Santello et al., 

2019). During CNS injuries, astrocytes become reactive, a process that is accompanied by substantial 

changes in gene expression (Burda et al., 2016) and morphology (Schiweck et al., 2018) .  

Reactive astrogliosis is a gradual rather than an all-or-nothing response, ranging from reversible 

changes in gene expression and cell hypertrophy, to formation of permanent astrocytic scars that 

entail substantial tissue rearrangement (Anderson et al., 2014).  In terms of morphology, astrocytes 

tune their responses to the severity of the insult: Upon mild and diffuse brain injuries, astrogliosis 

responses are characterized by upregulation of intermediate filaments and hypertrophy of soma and 

protrusions. Penetrating, profound lesions trigger formation of an astrocytic scar, where reactive 
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astrocytes lose their spongiform morphology and territorial domains due to proliferation and 

extension of long polarized processes towards the injury site, as depicted in Figure 1 (Schiweck et al., 

2018). 

Whether astrocytic scars and glial scars are in fact a beneficial or detrimental process has been the 

subject of intense scientific debate (Adams & Gallo, 2018; Anderson et al., 2016; Bradbury & 

Burnside, 2019; Silver & Miller, 2004; Yang et al., 2020) and is likely to be answered with ‘both’, 

depending on molecular signaling events and context (Sofroniew, 2009): 

On the one hand, astrogliosis can be regarded as a defensive mechanism that helps to prevent the 

propagation of inflammation into the uninjured brain parenchyma, limits the expansion of 

neurodegeneration (Faulkner et al., 2004; Frik et al., 2018) and even promotes axonal regeneration 

(Anderson et al., 2016). On the other hand, the persistence of an astrocytic scar at the injury site and 

deposition of associated inhibitory molecules can also impair neuronal regeneration (S. A. Busch & 

J. Silver, 2007; Silver & Miller, 2004).  

While molecular triggers of astrogliosis as well as signaling events and anatomy of the astrocytic scar 

are well described (Sofroniew, 2015), less is known about the molecular mechanisms responsible for 

the morphological changes required for astrocyte polarization and extension of processes towards 

the injury site. The following section will discuss the astrocytic cytoskeleton and the current state of 

knowledge on rearrangements during astrogliosis. 

 

 

Figure 1 Morphological changes during astrogliosis with respect to the lesion site, from (Schiweck et 

al., 2018) 
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1.4 Astrocytic cytoskeleton 

The astrocytic cytoskeleton is composed of microtubules, intermediate filaments and microfilaments 

(actin cytoskeleton). These three filament systems interact and cooperate to fulfill a plethora of 

important functions, including establishing and maintaining cell shape, allowing for intracellular 

transport and facilitating cell migration (Hohmann & Dehghani, 2019). Therefore, the cytoskeleton 

directly mediates some of the important features of astrogliosis.  

 

1.4.1  Microtubules during astrogliosis 

Microtubules provide the basis for important cellular functions, such as mitosis and cell division or 

long-range transport of intracellular vesicles and organelles (Lasser et al., 2018). 

Most of the research on microtubules during astrogliosis was obtained in in vitro experiments, where 

astrocytes migrate into wound areas, unlike astrocytes in vivo, where they do not migrate but rather 

proliferate and extend processes to form the astrocytic scar (Bardehle et al., 2013). In vitro, 

microtubules are enriched in extending astrocytic processes and reach the leading edge of astrocyte 

protrusions, which stands in contrast to other cell types, where few microtubules actually invade the 

actin-rich leading edge (Etienne-Manneville & Hall, 2001). Pharmacological depolymerization of 

microtubules demonstrated that microtubules are essential for the outgrowth of palisade-like 

processes.  

In vitro experiments have shown an important role for the small GTPase Cdc42 in regulating 

outgrowth of polarizing processes in astrocytes, however, deletion of Cdc42 in vivo did not affect 

astrocyte polarization but rather impaired astrocyte proliferation in response to TBI (Robel et al., 

2011). Interestingly, in vivo experiments employing a model of SCI in rats showed that 

pharmacological stabilization of microtubules reduced fibrotic scar formation and promoted 

neuronal regeneration. However, the microtubule stabilization did not affect astrogliosis, suggesting 

that the success of this treatment is based on astrocyte-extrinsic processes (Ruschel & Bradke, 2018).  

 

1.4.2 Intermediate filaments in astrogliosis 

While the composition of the astrocytic intermediate filament network varies during different 

developmental stages, maturing and fully differentiated astrocyte intermediate filaments are 

composed of Vimentin and GFAP (Sultana et al., 2000). Levels of these proteins vary in brain regions, 

for example, astrocytes located in the adult cortex are largely negative for GFAP (Walz, 2000; 

Kimelberg, 2004).  

A special role is attributed to the intermediate filament system during astrogliosis: CNS insults trigger 

a prominent upregulation of GFAP and Vimentin in astrocytes, that is considered a hallmark of 
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reactive astrogliosis (Pekny, 2001). Early studies investigating the effect of genetic ablation of GFAP 

and Vimentin during CNS injury found impaired formation of astrocytic scars. Scars in GFAP and 

Vimentin deficient (GFAP-/-Vim-/-) mice were less dense and fissures filled with blood, tissue fluid or 

debris were present at the injury site, emphasizing the importance of the intermediate filament 

system for the astrogliosis response (Pekny, 2001). Nevertheless, other studies showed positive 

effects of GFAP and Vimentin deficiency. Glial scar formation  in GFAP-/-Vim-/- mice was reduced while 

axonal plasticity and functional recovery were enhanced (Menet et al., 2003), which is in line with 

previous findings showing that the presence of the glial scar has negative effects on neuronal 

regeneration (Sarah A. Busch & Jerry Silver, 2007). 

 

1.4.3 The actin cytoskeleton during astrogliosis 

Microfilaments are formed by the protein Actin, and are  classically considered  as a determinant in 

regulating cell morphology and migration (Pollard & Cooper, 2009). Most cellular processes, 

including endocytosis, cellular transport and membrane trafficking also rely on the actin 

cytoskeleton. The dynamic remodelling of complex actin network structures is the basis for a 

plethora of different tasks in eurkaryotic cells (Pollard & Cooper, 2009). 

Actin exists as free globular monomers (G-Actin) and as filamentous polymers (F-Actin). Actin 

polymerization into polar filaments occurs via ATP-bound G-Actin monomers. The first step of F-actin 

formation is the generation of actin nucleation sites, where the rapid addition of ATP-G-actin units 

drives the fast growth of new filaments. In vitro, three actin monomers spontaneously form a trimer, 

which serves as nucleation site for a new filament. ATP-bound G-actin incorporates at the fast 

growing plus end, while the filament actin subunits hydrolyse ATP to ADP. At the minus-end, ADP-

actin dissociates from the filament.  In vitro, the concentration of ATP-bound G-actin determines the 

rate of actin nucleation, polymerization, and turnover. Eukaryotic cells possess a complex machinery 

of actin-binding proteins, which control actin nucleation, polymerization, turnover, and organization 

into suprastructures in a tightly controlled spatial-temporal manner (Pollard & Cooper, 2009). For 

instance, polymerase-like proteins like Ena/VASP or formins, nucleate actin and promote the growth 

of linear filaments by continuously adding G-actin molecules to the plus-ends (Breitsprecher et al., 

2008; Hansen & Mullins, 2010; Romero et al., 2007). Subsequently, cross-linking actin-binding 

proteins organize newly formed linear actin filaments into higher suprastructures, such as bundles 

and networks (Pollard & Cooper, 2009).    

Branched actin arrays constitute another pool of dynamic networks, which are directly formed by 

the Arp2/3 complex. This protein complex resembles an actin trimer but requires an upstream 

activation by additional proteins, so called ‘nucleation promoting factors’. When activated, the 

Arp2/3 complex binds to existing filaments and initiates the generation of new daughter filaments 
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(Pollard, 2007; Pollard & Cooper, 2009). Both types of actin networks create distinct morphological 

features of eukaryotic cells: Linear actin filaments constitute the structural components of antenna-

like filopodia and necks of dendritic spines in neurons. Arp2/3 complex-dependent networks create 

lamellipodia in moving cells, veil-like leading edges of neuronal growth cones, and head-like 

structures of mature dendritic spines (Gallop, 2020; Konietzny et al., 2017). In addition, branched 

actin arrays are involved in membrane trafficking, for instance during the internalization and 

propulsion of endocytic vesicles (Chakrabarti et al., 2021). Both linear and branched actin networks 

are balanced in homeostasis by competing for a common pool of G-actin molecules (Rotty & Bear, 

2014).  

Upon CNS injury, reactive astrocytes undergo comprehensive changes in their morphology like 

hypertrophy and the extension of long processes. Those changes undoubtedly require an extensive 

remodeling of the actin cytoskeleton. However, only few actin regulators were already described to 

be involved in astrogliosis responses: The cross linking and bundling proteins α-actinin and paladin, 

are upregulated during astrogliosis (Abd-El-Basset & Fedoroff, 1997; Boukhelifa et al., 2003). 

One previous study shows that the Arp2/3 complex negatively regulates astrogliosis: Inhibition of 

Arp2/3 in brain slices increased astrocyte cell body size and number of large processes, reminiscent 

of reactive astrocytes upon diffuse trauma. In a model of stroke, the inactivation of the Arp2/3 

complex accelerated the hypertrophy of reactive astrocytes, while the overactivation of the Arp2/3 

complex suppressed cell body expansion (Murk et al., 2013). 

The fact that there is an upregulation of actin-binding proteins upon injury, and the observation that 

inhibition of actin-binding proteins induces changes in cell morphology that are reminiscent of 

astrogliosis suggest that the regulation of the actin cytoskeleton is an important factor determining 

the astrocytic response to injury.  Little is known about the role of other actin-regulators during the 

astrocytic injury response and revealing the contribution of further actin regulators to this process 

will enhance our understanding of the molecular regulation of astrocytic scar formation. Following 

this line of thought, here, I investigated the role of the actin-binding protein Drebrin during 

astrogliosis. The following section will introduce Drebrin and its function. 

 

 

1.5 Drebrin 

The ‘developmentally regulated brain protein’ (Drebrin), consists of two major isoforms, Drebrin E 

and Drebrin A which are transcribed from a single gene through alternative splicing (Majoul et al., 

2007) (Willmes et al., 2017). While Drebrin A is specifically expressed by mature neurons, Drebrin E 
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is not only expressed in immature neurons but also found in adult non-neuronal cells inside and 

outside the CNS (Shirao et al., 2017). 

 In principle, Drebrin (DBN) stabilizes F-Actin by sidewise binding and competes with other actin-

binding proteins, thereby altering actin dynamics and impacting various cellular processes (Mikati et 

al., 2013). 

Since Drebrin was discovered in neurons, where it is highly enriched in dendritic spines, most of the 

work in general and in our group in particular, has addressed the role of Drebrin in this cell type. 

While Drebrin deficiency in neurons was shown to reduce long-term potentiation and cause altered 

spine morphology in hippocampal neurons by other groups (Jung et al., 2015; Kojima et al., 2016), 

data obtained in our group did not corroborate these findings. No alterations regarding basic 

properties at hippocampal synapses or impairments of synaptic plasticity could be found in Drebrin-

deficient mice at physiological conditions (Willmes et al., 2017). However, under conditions of 

oxidative stress, Drebrin exerts a protective function by stabilizing dendritic spines (Kreis et al., 2019), 

suggesting a specific role for Drebrin during cellular stress responses. 

In non-neuronal cells, Drebrin was shown to play a role during viral infection: Drebrin restricts 

dynamin-dependent Rota-virus entry into host cells and, in its function as an actin binding protein, 

acts as a negative regulator of different dynamin-dependent endocytic pathways (Li et al., 2017). 

Regarding astrocytes, the role of Drebrin was investigated previously by only one study. In their 

study, Butkevitch et al. postulated a role for Drebrin in maintaining Connexin 43 at the plasma 

membrane. The authors showed that a lack of Drebrin leads to impaired cell-cell coupling and 

internalization of gap junctions in cultured astrocytes (Butkevich et al., 2004).  

To my knowledge, no study addressed the role of Drebrin during CNS injury. Given that actin-binding 

proteins have just emerged as important players in regulating astrogliosis and Drebrin plays a role in 

stabilizing actin filaments and modulating actin dynamics by competing off other actin regulators, it 

is conceivable that Drebrin may be involved in cytoskeletal rearrangements in astrocytes upon injury.  
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2. Aims of the Thesis 
 

CNS injury has detrimental consequences for affected individuals, because tissue repair and 

remodeling are limited. Shielding off uninjured brain parenchyma from the injury site is necessary to 

avoid spreading of inflammation and neurodegeneration. In response to injury, astrocytes initiate a 

program termed ‘reactive astrogliosis’ which is characterized by altered gene expression and drastic 

changes in morphology. Astrocytes extend long processes and form an astrocytic scar that depends 

on the rearrangement of the cytoskeleton. 

At the level of the actin-cytoskeleton, actin regulatory proteins control changes in actin networks. 

One such actin-binding protein is Drebrin, which stabilizes F-Actin by sidewise binding and alters 

actin dynamics by competing against other actin-binding proteins. I thus hypothesize that Drebrin in 

astrocytes participates in remodeling of the actin cytoskeleton during astrogliosis. 

Therefore, the overall aim of this thesis is to elucidate the role of the actin-binding protein Drebrin 

during astrogliosis. More specifically, I aim to investigate the impact of Drebrin deficiency in an in 

vivo model of TBI in mice and to pinpoint the effects of Drebrin loss for astrogliosis on a molecular 

level in vitro, using primary astrocyte cultures in conjunction with an injury model for cell culture. 
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3. Methods 
 

All methods employed in this thesis are described in detail in the paper associated with this Thesis 

(Schiweck et al., 2021). A short summary of the most important methodologies is provided below. 

 

Ethical approval and mouse strains 

This study was approved by the Landesamt für Gesundheit und Soziales’ (LaGeSo; Regional Office for 

Health and Social Affairs) in Berlin, permit number G0189/14. All animals were handled in 

accordance to the permit after ethical approval. 

Mouse strains used were Dbn-/- mice described previously (Willmes et al., 2017)), 

B6.CAMK:Cre/Dbnfl/fl mice (generated by crossing B6.Cg-Tg(Camk2a-cre)T29-1Stl/J (kindly provided 

by Dietmar Schmitz, Charité Berlin;) with B6. Dbnfl/fl mice) and BAC Aldh1L1 eGFP mice (described 

previously in (Yang et al., 2011)).  

 

Antibodies, reagents, plasmids 

Antibodies, reagents and plasmids and information on respective concentrations and applications 

can be found in the original publication (Schiweck et al., 2021). 

 

Cell culture and plasmid transfection 

Cortical astrocytes were isolated from wild type or Dbn-/- mouse brains as described previously (Murk 

et al., 2013). Astrocytes were expanded until 90% confluency and microglia were selectively removed 

by treatment with 60 mM l-leucine-methylester (LME, Sigma) for 90 minutes in DMEM 

supplemented with 10% fetal bovine serum (FBS). Astrocytes were then split and replated for 

imaging or biochemical experiments.  For microglia cultures, astrocyte-microglia mixed cultures were 

placed on a shaker for 2 h at 150 rpm. Supernatant containing microglia was collected and plated on 

poly-ornithine-coated glass coverslips. Primary mixed cortical cultures were obtained from male and 

female wild type or Dbn−/− mouse embryos (embryonic day E16.5) as described previously (Schrötter 

et al., 2016). HEK293TN were obtained from BioCAT (Cat. no. LV900A-1-GVO-SBI). Astrocytes were 

transfected using TransIT LT1 (Mirus) according to the manufacturer’s protocol. Information on 

lentivirus production, astrocyte infection and RNA interference can be found in the original 

publication. 

 

Scratch wound in vitro and live-cell imaging 
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Astrocytes were cultured to confluency in phenol red-free DMEM (Thermo Scientific) with 10% FBS. 

Scratch wounds were performed as established previously (Etienne-Manneville & Hall, 2001). To 

ensure sufficient scratching of the monolayer, different scratch patterns were performed. 18 mm 

coverslips, were scratched once vertically and once horizontally; 4 well µ-slides dishes (IBIDI), were 

scratched once vertically; 30 mm dishes were scratched three times horizontally and vertically. 

Scratch wounded astrocytes were subjected to western blot analysis or live-cell imaging, employing 

a Nikon Widefield microscope with CCD camera, scanning stage, and environmental control chamber 

(OKO lab) and a ×40 objective (N.A. 0.7) with 1.5× intermediate magnification. 

 

Quantification of membrane tubules 

Rab8a+ tubular membrane compartments were quantified based on a macro for Fiji previously 

developed by Pasqualin et al. (Pasqualin et al., 2014).  I modified the code to analyze video sequences 

acquired in live imaging experiments. Code available on github: 

https://github.com/jschiweck/TubuleMacro . 

 

Pharmacological treatments 

During live cell imaging experiments a 30 min baseline of GFP-Rab8A-expressing cells was recorded 

before either 100 nM Cytochalasin d (Merck Calbiochem, Cat. no. 250255), 100 µM CK-666 (Sigma-

Aldrich, Cat. no: SML0006-5MG) or 25 µM SMIFH2 (Sigma-Aldrich, Cat. no. S4826-5MG) were added 

and effects of the treatments were imaged. For imaging of microtubule dynamics, astrocytes were 

treated with 1 µM SiR-tubulin for 6 hours prior to imaging (Spirochrome, cat#: SC002). 

 

Immunocytochemistry and antibody feeding 

Cultured astrocytes were fixed using 3.7% formaldehyde in cytoskeleton-preservation buffer (25 mM 

HEPES, 60 mM PIPES, 10 mM EGTA, 2 mM MgCl2, pH 7.4) for 20 min. Cells were washed thrice with 

cytoskeleton-preservation buffer. Immunocytochemistry was performed as follows:  Cells were 

permeabilized by incubation with 0.02% Triton X-100 in Phosphate-buffered saline (PBS) for 3 

minutes; brief incubation in 1% bovine serum albumin (BSA) in PBS; incubated with primary 

antibodies in PBS for 1h at RT; three 5-minute washes with PBS; brief incubation in 1% BSA in PBS; 

incubation with secondary antibody in 1% BSA for 1h at RT, followed by three 5 minute washes with 

PBS. Cells were mounted in Mowiol. In order to visualize endogenous Rab8, the protocol was 

adapted: PBS was replaced by cytoskeleton-preservation buffer and permeabilization time was 

increased to 30 min. For antibody feeding assays, astrocytes were serum starved for one hour and 

incubated with Integrin antibody (9EG7 antibody, BD Bioscience, 1:20) on ice for 1 hour. Cells were 

then washed thrice with DMEM+ 10% FBS and placed into the incubator too internalize the antibody 

https://github.com/jschiweck/TubuleMacro
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at 37 °C . After internalization, astrocytes were washed with ice-cold PBS and surface antibody was 

removed with acetic acid pH3 (0.5 M NaCl, 0.5% Acetic Acid in ddH2O). Cells were then fixed as 

described above. 

 

Confocal microscopy and imaging processing 

Cells were imaged on a Nikon A1Rsi+ (Nikon) confocal microscopes. Large image and multipoint scans 

were performed on Nikon A1 microscopes using an automated stage. Image processing was 

performed in FIJI and/or Imaris (Bitplane). For a detailed analysis on image processing and focal 

adhesion analysis performed see (Schiweck et al., 2021). 

 

Surface biotinylation and internalization assay 

Cultured astrocytes were incubated in 1 mg/ml membrane-impermeable EZ-Link Sulfo-NHS-SS-Biotin 

(ThermoFisher) in ice-cold PBS pH 8 for 2 h at 4  °C with gentle rotation before quenching and lysis. 

For a detailed description of Biotinylation see (Schiweck et al., 2021). 

 

Protein lysate preparation, SDS–PAGE, and WB 

Cultured astrocytes were washed once with cold PBS and lysed in cold radioimmunoprecipitation 

assay (RIPA) buffer, supplemented with protease inhibitors (Merck, Calbiochem set III, Cat. no. 

539134) for 20 minutes on a rotator at 4 °C. Cell lysates were cleared by centrifugation at 20,000 × g 

and supernatant was transferred to a fresh tube with sample buffer (Roti load I SDS buffer). Lysates 

were boiled for 3 min at 98 °C. Samples were loaded onto SDS-PAGE gels and were transferred to 

nitrocellulose membranes using a wet blot tank system (Bio-Rad). Membranes were blocked for 1 h 

at room temperature in 5% skim milk in TBS-T. Membranes were then incubated with primary 

antibodies diluted either in 5% skim milk or 5% BSA in TBS-T overnight. The next day, membranes 

were washed 3 × 10 min in TBS-T and incubated with HRP-coupled secondary antibody for 1 hour, 

followed by 3 × 10 washes in TBS-T before detection. Signals were quantified using FIJI and 

measurements were normalized to loading control. 

 

In vivo stab wound and spinal cord injury 

Mice were anesthetized using ketamine (100 mg/kg) and xylazine (10 mg/kg). Full anesthesia was 

verified by monitoring breathing and toe reflexes. Mice were placed on a stereotactic frame (Kopf 

Stereotax) while maintaining body temperature at 37 °C, using a heating blanket. An incision was 

created in the scalp and a small craniotomy was drilled above M1 motor cortex (bregma: −1 mm; 

lateral: 1 mm). To induce a stab wound, a 33-gauge injection needle was inserted into the motor 

cortex and moved up and down three times (0.8 mm). The needle was removed and the scalp was 
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sutured. Metamizol (5 mg/ml) was added to drinking water until, after 7 or 30 days, mice were 

sacrificed by sedation with isoflurane and perfused with PBS and 4% formaldehyde. Brains were 

removed and placed in formaldehyde for 24 h before placing them in 30% sucrose in PBS. 

 

IHC, tissue clearance and histology 

Coronal sections (60 µm) were obtained by sectioning mouse brains, permeabilized with 1% Triton 

X-100 in PBS overnight and blocked in 5% BSA. IHC for GFAP was performed to identify sections with 

a scar. GFAP-positive sections were then selected and stained for additional markers. Sections were 

then fixed in 4% formaldehyde for 1 h at 4 °C. Brain slices were cleared by incubation in tissue 

clearing buffer ScaleA2 (4 M UREA, 10% (wt/vol) glycerol, 0.1% (wt /vol) Triton X-100 and 0.1× PBS) 

for 48 h. Transparent slices were mounted on glass slides using Mowiol with 4 M Urea and analyzed 

by confocal microscopy. For visualization of RAB8 tubules in vivo, animals were perfused with 3.7% 

formaldehyde in a cytoskeleton-preservation buffer (25 mM HEPES, 60 mM PIPES, 10 mM EGTA, 

2 mM MgCl2, pH 7.4) instead of formaldehyde in PBS. For Rab8 visualization, brain slices were not 

tissue cleared and mounted in Mowiol. Creysl violet staining was performed as per manufacturer 

instructions (Merck Millipore, 105235). 

 

Purification of recombinant GST-hSLP4A and isolation of endogenous GTP-bound RAB8 from 

astrocytes 

Recombinant GST-hSLP4A was expressed in and purified from BL21 Rosetta DE3 Eschechia coli 

(Merck, Ca. no. 70954) as described in the original publication (Schiweck et al., 2021). For coating of 

the beads, bacterial lysates were incubated with glutathione sepharose beads for 1 hour on a 

rotating wheel at 4 °C. Subsequently, beads were washed three times with ice-cold lysis buffer 

(20 mM HEPES, 150 mM NaCl, 0.5% Triton X-100). For isolation of GTP-bound Rab8, astrocyte lysates 

were rotated with the coated beads for 1 hour at 4 °C, followed by four washes with Lysis buffer 

supplemented with protease inhibitors. Samples were then subjected to SDS–PAGE and WB. 

 

Electron microscopy 

Electron microscopy was performed by our collaborators. A detailed description of the procedure 

used can be found in the original publication (Schiweck et al., 2021). 

 

Statistics and reproducibility 

All statistical analyses were performed in GraphPad Prism software (Prism 7.0). The data are 

reported as bar graphs showing individual values and means ± SEM, or as box-and-whiskers plots, 

ranging from minimum to maximum values, sample sizes are reported in the respective figure 
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legends. All data were tested for normality and accordingly subjected to parametric or non-

parametric statistical analysis. No experiments were excluded from the analyses. 

 

 

4. Results 
 

The results obtained in this thesis were generated in close collaboration with my colleagues Dr. Kai 

Murk, Dr. Julia Ledderose, Marta Ornaghi and Dr. Agnieszka Münster-Wandowski. The exact 

contributions are mentioned in the section ‘Detailed Declaration of Contributions’. 

4.1.  Drebrin is upregulated in response to injury in astrocytes in vitro and in vivo 

This project set out to study the actin-binding protein Drebrin in astrocytes. In a first step, we 

assessed whether Drebrin was present in astrocytes under physiological conditions. To this end, we 

examined Drebrin expression in 21 day old cortical cultures containing astrocytes and neurons. As 

expected, Drebrin immunoreactivity was detected at high levels in dendritic spines of cortical 

neurons (Koganezawa et al., 2017) (Figure1A, upper panel, in Schiweck et al., 2021). In contrast, 

astrocytes in neuronal cultures did not express Drebrin at detectable levels. Likewise, when 

examining brain slices of adult mice, a strong signal for Drebrin was obtained in the cortex, 

originating from dendrities harboring harboring Map2+ dendrictic spines, whereas S100β-positive 

cortical astrocytes did not show any Drebrin expression (Figure 1C, upper panel in Schiweck et al., 

2021). 

In view of the substantial morphological and functional changes in astrocytes upon injury, we next 

asked whether Drebrin may be involved in astrogliosis responses. Therefore, we tested whether 

injury induces Drebrin expression in astrocytes. We took advantage of an in vitro scratch injury model 

to induce astrogliosis in cultured astrocytes and observed that astrocyte processes invading the 

scratch area in mixed cortical cultures displayed prominent Drebrin labelling (Figure 1A, lower panel, 

in Schiweck et al., 2021). In order to quantify the upregulation of Drebrin upon injury, we then 

subjected purified astrocyte cultures to injury and performed immunoblotting after different time 

points. Purified astrocytes expressed Drebrin at low basal levels at physiological conditions, which 

may be a result of culturing conditions that render these cells marginally reactive even in the absence 

of any acute injury stimulus (Foo et al., 2011). Nevertheless, purified astrocytes also showed a robust 

upregulation of Drebrin upon scratch injury, reaching a 3.2-fold increase as compared to basal levels 

after 24 hours (Figure 1B in Schiweck et al., 2021).   



16 
 

To study Drebrin in reactive astrocytes in vivo, we induced TBI in wild type or BAC Aldh1l1 eGFP 

reporter mice by inflicting a unilateral stab wound to the cortex and analyzing the tissue by 

immunohistochemistry.  Usage of BAC Aldh1l1 eGFP reporter mice facilitated the visualization of 

both reactive and non-reactive astrocytes. The gray matter-restricted stab injury in the cortex 

resulted in astroglial scar formation at the injury site within 7 days. We observed strong Drebrin-

labeling in GFAP+ astrocytes extending processes to the injury site, further confirming that Drebrin 

is also upregulated in astrocytes upon injury in vivo (Figure 1C, lower panel in Schiweck et al., 2021). 

These findings establish Drebrin as an injury-specific protein in reactive astrocytes. 

 

4.2  Loss of Drebrin impairs glial scar formation 

Given the upregulation of Drebrin upon injury, we next aimed to elucidate whether Drebrin plays a 

functional role in morphological rearrangements during astrogliosis. 

We thus investigated the effect of Drebrin loss in glial scar formation in vivo. Cortical stab injuries in 

Drebrin-deficient mice revealed that astrocytes were able to induce their astrogliosis program, as 

prominent hypertrophy and GFAP immunoreactivity were observed in astrocytes surrounding the 

lesion area 7 days post injury. However, Dbn-/- astrocytes displayed defects in polarization. 45% of 

wild type astrocytes extended long processes to the injury site, whereas only ~ 16% of Dbn-/- 

astrocytes showed clear polarization (Figure 2A in Schiweck et al., 2021).  

Since glial scar formation is a multicellular process, we next analyzed microglia, the first glia type to 

be recruited to the injury site. We studied IBA1+ microglia in the close vicinity of the injury site, which 

showed no or little signs of reactive hypertrophy in functional wild type scars. However, microglia in 

Dbn-/- mice showed hypertrophic cell bodies when compared to wild type mice (Figure 2B in Schiweck 

et al., 2021). This finding is indicative of defective scarring in injured Dbn-/- mouse brains. To assess 

whether the altered scar formation also affects surrounding neurons, we next assessed neuronal 

health at the injury site. 

Induction of a stab injury usually generates limited tissue damage with loss of neurons restricted only 

to the needle insertion site in wild type brains. To assess the health of neurons surrounding the injury 

site, we studied the marker protein NeuN that localizes to both the cytoplasm and nuclei of healthy 

neurons. Cellular stress induces the translocation of NeuN from nuclei to cytoplasm (Lucas et al., 

2014; Shandra et al., 2019; Wang et al., 2015). We used the translocation of NeuN as readout for 

neuronal stress and discovered a substantial number of neurons (42%) surrounding injury sites that 

displayed a translocation of NeuN from the nucleus to the cytoplasm in Dbn-/- brains. In wild type 

brains, only a neglectable proportion of cells showed this phenotype (~1%) (Figure 2C in Schiweck et 
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al., 2021). These findings demonstrate exacerbated neuronal stress in Dbn-/- animals upon brain 

injury. 

 

4.3  Drebrin is essential for maintaining of astrocyte reactivity and its loss causes extensive 

neurodegeneration 

We next investigated the long-term consequences of Drebrin deficiency on glial scar formation and 

neuronal survival. To our surprise, glial scars, as measured by GFAP and Vimentin immunoreactivity, 

were absent at the needle insertion site in Dbn-/- animals 30 days after injury, whereas wild type 

animals displayed astrocytic scars as expected (Figure 2D, S2A, B in Schiweck et al., 2021). In Dbn-/- 

animals, the lack of scars was accompanied by exacerbated neurodegeneration adjacent to the injury 

site, quantified by counting of NeuN+ cells and Nissl staining. The number of NeuN+ cells around the 

lesion area revealed a drastic reduction of NeuN+ cells in Dbn-/- animals. Nissl staining showed that 

neurons, normally identified by a bright violet stain of the large neuronal cell body, were absent from 

the injury site, while cells with dark, smaller nuclei were found, indicating the presence of non-

neuronal cells at the injury site (Figure 2E, S4A in Schiweck et al., 2021). 

Previous work in our group showed that loss of Drebrin in neurons leads to increased vulnerability 

upon cellular stress (Kreis et al., 2019). The Dbn-/- mice used in this study are germline knockouts and 

consequently, Drebrin is deleted in all cells. To ensure that the observed excessive neuron 

degeneration was not due to increased neuronal vulnerability rather than astrocyte-dependent 

effects, we analyzed astrogliosis and neurodegeneration in Dbnfl/fl:CAMK-Cre+/cre (Dbnfl/fl:CAMK-Cre) 

mice, which lose Drebrin specifically in neurons. Dbnfl/fl:CAMK-Cre+/cre (Dbnfl/fl:CAMK-Cre) mice were 

comparable to wild type mice regarding astrocytic scar formation and did not show any signs of 

neuronal stress or neurodegeneration beyond the amount observed in wild type animals 7 and 30 

days post injury (Figure 2E, S4C in Schiweck et al., 2021). 

The absence of reactive astrocytes at the injury site in Dbn-/- animals raised the question whether 

astrocytes simply downregulated their reactivity or whether they have vanished and other cell types 

are invading the area. We thus performed immunohistochemistry for a broad range of astrocytic 

markers, including Aldh1l1 and Sox9. Cells at the injury site expressed low levels of Aldh1l1, whereas 

an unusual pattern of Sox9 could be observed (Figure 2D, S3B in Schiweck et al., 2021).  

Sox9 labeling in Dbn-/- animals revealed large numbers of Sox9+ cells at the core lesion. Instead of 

displaying the typical nuclear Sox9 distribution, as observed in wild type animals, Dbn-/- mice showed 

cells with an exclusively cytoplasmic Sox9 localization directly at the injury site. Dbn-/- astrocytes 

distant to the core lesion showed the typical nuclear Sox9 distribution (FigureS3A in Schiweck et al., 

2021). While nuclear Sox9 is astrocyte-specific in the adult mouse brain outside of neurogenic 



18 
 

regions (Sun et al., 2017),  cytoplasmic Sox9 localization was previously described for 

undifferentiated stem cells as well as precursor cells. In conjunction with the downregulation of 

several astrocytic markers, this finding might therefore indicate de-differentiation of Dbn-/- 

astrocytes at the injury site, however, further investigation is required to correctly identify these 

cells. 

We then investigated if the defects in glial scar formation and absence of astrocyte reactivity in Dbn-

/-animals lead to the infiltration of invading monocytes. Appearance of monocytes in the lesion area 

and surrounding tissue would indicate compromised blood-brain barrier integrity. Immunostainings 

with CD45 revealed the presence of very few monocytes in both wild type and Dbn-/- animals, which 

were exclusively restricted to the needle insertion site (Figure S4B in Schiweck et al., 2021). Thus, 

increased monocyte invasion does not occur in the injured Drebrin-deficient brain. In summary, we 

showed the crucial role of Drebrin in maintaining astrocyte reactivity and neuronal survival after 

brain injury. 

 

 

4.4  Drebrin localizes to structures beyond actin fibers in vitro 

To further investigate the molecular mechanisms behind perturbed astrogliosis responses in Drebrin-

deficient mice, we went back to purified astrocytes as a cell culture model and first established 

whether these astrocytes recapitulate the polarization defects observed in vivo. 

Employing time lapse imaging in combination with scratch injury, we observed the polarization of 

astrocytes in vitro for 30 hours. Dbn-/- astrocyte monolayers showed impaired wound closure as 

compared to their wild type counterparts after 30 hours. In addition, lentivirally transduced 

astrocytes expressing the actin probe Lifeact-GFP showed that Dbn-/- cells extended over smaller 

distances and changed their orientation during scratch closure, while wild type astrocytes polarized 

in a coordinated and collective manner (Figure S5A, B). Thus, our cell culture assay recapitulated key 

features of Drebrin-dependent astrocyte scarring observed in vivo. 

When we studied the subcellular distribution of Drebrin in these astrocytes after scratch injury, we 

observed time-dependent changes in protein localization: One hour after injury, Drebrin was mainly 

present at the actin-rich leading edge of cells. After 24 hours, Drebrin localized to more central parts 

of the extending processes. Overexpression of DBN-YFP  together with labeling of F-Actin showed 

that Drebrin was only partially present on actin fibers and also labelled different cellular 

compartments, reminiscent of vesicular and tubular endosomal structures, suggesting that Drebrin 

might be involved in cellular trafficking processes (Figure S5 C, D in Schiweck et al., 2021). 
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4.5  Drebrin deficiency impairs Focal adhesions 

We next asked whether the polarization defect observed in Dbn-/- astrocytes in vivo may be due to 

impaired focal adhesion formation. Focal adhesions are multi-protein complexes, tethered to the 

actin cytoskeleton, which link cells to the extracellular matrix, and facilitate cell adhesion and 

movements (Kim & Wirtz, 2013). Astrocytes displaying defects in focal adhesion formation may 

therefore not be able to orient and extend their processes correctly towards the injury site.  

We thus explored the focal adhesion proteins Paxillin and β1-Integrin in wild type and Dbn-/- 

astrocytes employing live cell imaging, antibody feeding assays and immunocytochemistry. 

Observation of Paxillin-positive focal adhesions over time revealed a reduced focal adhesion size in 

Dbn-/- cells. When we studied the distribution of β1-Integrin during injury-induced polarization, we 

observed long β1-Integrin-positive focal adhesions in wild type animals, whereas Dbn-/- astrocytes 

showed a more scattered pattern of β1-Integrin at the membrane (Figure 5 B, C in Schiweck et al., 

2021).  

Malformation of focal adhesions can be caused by defects in focal adhesion assembly or due to 

impaired protein trafficking to focal adhesion sites. Given that Drebrin localized to vesicular and 

tubular endosomal compartments, we hypothesized that β1-Integrin trafficking is impaired in Dbn-/-

cells. Surface biotinylation experiments and antibody feeding assays revealed that Dbn-/- cells had a 

substantially reduced amount of β1-Integrin on their surface compared to wild type astrocytes. In 

addition, internalized β1-Integrin appeared to accumulate just under the leading edge, whereas wild 

type cells displayed internalized β1-Integrin throughout the cell (Figure 5D, E in Schiweck et al., 

2021).  

In summary, Drebrin regulates β1-Integrin trafficking and focal adhesion formation in reactive 

astrocytes. These findings prompted us to ask how Drebrin could control membrane trafficking on 

the molecular level. 

 

 

4.6  Injury-induced Rab8a- tubular endosomes formation is impaired in Dbn-/- 

With over 60 family members, Rab GTPases coordinate virtually all aspects of membrane trafficking 

in cells (Stenmark, 2009). Rab GTPases cycle between an ‘active’, GTP-bound form and an ‘inactive’ 

GDP-bound form. Different effector molecules, like kinases or phosphatases can be recruited by the 

active form and mediate different aspects of vesicle trafficking. Rab GTPases have roles in vesicle 

sorting, uncoating, motility, tethering and membrane fusion (Stenmark, 2009). Since Drebrin 

localized to vesicular structures and trafficking of β1-Integrin was disturbed in reactive Dbn-/- 
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astrocytes, we explored if Rab family members displayed trafficking defects in Dbn-/- cells. To this 

end, we expressed GFP-tagged Rabs involved at different steps of membrane trafficking in wild type 

and Dbn-/- astrocytes after injury and compared their expression patterns. Rab5 (early endosome and 

phagosome-associated), Rab7 (late-endosome-associated) and Rab11 (recycling endosome-

associated) did not show apparent difference between wild type and Dbn-/- cells (Figure S6A in 

Schiweck et al., 2021). However, Rab8a, previously associated with trafficking from the trans-Golgi 

network (TGN) to the plasma membrane (Stenmark, 2009) as well as secretory autophagy (Dupont 

et al., 2011) showed a particular subcellular localization: GFP-Rab8a formed numerous prominent 

membrane tubules in wild type  astrocytes, whereas the number of Rab8a membrane tubules was 

reduced in Dbn-/- animals (Figure S6A in Schiweck et al., 2021). Quantification of GFP-Rab8a+ tubular 

endosomes was performed by extending a script previously developed to analyze tubular structures 

in cardiomyocytes, to be able to analyze data obtained during live cell imaging (Pasqualin et al., 

2014).  

 

Endogenous labeling of Rab8 confirmed the presence of tubular endosomes in wild type astrocytes 

after scratch injury, with tubules being most prominent in astrocytes invading the scratch area. When 

comparing differences between wild type and Dbn-/- cells, we observed many more tubules in wild 

type cells, which extended throughout the cytosol. Dbn-/- cells displayed less tubular endosomes that 

were mostly localized to the perinuclear region. (Figure 3A in Schiweck et al., 2021). We attempted 

to quantify endogenous tubule numbers in an automated manner, however, the determination of 

endogenous Rab8+ tubules was not feasible due to a low signal to noise ratio yielded with antibody 

labeling (Figure 3A in Schiweck et al., 2021). 

 

Given that Rab8a has a different subcellular localization in injured wild type and Dbn-/- astrocytes, we 

next asked whether this phenotype is correlated with astrogliosis or whether uninjured Dbn-/- and 

wild type astrocytes display a similar phenotype. 

We thus assessed Rab8a+ tubular endosome numbers in wild type and Dbn-/- cells with and without 

injury. Indeed, under basal conditions, the number of Rab8+ tubular endosomes was very low and 

did not differ in wild type and Dbn-/- astrocytes. However, wild type cells upregulated this 

compartment in response to injury whereas Dbn-/- astrocytes failed to do so (Figure 3D, E in Schiweck 

et al., 2021). Since we also observed an upregulation of Drebrin in astrocytes upon injury, taken 

together these findings indicate a role for Drebrin in formation of the Rab8+ tubular compartment 

in response to injury.   

One possibility of how Drebrin could influence Rab8+ tubular endosome formation is by directly 

affecting Rab8 protein levels. We thus asked whether total Rab8 protein levels are altered by the 
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lack of Drebrin. Immunoblotting showed that Rab8 total protein levels did not differ between wild 

type and Dbn-/- astrocytes either with or without injury (Figure 3B in Schiweck et al., 2021). Since the 

active, GTP-bound form of Rab8 may be able to mediate tubule formation, we also analyzed whether 

wild type and Dbn-/- astrocytes display different GTP-Rab8 levels in the presence of absence of injury. 

To this end, we employed a pulldown assay, using synaptotagmin-like protein 4, which preferentially 

binds GTP-Rab8 (Hampson et al., 2013) and found that GTP-Rab8 levels did not differ between wild 

type and Dbn-/- astrocytes both with or without injury (Figure 3C in Schiweck et al., 2021).  

Our findings suggest that Rab8a+ tubular endosomes are specifically induced in reactive astrocytes 

upon injury and that the role of Drebrin in the formation of Rab8+ tubular endosomes may be of 

structural nature rather than by influencing Rab8 protein levels, conceivably by cytoskeletal scaffolds 

that allow the formation of tubular Rab8+ endosomes. 

 

4.7  Drebrin counteracts ARP2/3 activity to enable Rab8+ tubular endosome formation 

To understand the role of Drebrin in tubular endosome formation, we next sought to rescue the 

phenotype in Dbn-/- cells by different means. First, we expressed DBN-YFP in Dbn-/- cells, which not 

only restored formation of tubular endosomes upon injury, but also revealed a localization of DBN 

to Rab8a+ tubular compartments (Figure 4A in Schiweck et al., 2021). 

We next aimed to further study the role of Drebrin in mediating actin dynamics during membrane 

tubulation. To analyze the role of Drebrin in this process, we took a pharmacological approach and 

altered actin dynamics in injured Dbn-/- astrocytes while monitoring the impact of different drugs on 

Rab8+ tubule formation. The small molecule inhibitor SMIFH2 inhibits formins, proteins that initiate 

actin filament nucleation and stay associated with the fast-growing filament end, where they act to 

accelerate filament elongation (Goode & Eck, 2007; Rizvi et al., 2009). Inhibition of formins by 

SMIFH2 showed no effect on Rab8+ tubule formation in Dbn-/- cells, indicating that altered actin 

nucleation by formins does not underlie the lack of Rab8+ tubular endosomes. 

Next we used cytochalasinD, an inhibitor that functionally resembles actin capping proteins and 

prevents filament polymerization and de-polymerization (Cooper, 1987), however, when used at low 

doses, cytochalasinD primarily inhibits Arp2/3 dependent actin polymerization (Rotty et al., 2015).. 

Treatment with low doses of cytochalasin D rapidly restored Rab8+ tubular endosomes in Dbn-/- cells, 

indicating that actin branching is affected by the loss of Drebrin (Figure 4B in Schiweck et al., 2021). 

To further elucidate which specific actin-regulators are involved in the aberrant actin branching and 

impaired tubular endosome formation, we inhibited the ARP2/3 protein complex, which induces 

actin networks by enabling branching of new filaments from already existing filaments. Similar to 

cytochalasin D, treatment with the ARP2/3 inhibitor CK666 (Nolen et al., 2009) rescued Rab8+ 
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tubular endosomes in Dbn-/- cells (Figure 4B in Schiweck et al., 2021). This data suggests that Drebrin 

mediates Rab8+ membrane tubulation by suppression of Arp2/3-dependent branched actin 

networks.  

Rab8+ tubular endosome trafficking was previously shown to be dependent on both actin and 

microtubules and disruption of either of the two filaments systems interferes with tubule formation 

(Hattula et al., 2006).  Thus, we hypothesized that Drebrin is important for establishing actin scaffolds 

that are compatible with microtubules and allow Rab8+tubular endosomes to change between initial 

stabilizing actin structures at the leading edge to microtubule networks. 

Live cell imaging combining the visualization of microtubules, actin and Rab8 in wild type and Dbn-/-

cells showed that microtubules were present at the actin-rich leading edge in wild type cells and 

Rab8+ tubular endosome readily extended along microtubules. In Dbn-/- cells, microtubules were 

present in vicinity to, but rarely extend into, the actin-rich area. 

In addition, we observed Rab8+ membrane accumulations at the leading edge, but no Rab8+ tubules 

were formed. Upon treatment with the ARP2/3 inhibitor CK666, Dbn-/- cells immediately formed 

Rab8+ tubular endosomes, drawn from the accumulating Rab8+ membrane compartments at the 

leading edge, and extended along microtubules (Figure 4D in Schiweck et al., 2021). This indicates 

that Drebrin indeed acts to stabilize linear actin filaments and counteracts excessive ARP2/3-

dependent actin branching, thereby promoting microtubule-compatible actin scaffolds that allow 

the formation of injury-induced Rab8+ tubular endosomes. 

 

4.8  Rab8+ tubular endosomes mediate β1-Integrin trafficking 

The accumulation of β1-Integrin at the leading edge observed in section 4.5 corresponds to our 

observations that Rab8a+ membrane structures accumulate at the leading edge in Dbn-/- cells. A 

double labeling for both proteins confirmed the presence of internalized β1-Integrin in Rab8+ tubular 

endosomes (Figure 5A in Schiweck et al., 2021). To verify the role of Rab8 in β1-Intergin trafficking, 

we employed siRNA-knockdown of Rab8a in wild type astrocytes in conjunction with an antibody 

feeding assay. Indeed, Rab8a knockdown mimicked the phenotype observed in Dbn-/- cells, as both 

accumulated internalized β1-Integrin underneath the leading edge. These results establish a role for 

Drebrin in facilitating Rab8-mediated transport of β1-Integrin (Figure 5E in Schiweck et al., 2021).  

 

4.9  Drebrin deficiency leads to accumulation of multilamellar bodies in astrocytes in vivo 

Since we observed a trafficking defect of β1-Integrin in injured Drebrin-/- astrocytes in vitro, we next 

asked whether such a trafficking defect could be observed in vivo. We first performed 



23 
 

immunohistochemistry to assess if Rab8+ tubular endosomes are present in astrocytes at the injury 

site in vivo. Wild type astrocytes displayed Rab8+ tubular structures, which were mainly localized to 

extending processes. Dbn-/- astrocytes displayed a dispersed Rab8 signal in their processes and 

numerous small tubular and vesicular structures in cell bodies (Figure 3G in Schiweck et al., 2021). 

To verify the extent of this membrane trafficking defect, we employed high-resolution transmission 

electron microscopy (TEM) in brain slices and compared uninjured and injured cortical areas in wild 

type and Dbn-/- animals 7 days after injury. Whereas no differences could be found between wild type 

and Dbn-/- animals in the uninjured contralateral cortex, Dbn-/- astrocyte processes were filled with 

extensive membrane accumulations resembling multilamellar bodies at the injury site (Hariri et al., 

2000). In contrast, wild type animals surrounding the injury site displayed smaller, endosome like 

organelles frequently connected to tubular structures in astrocytic processes (Figure 6A, B in 

Schiweck et al., 2021). This apparent membrane trafficking phenotype induced upon injury in Drebrin 

deficient astrocytes is well in line with our results demonstrating that Drebrin plays a role during 

astrogliosis and mediates membrane trafficking of surface receptors, like β1-Integrin. 

5. Discussion 
 

The work presented here suggests a novel role for the actin-binding protein Drebrin during 

astrogliosis, summarized in Figure 2. Our study showed that (i) Drebrin is upregulated in astrocytes 

upon injury in vitro and in vivo; (ii) a lack of Drebrin causes defects in astroglial scar formation in the 

short term and interferes with maintenance of astrocyte reactivity in the long term, leading to 

exacerbated neurodegeneration in response to a mild injury model; (iii) Drebrin deficiency results in 

trafficking defects of focal adhesion proteins like β1-Integrin; (iv) Drebrin is necessary for the injury-

induced formation of Rab8+ tubular endosomes which serve to traffic β1-Integrin; (v) Drebrin’s role 

in forming Rab8+ tubular endosomes is based on counteracting the activity of the ARP2/3 complex, 

thereby allowing for invasion of microtubules into the leading edge and elongation of Rab8+ tubular 

endosomes along these microtubules; (vi) Last, we show that injury triggers abnormal accumulation 

of multilamellar bodies in Drebrin deficient astrocytes in vivo, further indicating an injury-induced 

membrane trafficking defect in Dbn-/- astrocytes. 
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Figure 2. The role of the Actin binding protein Drebrin during astrogliosis. Adapted from Schiweck 

et al., 2021. Stab wound injury in the mouse brain induces defective scar formation in Dbn-/- animals 

and leads to excessive neurodegeneration. On the cellular level, Drebrin (DBN) counteracts Arp2/3 

activity and thereby stabilizes actin filaments. The actin filaments then provide a scaffold for 

microtubules and facilitate injury-induced formation of Rab8 tubular endosomes and trafficking of 

surface receptors. In Dbn-/- animals, excessive Arp2/3 activity leads to branched filaments that impair 

tubule formation and surface receptor trafficking is impaired. 

 

In conclusion, our study provides evidence for a conceptually new role for the actin-binding protein 

Drebrin during astrocytic scar formation and demonstrate the importance of Drebrin for injury-

induced membrane trafficking.  

 

5.1  Implications, potential clinical applications and limitations 

Here, we observed an injury-induced upregulation of Drebrin protein levels in response to injury. 

Previously published transcriptome data corroborate this finding, since Drebrin transcripts were 

upregulated in astrocytes upon stab wound- or spinal cord injury: Astrogliosis occurs in response to 

a large variety of CNS pathologies, including stroke, inflammation or neurodegenerative diseases. 

Nevertheless, astrocytic changes in Drebrin levels seem to be associated with focal penetrating 

injuries and associated tissue damage in particular, as less pronounced increases in Drebrin mRNA 

were observed in response to a model of stroke or inflammation induced by lipopolysaccharide 

injections (Anderson et al., 2016; Sirko et al., 2015; Zamanian et al., 2012). Penetrating lesions 

require astrocytes to extend long protrusions towards the lesion area, a process that is associated 

with substantial cytoskeletal rearrangements, whereas LPS-induced inflammation induces 

astrogliosis, but does not require polarization of astrocytes towards one specific area (Schiweck et 
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al., 2018). This difference may explain why Drebrin is particularly upregulated in response to 

penetrating lesions. 

Furthermore, we show that Drebrin is important for the polarization of astrocytes and maintenance 

of astrocyte reactivity in vivo. The impaired trafficking of β1-Integrin by Rab8+ tubular endosomes 

observed in our study not only provides a mechanism for polarization defects in Dbn-/- astrocytes, 

but also explains why they fail to maintain their reactivity. 

Polarization of astrocytes relies on focal adhesions and interaction with the extracellular matrix 

(Schiweck et al., 2018). Our finding that focal adhesion size is reduced in Drebrin deficient astrocytes 

explains why these cells are not able to polarize normally. In addition, previous studies have shown 

that β1-Integrin functions as an important co-receptor that controls astrocyte reactivity (Hara et al., 

2017; North et al., 2015; Robel et al., 2009). Impaired trafficking of β1-Integrin may therefore cause 

alterations of β1-Integrin-signaling and explain why Dbn-/- astrocytes loose GFAP+ reactivity after 30 

days post injury.  

Understanding central aspects of the molecular mechanisms involved in the astrogliosis response 

are valuable in a therapeutic context, as previous research has shown that the glial scar per se is 

neither only detrimental nor only beneficial (Bradbury & Burnside, 2019). Successful therapeutic 

approaches will take advantage of the beneficial aspects of astrogliosis while dampening its harmful 

effects. Our data emphasize the importance of initial astrocytic scar formation for preserving 

neuronal integrity. However, future approaches may consider targeting β-1Integrin during stages of 

tissue remodeling, providing the opportunity to resolve glial scars at stages where they hinder 

regeneration. Furthermore, Integrins have been studied extensively in neurons, where they are 

involved in spontaneous neuronal regeneration responses in the PNS and can be inactivated by axon‐

repulsive molecules at the lesion site of spinal cord injuries, thereby inhibiting axonal regeneration 

in the CNS (Nieuwenhuis et al., 2018). Thus, Integrins play a central role in nervous system injuries 

and understanding the effects of Integrin signaling in different cell types may provide valuable 

insights into nervous system recovery as well as potential therapeutic targets.  

In addition, our findings implicate Drebrin in membrane trafficking and protein sorting by 

stabilization of Rab8+ tubular endosomes. Rab8 plays roles in endocytosis, membrane recycling, 

autophagy as well as exocytosis (Grigoriev et al., 2011; Ryan & Tumbarello, 2018)  and is associated 

to different pathologies, like microvillar inclusion disease or neurodegenerative diseases (Peränen, 

2011). The appearance of multilamellar bodies in Drebrin-deficient astrocytes upon injury supports 

our hypothesis of an injury-specific membrane trafficking defect in Dbn-/- astrocytes. Multilamellar 

bodies are associated with physiological lipid storage and secretion (Hariri et al., 2000), however, the 

lack of these structures in injured wild type astrocytes suggests that multilamellar bodies in Dbn-/- 

cells are a consequence of a pathological feature. Given that Rab8a was previously associated with 
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secretory autophagy (Dupont et al., 2011), the multilamellar bodies observed here may reflect 

defects in (secretory) autophagy. Further research on this association, could lead to novel 

therapeutic avenues targeting Rab8-dependent secretion. 

One limitation of this study is the use of germline Dbn-/-mice to study astrocyte-specific processes 

after TBI. Given that transgenic mouse lines expressing constitutively active Cre recombinase under 

control of the truncated human GFAP, endogenous mouse GFAP or ALDH1L1 promoter also show 

gene ablations in some neurons and/or oligodendrocytes (Garcia et al., 2004; Tien et al., 2012; Zhuo 

et al., 2001), we employed a germline knockout of Drebrin and simultaneously verified that our 

effects are not caused by loss of Drebrin in neurons, which express Drebrin at high levels, by 

repeating crucial experiments in mice bearing a neuron-specific deletion of Drebrin. To further verify 

that the phenotype we observed is not caused by Drebrin deficiency in other cell types, we tested 

whether Drebrin is expressed by microglia. Microglia did not express any Drebrin in vitro and in vivo, 

however, we cannot rule out that other cells involved in the injury response are affected by the loss 

of Drebrin and may have contributed differently to the collective injury response as compared to 

wild type conditions in vivo. Nevertheless, our data obtained from purified astrocyte cultures 

suggests that the lack of DBN in astrocytes is a determinant of a functional astrogliosis response. 

A further limitation is the usage of juvenile mice in this study. Stab wound injury was conducted on 

postnatal day 30, when mice are not yet sexually mature and are at the verge of being considered 

adults (Jackson et al., 2017). While a recent study reported that spinal cord injuries in animals at 

postnatal day 2 or 7 caused substantially different glial scars as compared to adult animals, mice 

injured at postnatal day 20 displayed scars similar to adults (Li et al., 2020). However, extrapolating 

the results of this study to fully mature adults or aged animals should be done with caution. 

 

5.2  Further questions 

The present study has raised several questions that are currently being addressed in our laboratory 

and in collaboration with other laboratories. 

First, the molecular signaling pathways and mechanisms underlying the upregulation of Drebrin upon 

injury are unknown. Possible explanations of increased Drebrin levels include increased transcription 

as well as control of protein degradation by post-translational modifications and could provide 

further insights into the role of Drebrin in different cellular processes. 

The second question is whether Drebrin also plays a role in other astrogliosis-related pathologies in 

the CNS, with a focus on SCI. Initial experiments involving immunohistochemistry of SCI tissue 

provided by our collaborators suggest that reactive astrocytes upregulate Drebrin protein levels 

upon SCI (data not shown), which is in line with the transcriptomic studies mentioned above. 
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Together with our collaborators, we are currently investigating if targeting Drebrin after SCI may 

have beneficial effects on glial scar formation and neuronal regeneration. 

Another line of research initiated by this project addresses the appearance of cells with a cytoplasmic 

expression pattern of Sox9 at the injury site in Dbn-/- mice 30 days post injury. Whether these cells 

stem from an endogenous pool of neural stem or precursor cells, whether they are invading cells, 

like meningeal fibroblasts that may enter the brain upon disruptive brain injury (Komuta et al., 2010) 

or whether these cells are indeed de-differentiated astrocytes remains to be resolved and is currently 

being investigated.  

 

In conclusion, the work presented in this study identifies a novel role for the actin-binding protein 

Drebrin during astrogliosis through modulation of actin scaffolds necessary for injury-induced 

membrane trafficking. This research is relevant in the context of traumatic CNS injury and initiated 

several further lines of research that may deepen our understanding of processes involved in 

astrogliosis and specificities of injury-related membrane trafficking. 
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