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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 B1-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.



Zusammenfassung

Verletzungen des zentralen Nervensystems (ZNS) haben fir Betroffene schwerwiegende Folgen, da
die neuronale Regeneration, Gewebereparatur und Geweberemodellierung im ZNS eingeschrankt
sind. Um eine Ausbreitung von Inflammation und Neurodegeneration zu verhindern, leiten
Astrozyten ein Programm ein, mit dessen Hilfe an der Verletzungsstelle eine astrozytare Narbe
gebildet wird. Durch diese sogenannte ,reaktive Astrogliose’ konnen Schaden lokal begrenzt und das
gesunde Gehirngewebe vor schadlichen Einflissen geschiitzt werden.

In dieser Arbeit untersuchen wir die Rolle des Aktin-bindenden Proteins Drebrin wahrend 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 flihrt kurzfristig zu einer gestorten Polarisation
narbenbildender Astrozyten und hebt langfristig die Astrozytenreaktivitdt auf. Diese defekte
astrozytare Narbenbildung bei Drebrin-defizienten Mausen wird in vivo von exzessiver
Neurodegeneration begleitet.

Auf der zelluldren Ebene zeigen wir, dass Drebrin die Aktinhomdostase dahingehend beeinflusst,
dass statt ARP2/3-abhingiger Aktin-Arrays Mikrotubuli-kompatible Aktin-Strukturen gebildet
werden. Diese Organisation des Aktin-Zytoskeletts durch Drebrin ermoglicht wiederum die Bildung
von Rab8-positiven tubularen Endosomen, die sich entlang von Mikrotubuli erstrecken. Drebrin-
defiziente Astrozyten kénnen aufgrund einer GberméaRigen ARP2/3-Aktivitat keine Rab8+-tubuldren
Kompartimente bilden, da verzweigte Aktinnetzwerke die Verlangerung von Rab8+-tubularen
Endosomen entlang der Mikrotubuli verhindern. Wir zeigen weiterhin, dass Rab8+ tubulare
Endosomen als Transportkompartiment fir Astrogliose-mediierende fokale Adhésionsproteine
dienen, da Drebrin-defiziente Astrozyten eine beeintrdchtigte Lokalisation von B1-Integrin
aufweisen.

Zusammenfassend zeigen wir hier eine zuvor noch nicht bekannte Rolle von Drebrin fiir die
Astrozyten-abhingige Neuroprotektion nach traumatischen Hirnverletzungen bei Méausen, die auf
Drebrins Funktion wahrend des verletzungsinduzierten Membrantransport in Astrozyten

zurtickzufihren ist.



Introduction

1.1 CNSinjury

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, | 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.
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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 GFAP7*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
7



(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 a-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, | 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



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.



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. | 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, | 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 fiir 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
etal., 2013). Astrocytes were expanded until 90% confluency and microglia were selectively removed
by treatment with 60 mM I-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 (Schrétter
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

11



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 p-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 x40 objective (N.A. 0.7) with 1.5x 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). | 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 uM CK-666 (Sigma-
Aldrich, Cat. no: SML0O006-5MG) or 25 uM 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 uM 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
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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 ddH20). 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 Al microscopes using an automated stage. Image processing was
performed in FlJI 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 Ill, Cat. no.
539134) for 20 minutes on a rotator at 4 °C. Cell lysates were cleared by centrifugation at 20,000 x g
and supernatant was transferred to a fresh tube with sample buffer (Roti load | 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 x 10 min in TBS-T and incubated with HRP-coupled secondary antibody for 1 hour,
followed by 3 x10 washes in TBS-T before detection. Signals were quantified using FlJI 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 um) 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 0.1x 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 Miinster-Wandowski. The exact

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

4.1. Drebrinis 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) (FigurelA, 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 S100B-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).
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To study Drebrin in reactive astrocytes in vivo, we induced TBI in wild type or BAC Aldh1l1l 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 Dbn™f:CAMK-Cre*/e (Dbn™f:CAMK-Cre)
mice, which lose Drebrin specifically in neurons. Dbn#:CAMK-Cre*/e (Dbn™f: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
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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 CD4S5 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 B1-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 B1-Integrin during injury-induced polarization, we
observed long B1-Integrin-positive focal adhesions in wild type animals, whereas Dbn” astrocytes
showed a more scattered pattern of B1-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 B1-Integrin trafficking is impaired in Dbn”"
cells. Surface biotinylation experiments and antibody feeding assays revealed that Dbn”" cells had a
substantially reduced amount of B1-Integrin on their surface compared to wild type astrocytes. In
addition, internalized B1-Integrin appeared to accumulate just under the leading edge, whereas wild
type cells displayed internalized B1-Integrin throughout the cell (Figure 5D, E in Schiweck et al.,
2021).

In summary, Drebrin regulates B1-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 B1-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 Rabll (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 B1-Integrin trafficking

The accumulation of Bl-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 f1-Integrin in Rab8+ tubular
endosomes (Figure 5A in Schiweck et al., 2021). To verify the role of Rab8 in B1-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 B1-Integrin underneath the leading edge. These results establish a role for

Drebrin in facilitating Rab8-mediated transport of f1-Integrin (Figure 5E in Schiweck et al., 2021).

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

Since we observed a trafficking defect of B1-Integrin in injured Drebrin”- astrocytes in vitro, we next
asked whether such a trafficking defect could be observed in vivo. We first performed
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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 B1-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 B1-Integrin; (iv) Drebrin is necessary for the injury-
induced formation of Rab8+ tubular endosomes which serve to traffic B1-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 B1-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 B1-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 B1-Integrin may therefore cause
alterations of B1-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 B-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 (Perdnen,
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.

26



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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The brain of mammals lacks a significant ability to regenerate neurons and is thus particularly
vulnerable. To protect the brain from injury and disease, damage control by astrocytes
through astrogliosis and scar formation is vital. Here, we show that brain injury in mice
triggers an immediate upregulation of the actin-binding protein Drebrin (DBN) in astrocytes,
which is essential for scar formation and maintenance of astrocyte reactivity. In turn, DBN
loss leads to defective astrocyte scar formation and excessive neurodegeneration following
brain injuries. At the cellular level, we show that DBN switches actin homeostasis from
ARP2/3-dependent arrays to microtubule-compatible scaffolds, facilitating the formation of
RAB8-positive membrane tubules. This injury-specific RAB8 membrane compartment serves
as hub for the trafficking of surface proteins involved in astrogliosis and adhesion mediators,
such as Pl-integrin. Our work shows that DBN-mediated membrane trafficking in astrocytes
is an important neuroprotective mechanism following traumatic brain injury in mice.
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injury and disease, but largely lacks the capacity to

regenerate neurons and rarely regains function in damaged
areas!. This makes the containment of local pathological inci-
dents critical to avoid the propagation of inflammation and
neurodegeneration into the uninjured brain parenchyma.

Astrocytes are key players in the protection of CNS tissue via a
defense mechanism known as reactive astrogliosis. This process is
associated with comprehensive changes in astrocyte morphology
and function?. Reactive astrocytes develop hypertrophies of soma
and protrusions, while cells in proximity to large lesion sites
polarize and extend particularly long processes. Dense arrays of
such “palisades” and hypertrophic astrocytes constitute scars,
which enclose as physical barriers inflammatory cues and extra-
vasating leukocytes, and limit the spread of damagc-m. Astrocyte
scars are well described anatomically and with respect to certain
signaling events?, but little is known about molecular mechanisms
controlling the cytoskeletal organization during polarization and
outgrowth of palisade-like astrocyte processes.

In the context of astrogliosis and scar formation, we studied
drebrin (DBN), a cytoskeletal regulator, which stabilizes actin
filaments by sidewise binding and by competing off other actin-
binding proteins®’. It is widely expressed, but has mainly been
studied in neurons®. In cultured astrocytes, DBN has been
described to maintain connexin 43 at the plasma membrane’.
Functional coupling of astrocytes into networks through gap
junctions is essential to modulate neuronal transmission!®!!, A
deficit in DBN would therefore be expected to cause profound
phenotypes in vivo. However, mouse models with acute or
chronic DBN loss indicate non-essential functions of this actin-
binding protein during neuronal development, as well as during
synaptic transmission and plasticity!. Instead, we identified DBN
as important local safeguard mechanism in dendritic spines
during conditions associated with increased oxidative stress'>.
Here, we characterize DBN as an injury-specific actin regulator in
astrocytes, crucial for the wounding response and tissue protec-
tion in the brain. During injury, DBN provides a key switch to
alter actin network homeostasis, which prepares the foundation
for tubular endosomes, enabling polarized membrane trafficking
of crucial surface receptors. In this role, DBN controls reactive
astrogliosis required to form astrocyte scars and to protect the
susceptible CNS from traumatic brain injury.

Thc brain of higher mammals is vulnerable to traumatic

Results

DBN is an injury-induced protein in reactive astrocytes. To
investigate endogenous DBN protein expression in astrocytes, we
performed immunocytochemistry in 21 days in vitro (DIV) cor-
tical cultures from mice containing both neurons and astrocytes.
Although we did not detect any DBN signals in astrocytes, high
DBN levels were found in dendritic spines of neighboring neurons
(Fig. 1A). We exploited an in vitro scratch-wound model to
induce astrocyte reactivity, which increased DBN expression with
prominent labeling along the astrocyte processes (Fig. 1A). In
purified astrocyte cultures, where cells adopt polygonal
morphologies, antibody labeling, and western blot analyses iden-
tified low DBN expression (Fig. 1B, S1A). Following mechanical
scratch injury, DBN protein levels were increased, reaching 3.2-
fold of the baseline level 24 h post injury (Fig. 1B).

In the mouse brain, DBN was distributed in distinct puncta in
proximity to MAP2-positive dendrites, but not in S1008+
astrocytes (Figures S1B). To induce reactive astrogliosis, we used
an in vivo model for CNS trauma and inserted a needle
unilaterally into the cortex of BAC Aldh1l1 eGFP reporter mice'?,
Seven days after this “stab injury”, eGFP expression allowed us to
visualize astrocytes independently of their quiescent or reactive
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status, while GFAP-labeled reactive astrocytes could be identified
within the forming scar around the lesion site. After this stab
injury, numerous injury-induced GFAP+ astrocytes exhibited
DBN protein expression throughout their polarizing processes
(Fig. 1, S1B, Movie 1). In summary, our results demonstrate that
CNS injury triggers an immediate upregulation of DBN in
astrocytes in vitro and in vivo.

Reactive astrocytes require DBN to form glia scars in vivo. To
investigate if injury-induced upregulation of DBN protein is
required during astrogliosis responses in vivo, we looked at its
functional significance in DBN knockout mice during scar for-
mation following cortical stab-injuries!?. At 7 days post injury,
the stab wound triggered the formation of long palisading pro-
cesses extending toward the injury site in 45% of GFAP-positive
astrocytes in WT brains, in line with previous studies®!>16, In
contrast, in Dbn—'— mice, GFAP-positive astrocytes showed
strong defects in polarization and in the formation of palisade-
like barriers (Fig. 2A).

Next, we addressed whether the defect in scarring induced by
DBN-loss affects the surrounding tissue. Microglia are highly
sensitive sentinels in the brain, which become hypertrophic
phagocytic cells after inju.ry”. Although cultured microglia, as
well as microglia in intact and injured brains do not express DBN
(Figures S1C, D), they respond to injury with increased
hypertrophy in Dbn—/~— brains when compared with WT brains
(Fig. 2B). This result indicates that stab injury in Dbn~'~ brains
exacerbate microglial responses, which likely reflects defective
scarring.

We then asked if this defective scar development affects
surrounding neurons. Loss of NeuN indicates degenerating
neurons!®, and its translocation from the nucleus to the cytosol
identifies neurons exhibiting an initial stress response to
paThologicsw‘zz. Following stab injury, WT brains consistently
maintained NeuN in the neuronal nuclei irrespective of their
position relative to the injury site. In contrast, in Dbn~/~ brains,
NeuN translocation from the nucleus to the cytosol was present
in 42% of neurons (Fig. 2C). As our disease model is considered
as mild injury, we conclude that Dbn—/— brains exhibit signs of
increased brain damage 7 days post injury.

DBN provides long-term tissue protection after traumatic
brain injury. To study the long-term outcome of DBN deficiency,
we extended the stab injury analyses to a later time point. At
30 days post injury, WT mice maintained well-defined GFAP+-
scars exhibiting typical signs of long-term thinning (Fig. 2D)!3,
whilst we no longer detected GFAP+ astrocytes in lesion sites of
Dbn—/— brains (Fig. 2D, Figure 52A). To verify these findings, we
also used vimentin as additional marker for astrocyte reactivity.
Analogous to GFAP, WT astrocytes showed prominent vimentin
levels in scars 30 days post injury, while Dbn—/— astrocytes were
negative for this marker protein (Figure S2B). To analyze the fate
of astrocytes in lesions without GFAP and vimentin immunor-
eactivity, we stained for SOX9, a transcription factor and nuclear
marker for mature astrocy‘tcsg3. In WT brains, we consistently
detected Sox9-positive nuclei in astrocytes within scars. In con-
trast, in core lesions of Dbn—'— brains, SOX9 exhibited a strictly
cytoplasmic localization (Fig. 2D), as reported for undiffer-
entiated stem cells and precursor cells®. This cytoplasmic loca-
lization was scar-specific, as in the uninjured tissue adjacent to
stab wounds in Dbn—'— brains, SOX9 showed its typical nuclear
localization (Figure S3A). Cytoplasmic SOX9 in the scar tissue
correlated with the absence of GFAP in all injured Dbn—/— brains,
which led us to hypothesize that Dbn—/~ astrocytes at the lesion
sites are present, but do not maintain their typical reactivity.
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Fig. 1 DBN protein levels are increased in response to injury. A DBN labeling (green) in mixed 21 DIV cortical cultures without (upper panels) or with
mechanical scratch injury (lower panels). Square in the left image is magnified on the right. Arrows show GFAP+ astrocyte processes, devoid of DBN

(upper panel) and with strong DBN signals following scratch injury (lower panel). Representative image of three independent experiments. Scale bars:

10 pm. B DBN expression analyses by western blotting in enriched astrocyte cultures without, or 1, 4, 16, and 24 h after scratch injury. Quantification of
protein levels showing mean, individual data points and SEM; n = 3 independent experiments, (one-way ANOVA F = 23.39; Dfn =4, DFd =10, Dunnett's
multiple comparisons test ***P <0.007; multiplicity adjusted p values: no injury vs 16 h: P=0.0003; no injury vs 24 h: P=0.0001). C Sections of P30

mouse brains without (upper panels) or with stab injury (lower panels) were labeled with anti-DBN (green) and anti-S100f (upper panel, magenta) or anti-
GF AP (bottom panel, magenta). Arrows show astrocytes devoid of DBN (upper panel) and with DBN protein following stab injury (lower panel). Scale bars:
10 pm. Magnifications on the right show no or high expression of DBN in S1008+ or GFAP+ astrocytes in brains with or without stab injury, respectively.
Representative image of two animals, three brain slices/animal. Scale bars: 20 pm. All confocal images in this figure are single optical sections. Source data

are provided as a Source Data file.

Cresyl violet stainings supported this idea: multiple non-neuronal
(Nissl body-) cells were present in proximity to the injury sites in
Dbn~/= brains (Figure S4A). Labeling of stab-wounded brains
with an antibody recognizing ALDH1L1, which is expressed
in quiescent and reactive astrocytes?®, identified that GFAP-/
cytoplasmic SOX9+ cells in Dbn—/~ brains express this astrocyte
marker protein (Figure S3B). Thus, 30 days after wounding,
Dbn—/~ astrocytes still occupied lesion sites, but were unable to
uphold their reactive astrogliosis program.

Astrocyte scar formation and proliferation after injury are
negatively regulated by invading monocytes®. We therefore
studied the content of CD45+ monocytes in injured WT and
Dbn—/= brains by immunohistochemistry (IHC). Comparable
numbers of CD45+ monocytes were present inside lesion sites of

40

WT and Dbn—/= brains (30 DPI), but not in the surrounding
tissue (Figure S4B).

At the same time, we identified a substantial loss of NeuN—+
and Nissl+ cell bodies surrounding lesions in Dbn—/—, but not in
WT brains (Fig. 2E, Figure S4A). These findings show long-term
neurodegeneration upon cortical stab-injuries in DBN-
deficient mice.

Finally, to exclude the possibility that neurodegeneration in
Dbn—/~ brains following stab injury is owing to generally
increased neuronal vulnerability rather than the observed
defective astrocyte scarring, we analyzed the outcome of stab
injury in the brain of Dbn//l:CAMK-Cret/ce (Dbn/U: CAMK-
Cre) mice. These mice lose DBN expression in neurons, but not in
astrocytes. Following cortical stab injury, Dbn"/:CAMK-Cre
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animals consistently show typical GFAP+ astrocytes with causal link of DBN function during injury-induced reactive
SOX9+ nuclei in lesions, with no signs of NeuN translocation astrogliosis.

after seven days of injury or NeuN loss 30 days after stab injury

(Figure S3A, S4C, Fig. 2E). In summary, DBN is essential for

astrocyte reactivity and damage containment during traumatic DBN controls an injury-induced RAB8 membrane compart-
brain injury. DBN-loss perturbs injury-induced scar formation ment. Towards identifying the DBN-dependent cellular mechan-
and suppresses maintenance of astrocyte reactivity, providing a  ism in the injury setting, we employed the in vitro scratch injury of
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Fig. 2 DBN controls astrocyte scar formation and astrocyte reactivity in vivo. A GFAP+ astrocytes at core lesion sites in WT (upper panels) and Dbn—
(lower panels) brains, 7 days post stab injury (DPI). Magenta lines indicate the stab injury from needle insertion. Magnifications show stab lesions,
with “palisading” astrocytes extending towards injury sites in WT mice. Scale bars: 100 pm. Quantification of palisading astrocytes in stab wounds 7 DP,
bar graph shows mean, individual data points and SEM. n =4 WT and 3 Dbn~~ animals, Student's unpaired t test, two-sided, **P = 0.0016 t=6.205 df =
5). B IBA1+ microglia (magenta) and GFAP+ reactive astrocytes (green) in the periphery of scars 7 DPI, in WT (upper panel) and Dbn—"~ brains (lower
panel). Scale bars: 10 pm. Quantification of soma sizes of IBA1+ microglia. n =145 WT & 122 Dbn/~ cells from three mice per condition, graph shows
box and whisker plots: box extends from 25th to 75th percentiles, central line = median, whiskers comprise all values from minimum to maximum,
Ftest ***<0.0001, Unpaired t test with Welch's correction, two-sided; ***P = 0.000000205637175, t = 5381 df = 201). € NeuN+ neurons {magenta) and
GF AP+ reactive astrocytes (green) in scars of WT (upper panel) and Dbn~"~ brains (lower panel) 7 DPI. Scale bars: 10 pm. Quantification shows neurons
without nuclear NeuN in scars. n=3 WT and three Dbn~/" mice, bar graph shows mean, individual data points and SEM, Unpaired t test with Welch's
correction, two-sided; *P = 0.0231, t =6291 df = 2044). D IHC of WT and DBN~/~ brains with 30-day post stab lesions. GFAP labeling (green) detects
reactive astrocytes; SOX9 labeling (magenta) detects astrocytes. Scale bars in overview images: 200 pm. Scale bars in close up images: 10 pm.
Quantification of cytoplasmic/nuclear SOX9 distribution in astrocytes in lesion sites. Single data points of nuclear SOX9 and corresponding error bars are
displayed in magenta, cytoplasmic SOX9, and corresponding error bars in green. n= 4-5 animals per condition. E NeuN+ neurons (magenta) and GFAP+
reactive astrocytes (green) in WT (left), Dbn~/~ (center) and Dbnf/f:CAMK-Cre*/2¢ brains (right), 30 DPI. Quantifications show the percentage of
animals with GFAP+ astrocytes (left graph) and NeuN+ cells (right graph) at lesion sites 30 days post stab wounding. Bar graph shows mean, individual
data points and SEM n =4 WT, five Dbn~~ animals, six Dbnfl: CAMK-Cre animals, (one-way ANOVA DFn =2, DFd=12, F = 8.397; Dunnett's multiple
comparisons test Multiplicity adjusted p value: *P = 0.0112). All images in this figure are confocal stacks. Scale bars: 200 pm. Source data are provided as a

Source Data file.

cultured astrocytes. Following injury, WT astrocytes polarized,
and extended long processes into the injury site (Figure S5A). In
contrast, the majority of Dbn—'— astrocytes extended over smaller
distances and frequently changed their orientation (Figure S5A;
Movie 2), resulting in a significant decrease in wound closure
(Figure S5B). During the wounding response, DBN, as well as
overexpressed DBN-YFP only partially localized to prominent
actin fibers and also decorated internal compartments consisting
of vesicular and tubular structures (Figures S5C, D).

Given this subcellular distribution in astrocytes, together with a
previous observation that identified DBN in association with
internal membrane structures?®, we asked if DBN mediates injury
responses by regulating membrane trafficking. Analyses of several
trafficking compartments, including RAB5+, RAB7+, or RABI11
+ endosomes showed no major differences in Dbn~/~ astrocytes
when compared with WT cells (Figure S6A). However, DBN-loss
severely disturbed the distribution of RAB8 in astrocytes during
mechanical injury. In WT astrocytes, using either GFP-RABSA or
an antibody that detects both RABSA and RABSB, we obtained
signals of prominent RAB8+ tubular compartments adjacent to
injury sites (Fig. 3A, Figure S6A). No signals were detected in cells
depleted for both RAB8A and RAB8B demonstrating specificity
to the antibody (Figures S46B, C). In Dbn—/— astrocytes, instead
of marking internal tubules, RAB8 was mostly dispersed
throughout the cytosol (Fig. 3A).

Western blotting (WB) confirmed that RABS protein levels and
GTPase activity in Dbn~/~ astrocytes were not altered when
compared with WT, irrespective of injury (Fig. 3B, C), indicating
that DBN is required during the generation of the tubule
compartment rather than influencing the activity of the GTPase.
Analogous to endogenous RAB8, GFP-RABSA highlighted
prominent membrane tubules in WT astrocytes, whereas GFP-
RABSA tubules in Dbn—/~ were fragmented (Fig. 3D, Movie 3).
Quantification of tubules in uninjured astrocyte cultures revealed
very few RABSA-positive tubules in both WT and Dbn——
astrocytes. However, mechanical scratch injury increased the
tubule number by 2.5-fold in WT astrocytes but not in Dbn—7/—
astrocytes (Fig. 3E), which indicates that tubular RABSA
endosomes form in response to injury and depend on the
presence of DBN. We also detected Rab8+ tubules in polarizing
'WT astrocytes after injury in 21 DIV mixed cortical cultures and 7
DPI in vivo (Fig. 3F, G). In contrast, in Dbn—"— astrocytes, RAB8
was dispersed in processes and largely accumulated in vesicular
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structures in the cell bodies. Only occasionally, RAB8 associated
with short tubular structures. These findings suggest that DBN-
dependent RAB+ tubular structures are regulators of astrogliosis
in the setting of brain injury and scarring responses in vivo.

DBN generates tubular endosomes by counteracting Arp2/3-
dependent actin nucleation. Dynamic rearrangement of the actin
cytoskeleton is a critical component in generating tubular mem-
brane systems?”-28 It relies on the capacity of actin filaments to
polymerize and depolymerize, a characteristic that can be influ-
enced by the ability of DBN to bind the lateral filament surface, to
bundle actin filaments and to inhibit actin nucleation®2%30. We
analyzed whether defects of Dbn—/~ astrocytes in RAB8 compart-
ments are linked to DBN and its function as actin regulator. In the
first set of experiments, we co-transfected astrocyte cultures isolated
from Dbn—'— mice with DBN-YFP (or control YFP) and labeled
RABS8A using red fluorescent mRuby-RABSA. Following in vitro
injury, DBN-YFP expression, but not YFP, rescued the ability of
Dbn—'~ astrocytes to form membrane tubules (Fig. 4A). Next, we
employed pharmacological approaches to address whether defective
actin dynamics disrupts Rab8a tubules in Dbn~/~ astrocytes. Low
concentrations of Cytochalasin D (100 nM) interfere with the
nucleation of new actin filaments whilst leaving existing filaments
unaffectedL. During scratch injury in Dbn—'— reactive astrocytes,
this Cytochalasin D concentration re-established RAB8A-positive
membrane tubules (Fig. 4B, Movie 4), suggesting that DBN induces
tubule formation by antagonizing the cellular actin nucleation
machinery. In this model, loss of DBN would increase actin
nucleation. To test this idea, we applied the ARP2/3 inhibitor CK-
666 or the formin-inhibiting molecule SMIFH23>*? to GFP-RABSA
expressing Dbn—/~ astrocytes. Although inhibition of the ARP2/3
nucleation machinery by CK-666 reinstalled the ability of Dbn—/~
astrocytes to form RAB8A tubules, the formin inhibitor did not
(Fig. 4B Movie 4). Thus, DBN stabilizes actin filaments by
mechanisms involving suppression of ARP2/3-dependent actin
nucleation, a process essential for the injury-induced formation of
the tubular RAB8 compartment.

DBN loss affects uptake and intracellular distribution of
plasma membranes. RAB8 compartments have previously been
reported to engage in plasma membrane recycling as well as

in Golgi-derived delivery of cargo to the plasma membrane®’,
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To characterize the specificity of endosomal trafficking of the DBN-
dependent RAB8 compartment, we analyzed endogenous RABS
tubules in WT and Dbn—/~ astrocytes after injury using immu-
nocytochemistry. RABS-positive tubular structures were clearly
orientated and extended through the cytosol of WT astrocytes,
aligning closely with prominent actin filaments (Fig. 4C). In con-
trast, anti-RABS labeling in Dbn—/~ astrocytes produced a diffuse
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Dbn /-

cytosolic signal, with the appearance of cistern-like structures in the
cellular periphery. These structures possessed a prominent ring of
filamentous actin adjacent to the RABS signal, from where stub-like
tubules originated (Fig. 4C). The presence of peripheral membrane
cisterns suggested a general ability of Dbn~/~ astrocytes to
endocytose. We provoked increased membrane uptake in GFP-
RAB8A-expressing astrocytes via EGF-induced macropinocytosis3?.
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Fig. 3 DBN controls the formation RABS tubular endosomes during injury in cultured astrocytes. A RABS labeling in WT (upper panels) and Dbn~
astrocytes (lower panels) 24 h after scratch injury in vitro. Scale bar: 10 pm. Representative images of four independent experiments. Images are confocal
stacks. B Westem blot analysis of RAB8 protein in WT and Dbn—/~ astrocytes without or 24 h after injury. Tubulin serves as loading control. Rab8 and Tubulin
antibody incubations were performed on the same membrane on consecutive days without stripping. Graph shows guantification of RABS protein levels in WT
and Dbn~/~ astrocytes, displaying mean, individual data points, and SEM (n=6 independent experiments, Bartlett's test for equal variances *** P= 0.0004,
one-sided Kruskal-Wallis test with Dunn's multiple comparisons test P= 0.6048. € Western blot analysis of active RAB8-GTP isolated by GST-5LP4 pulldown
from lysates obtained from WT and Dbn—/ astrocytes without or 24 h after scratch injury. GST levels confirm equal amounts of SLP4 in pulldowns. Rab8 and
G5T antibody incubations were performed on the same membrane on consecutive days without stripping. Quantification shows GTP-bound RABS levels in WT
and Dbn~~ astrocytes, displaying mean, individual data points and SEM (n = 6 independent experiments, Bartlett's test for equal variances **P = 0.0014; one-
sided Kruskal-Wallis test with Dunn's multiple comparisons test P=0.3589). D GFP-RAB8A distribution in transfected WT (upper panels) and Dbn~
astrocytes (lower panels). GFP-RAB8A-labeled compartments were detected automatically and are shown as skeletonized structures (black). Representative
images of three independent experiments. Scale bars: 10 pm. Images are confocal stacks. E Quantification of GFP-RAB8A + tubules in WT and Dbn
astrocytes, uninjured (n=9-10) and 24 h after scratch injury, displaying mean and SEM (n= 28-32, two-way ANOVA (repeated measurements), F =357,
DFn=1, DFd= 58, Bonferroni's multiple comparisons test ***P < 0.001 for all timepoints; multiplicity adjusted p values for timepoints in consecutive order:
0.000000341871; 0.000000021531; 0.000000016513; 0.000000039208; 0.000000017378; 0.000000014879; 0.000000010948; 0.000000189338;
0.000000625271; 0.000000265748; 0.000000100183; 0.000000085847; 0.000000034144; 0.000000095626; 0.000000034095). Cells were imaged
for 30 min. f Presence of Rab8-+ tubules (green) in GF AP+ astrocyte (magenta) at the wound edge of injured 21 DIV cortical cultures (upper panel). RABS in
corresponding Dbn~/ astrocytes was dispersed in processes but accumnulated in cell bodies (battorn panel). Representative images of three independent
experiments. Scale bars: 10 pm. Confocal images are single optical sections. G Presence of Rab8+ tubules (green) in palisading processes of GFAP+ WT
astrocytes (magenta) at lesion core following stab injury in the brain (upper panel). Arrowheads show Rab8+ tubules. RAB8 accumulated in distinct structures
in soma of Db/~ astrocytes (arrows), whereas their processes showed no tubules (bottormn panel). The tissue was labeled at 7 DPI. Representative images of

two animals per condition. Scale bars: 10 pM. Images are confocal stacks. Source data are provided as a Source Data file.

EGF-treated WT astrocytes presented throughout the cytosol pro-
minent GFP-RAB8A+ tubules, which locally assembled via the
gathering of small Rab8A-positive particles (Movies 5 and 6). In
Dbn—/— astrocytes, RAB8A+ membranes accumulated beneath the
plasma membrane, where membrane cisterns frequently emerged
but also rapidly disappeared (Figures S7A, Movies 5 and 6). These
results establish the function of DBN during the generation and
distribution of RABS associated membrane tubules.

Given that stabilization of membrane tubules requires the
microtubule cytoskeleton in other cell types39-38, we considered
whether excessive ARP2/3-dependent actin dynamics in Dbn—/~
astrocytes (Fig. 4B) antagonize the association of microtubules
with the RAB8 compartment. Here, we visualized microtubules
using SiR-tubulin in GFP-RABSA expressing Dbn—/~ astrocytes
(Fig. 4D, Movie 7). GFP-RABSA vesicles were visible in the cell’s
periphery in proximity to microtubules, but they did not form
tubules. However, during the administration of CK-666, RAB8A-
positive vesicles turned immediately into tubules, which then
extended along the microtubules towards the cell body (Fig. 4D).
Thus, DBN controls RAB8 membrane trafficking by antagonizing
ARP2/3-dependent actin networks to enable the transport of
tubular membranes along microtubules. In turn, DBN-loss
disturbs the normal actin equilibrium and creates excessive
ARP2/3 activity, which prevents the microtubule-assisted forma-
tion of tubular endosomes from RAB8+ vesicles (Fig. 4E).

DBN-dependent RABSA tubules are required for p1-integrin
trafficking. A known RABS target in cell lines is pl-integrin, a
key molecule in cell polarization and migration®*%, which also
controls astrocyte differentiation and reactivity*1-43. We used a
C-terminus-specific pl-integrin antiserum to detect the spatio-
temporal distribution of pl-integrin in astrocytes during injury,
and identified prominent pl-integrin foci in RAB8 membrane
tubules (Fig. 5A). To examine if DBN regulates p1-integrin, as a
first read-out, we exploited the composition and assembly of focal
adhesions, which are hot spots of Bl-integrin activity. Antibody
labeling in WT astrocytes during scratch injury showed the
concentration of active pl-integrin, as well as the intracellular
adapter paxillin in mature focal adhesions*’. Dbn—/~ astrocytes,
in contrast, exhibited scattered membrane distribution of active
Bl-integrin with smaller paxillin+ focal adhesions (Fig. 5B). By

tracking GFP-tagged paxillin, we identified a persisting reduction
in focal adhesion sizes during the injury-induced polarization of
Dbn—/— astrocytes, when compared to WT cells (Fig. 5C). Thus,
DBN controls the presentation of Bl-integrin to focal adhesions
in astrocytes during their responses to injury.

We then investigated if the DBN-dependent, injury-induced
RABS membrane tubules are required for pl-integrin trafficking.
To study the distribution and trafficking of Pl-integrin
independent of conformational states and antibody epitopes, we
performed surface biotinylation experiments in injured WT and
Dbn—/= astrocyte cultures. Although signals of intracellular
biotinylated pl-integrin were at the detection limit after
internalization, we found a substantial reduction of surface p1-
integrin in Dbn~/~ astrocytes when compared with WT
astrocytes (Fig. 5D). Finally, we followed the internalization of
active integrin in situ with an antibody-feeding assay. Thirty
minutes after antibody labeling with anti-B1-integrin, the receptor
was widely distributed throughout WT astrocytes (Fig. 5E). In
contrast, in Dbn—/— astrocytes, pl-integrin accumulated beneath
the plasma membrane of polarizing cells. We obtained a
comparable pl-integrin distribution in WT astrocytes after
depleting both RABS isoforms with RNAi (Fig. 5E), suggesting
that DBN-dependent RAB8 compartments are major routes for
Bl-integrin trafficking. We conclude that the DBN-dependent,
injury-induced RAB8 tubule compartment functions as an
important hub to distribute internalized p1-integrin in astrocytes
during injury.

DBN loss induces intracellular membrane accumulation
in reactive astrocytes in vivo. The extensive accumulation of
RAB8+ membranes beneath the leading edge of cultured Dbn—/—
astrocytes prompted us to analyze internal membranes in vivo at
the ultrastructural level using high-resolution transmission elec-
tron microscopy (TEM). We compared WT and Dbn~/~ brains
from 7 days post stab injury, using GFAP+ to locate reactive
astrocytes in lesions. Processes of reactive astrocytes in WT brains
in proximity to the stab lesion contained several endosome-like
organelles, which frequently connected to thin membrane
tubules. In contrast, processes of Dbn=/— reactive astrocytes in
proximity to the stab injury displayed massive cytoplasmic
vacuolization. The vacuoles resembled multilamellar bodies, as
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Fig. 4 DBN balances the actin nucleation machinery during RAB8A tubule formation. A DBN rescues RAB8A membrane tubules in Dbn~/~ astrocytes.
Dbn~/~ astrocytes co-transfected with mRuby-RAB8A and YFP-control (upper panels), or with mRuby-RAB8A and DBN-YFP (bottom panels). Scale bars:
10 pm. Images are confocal stacks. Quantification of mRuby-RAB8A tubules displayed as box and whisker plots: box extends from 25th to 75th percentiles,
central line=median, whiskers comprise all values from minimum to maximum; n= 63-65 cells from three independent experiments (F test for equal
variances ***P <0.0001, Unpaired t test with Welch's correction, two-sided, ***P = 0.000000000025, t =7.965 df = 68.19). B Live imaging of Dbn~/
astrocytes expressing GFP-RAB8A before (upper panels) and 30 min after treatment with different inhibitors (lower panel); 100 nm Cytochalasin D (left),
100 pm CK-666 (center), or 25 pm SMIFH2 (right). Scale bars: 10 pm. Images are confocal stacks. Graph shows the quantification of GFP-RAB8A tubules
30 min after inhibitor treatment, Cytochalasin D, n=16; SMIFH2, n= 8; CK-666, n=9 cells; all from three experiments. Box and whisker plots: box
extends from 25th to 75th percentiles, central line=median, whiskers comprise all values from minimum to maximum (one-way ANOVA F=11.47, Dfn =
3, DFd =63, Dunnett's multiple comparisons test, multiplicity adjusted p values: * P =0.01534048, ***P=0.0001, ns P =0.9999). C Distribution of
endogenous RAB8A (green) and F-Actin (magenta) in WT (left panel) and Dbn~/~ (right panel) astrocytes. Arrowheads in WT panel indicate RAB8+
tubules aligned with actin fibers. In the Dbn~/~ panel, arrowheads highlight RAB8+ membrane cisterns. Representative images from three different
experiments. Scale bars: 10 pm. Images are single confocal sections. D Dbn~/~ astrocytes expressing GFP-RAB8A and labeled with SiR-tubulin before
(left panel) and 5 min after adding 100 pM CK-666 (right panel); see Movie 7. Scale bars: 10 pm. RAB8+- tubules formed immediately after adding CK-666
and aligned with adjacent microtubules, while extending into the cytosol. Representative images showing the effect observed by CK-666 treatment in three
independent experiments. Images are single confocal sections. E Proposed mechanism.: DBN functions as an essential switch in the actin network
homeostasis, which supports the formation of RAB8A + tubular endosome along microtubules. Source data are provided as a Source Data file.
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Fig. 5 DBN regulates RAB8 membrane trafficking of fi1-integrin during injury. A Detection of fi1-integrin (magenta in merged images) in RABE+ tubules
(green in merged images) in astrocytes. Arrows indicate RAB8+ tubules enriched with Bl-integrin. Representative image of three independent
experiments. Scale bar: 10 um. Confocal images are single optical sections. B Confocal images of WT (upper panel) and Dbn—~" astrocytes (bottom panel)
after mechanical injury, labeled for active fl-integrin (green) and paxillin (magenta). Representative images of three different experiments. Scale bars:
10 pm. Images are single optical sections. € Focal adhesions (FA) in WT (upper panel) and Dbn—/~ astrocytes (lower panel) expressing GFP-paxillin
analyzed by the Focal Adhesion Analysis Server. Graph shows box and whisker plots (box extends from 25th to 75th percentiles, central line=median,
whiskers comprise all values from minimum to maximum) of focal adhesion (FA) mean sizes and FA maximum sizes over 22 h during live imaging
experiments (n=17 cells from three independent experiments, Student's unpaired t test (two-sided): FA mean size **P =0.0013, t =3.515 df =32; FA
max size ***P= 0.0004, t =3.995 df = 32). Scale bars:10 pm. D Streptavidin-pulldown of proteins after surface biotinlyation of injured WT and Dbn—/
astrocytes. Western blot shows biotinylated pl-integrin in different conditions: immediately after surface biotinylation (surface), after removal of the
surface-biotin label with MESNA (strip), 15 min and 30 min after incubating labeled astrocytes at 37 °C followed by MESNA treatment to remove the
fraction of surface-exposed labeled proteins. Bar diagram shows guantification of surface fl-integrin after normalization to total integrin levels displaying
mean, individual points and SEM; n= 6 experiments, Student's unpaired t test (two-sided) **P= 0.0054, t = 3.541, df =10. E Labeling of internalized
ligand-bound pl-integrin following antibody feeding in WT astrocytes (left image), Dbn—/~ astrocytes (center image), and WT astrocytes after siRNA
depletion of RAB8A and RABSb (right image). Arrows indicate accumulations of fl-integrin directly beneath the leading edge of Dbn~"~ or RAB8-depleted
astrocytes. Boxes in upper panels are magnified in lower panels. Images are confocal stacks. Bar diagram shows guantification of astrocytes with antibody-
labeled p1-integrin at leading edges displaying mean, individual points and SEM;. n=20-37 cells from three experiments; one-way ANOVA F=1257,
DFn=2, DFd = 6 with Dunnett's multiple comparisons test WT vs Dbn™": **P = 0.0083, WT vs siRab8: **P = 0.0091. Source data are provided as a
Source Data file.
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they were filled with amorphous, electron-dense material that was ~ (Figure S7B). In summary, astrocytes from Dbn—/'— mice show
surrounded by double or multiple concentric membrane layers excessive, injury-specific accumulation of membrane-derived
(Fig. 6A)*. Quantification of multilamellar bodies at injury and material in both astrocytic processes and endfeet.

contralateral sites of WT and Dbn—/— brains showed that this

compartment was induced upon injury only in the absence of piscussion

DBN (Fig. 6A, B). In addition, we investigated the ultrastructure We have identified the function of DBN in protecting the brain
of astrocytic endfeet, which sustain high levels of membrane £, tissue damage following injury. We show that (1) under
trafficking durlrlg nutrient and metabolite uptake, and efflux of physiological conditions, DBN protein is not expressed in astro-
waste pmducts-.l Anallogfms }0 astlmcytc PrOCESSEs, astrocyte cytes; however, its injury-induced upregulation in reactive astro-
endfeet at the injury site in WT brfuns contained scvcrlal endo- cytes is required for the coordinated formation and maintenance
somal structures. In contrast, excessive amounts of multilamellar of astrocyte scars, demonstrating its essential role in effective tis-
bodies filled the endfeet at injury sites in Dbn~/~ mice g protection in the brain. (2) At the cellular level, DBN shifts the
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Fig. 6 DBN loss induced membrane accumulations in polarizing astrocytes during injury. A TEM ultrastructural architecture of astrocytes in brains of
WT and Dbn~/"~ mice. Images were acquired on the contralateral side of injury (left panels) or inside the lesion core (right panels); 7 days post stab injury
(7 DPI). Astrocyte processes are shaded in blue. Black arrows show astrocyte processes largely devoid of membranous compartments, on the site
contralateral to the stab injury. Red arrows show astrocyte processes at the injury site with endosome-like organelles (WT, upper image) or with
multilamellar bodies (Dbn~/~, bottomn image). Scale bars: 500 nm. B Quantification of multilamellar bodies displayed as box and whisker plots: box extends
from 25th to 75th percentiles, central line=median, whiskers comprise all values from minimum to maximum. Field of view size: 1170 pm?® Number of
fields/view: 92 WT and 77 Dbn~" ipsilateral, 85 WT and 77 Dbn/~ contralateral from three WT and three Dbn~/ animals (Bartlett's test for equal
variances ***P < 0.007; one-sided Kruskal-Wallis test with Dunn's multiple comparisons test ***P < 0.001; multiplicity adjusted p values: Ipsilateral WT vs
Ipsilateral Dbn~/": P= 0.000000000000047; ipsilateral WT vs contralateral WT: P = 0.999999999999999; contralateral WT vs contralateral Dbn~"~:

P =0.190172692939112; Ipsilateral Dbn—~ vs contralateral Dbn—/—: P = 0.000000755492543). Source data are provided as a Source Data file.

actin network organization from ARP2/3-dependent arrays to
microtubule-compatible scaffolds, which facilitate the formation
of injury-induced RAB8A-positive membrane tubules. (3) These
tubules serve as a hub for the membrane trafficking of surface
proteins involved in coordinating adhesive responses, such as pl1-
integrin. (4) The actin-dependent facilitation of RAB8 membrane
tubules by DBN is essential to maintain astrocyte reactivity, ensure
the physical integrity of the scar and prevent neurodegeneration.
We, therefore, propose a conceptually new role for DBN as an
injury-induced actin regulator in reactive astrocytes.

DBN functions as an injury-induced actin regulator in mem-
brane trafficking. DBN is highly abundant in dendritic spines
and developing neurites, and confers resilience in dendritic spines
during cellular stress responses! 4346, Surprisingly, DBN protein
is not detectable in astrocytes under healthy conditions but
immediately upregulated after mechanical damage (Fig. 1, Fig-
ure S1). These findings are corroborated by previously published
transcriptome data: focal penetrating injuries, like stab wounds
and spinal cord injuries, cause significant upregulation in DBN
transcripts in astrocytes. However, other disease models without
direct mechanical damage, like “transient middle cerebral artery
occlusion” -based stroke or lipopolysaccharide injections, show
less pronounced increases in DBN mRNA*"~4%, Tissue damage in
association with lesions is thus one major trigger for DBN
upregulation in astrocytes. Currently, neither the molecular sig-
naling pathways nor the mechanisms controlling DBN protein
upregulation, are known. However, it is conceivable that DBN
protein abundance is, in addition to increased transcription, also
modulated by post-translational modifications. Such mechanisms
would, analogous to the ATM-dependent phosphorylation of
DBN in neurons!3, extend DBN protein lifetime and abundance.

Unexpectedly, the cell biological mechanism underlying the
role of DBN during astrocyte scar formation involves a directive
function for its participation in membrane trafficking. Until now,
few studies have linked DBN to membrane dynamics in cells,
other than a demonstration that DBN principally binds to
membranes2®, that it restricts the entry of rotavirus into cells by
limiting endocy‘tosis5“, and that it regulates antigen presentation
of dendritic cells?!. Our study identifies a further avenue in DBN-
dependent membrane trafficking and protein sorting mechanism
that functions by stabilizing RAB8-positive tubular endosomes
upon injury.

In cell culture and in vivo, we discovered prominent RABS-
positive tubular endosomes specific to a post-injury setting in
astrocytes, which extend long palisading-like processes into
wound areas. The GTPases, RABSA and RABSB, facilitate
distinct routes of polarized membrane transport. RAB8 is
involved in endocytosis, membrane recycling, autophagy, and
exocytosis by associating with vesicles, macropinosomes, and
tubules?3%53, Moreover, RABS has been implicated in various
diseases ranging from microvillar inclusion disease and cancer to
neurodegenerative diseases such as Alzheimer’s and Parkinson’s
disease??. Tubular membrane compartments serve as logistical
platforms to sort membrane-bound cargos®*. Membrane tubula-
tion occurs particularly on maturing early endosomes and
macropinosomes to separate components from the quick “bulk
flow” back to the plasma membrane and to direct them towards
other compartments such as the Golgi network or recycling
endosomes®®. The actin cytoskeleton creates stable tubular
subdomains, where membrane-bound cargos segregate and
concentrate according to their designated destinations?®36:37,
We propose a role for DBN in inward-directed RABS8-based
membrane trafficking: upon wounding, DBN may contribute to
the uptake of plasma membrane material by compiling
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Fig. 7 Astrocytes require DBN to control damage during brain injury. Proposed model of how DBN/Rab8 functions during astrocyte polarization and
scarring responses. In response to CNS injury, DBN generates actin scaffolds suitable for tubule-based membrane trafficking. DBN-loss results in the
accumulation of endocytotic vesicles beneath the plasma membrane and affects the sorting of adhesion receptors essential for interaction with lesion core
components. In this way, DBN/Rab8 membrane tubules are fundamental for the polarization and scarring responses of reactive astrocytes.

endocytosed receptors and material in the injury-induced RAB8
compartment that are essentially sorted by DBN-stabilized
tubules (Fig. 7).

DBN antagonizes ARP2/3-dependent actin dynamics. ARP2/3-
dependent actin nucleation has been shown to drive the fission of
existing tubules into vesicular endosomes by the WASH com-
plex®. DBN associates dynamically with scaffolds of forming
tubular endosomes and counteracts their ARP2/3-dependent
fission (Fig. 4b, d). DBN could thereby occlude ARP2/3-binding
sites on the actin scaffold by its sidewise binding to actin fila-
ments®, This model is consistent with DBN competition of ARP2/
3 function, as identified in our pharmacological rescue experi-
ments. The colocalization of DBN along RAB8+ tubules in our
rescue experiments further supports a role of DBN as an integral
scaffold component around tubular endosomes. Structural ana-
lyses showed that drebrin is able to form tetramers and thereby to
bundle actin filaments®’. An analogous organization of actin
filaments by DBN at RAB8+ compartments could possibly pro-
mote membrane tubulation as well as counteract the ARP2/3
machinery. In addition, DBN could also facilitate the extension of
RABS8 tubules from underneath the leading edge into the cell
body by arranging the surrounding actin architecture. The
observable actin filaments in WT astrocyte processes generally
run parallel to RAB8 tubules. These linear actin filaments may
serve as a permissive scaffold for RABS tubules, which then sta-
bilize along intermingled microtubules analogous to membrane
tubulation during sorting to recycling endosome transition in
non-neuronal cells?6-38, This mechanism would be susceptible to
mislocalized ARP2/3-actin arrays upon DBN loss. Our live-
imaging results also support this mechanism in view of Dbn—/~
astrocytes, where, until their pharmacological disruption, ARP2/
3-actin networks prevent the tubulation and transport of RABSA-
positive membrane along microtubules. We propose that DBN
serves as a master switch to enable the assembly of microtubule-
compatible actin networks for tubular membrane trafficking

(Fig. 7).

Cellular trafficking by RAB8 tubular endosomes. Tubular
endosomes and/or tubule-derived vesicles deliver their content to
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intracellular destinations, where it may be redistributed or
degraded according to cellular requirements for efficient polar-
ized astrocyte outgrowth. DBN deficiency disrupts the RABS-
dependent tubular protein sorting machinery. Consequently,
membranes and associated proteins accumulate in intermediate
endosomal compartments instead of being rerouted in a polarized
manner in sufficient numbers. The resulting deficits and mis-
localization of surface receptors first evoke the failed wounding
response and polarization of astrocytes followed by their erratic
behavior during scarring. The disarray within the scarring
astrocytes could lead to the downregulation of their reactivity, as
shown by the loss of GFAP and translocation of SOX9—either in
a cell-autonomous manner and/or by an affected interplay with
other cell types such as microglia.

Our protein traffic-based mechanism is supported by findings
in DBN-depleted epithelial cells, which share some localization
defects in apical markers with RAB8A-deficient intestinal cells
during microvillar inclusion disease®%’. In addition, RAB8 was
shown to organize cell adhesion in conjunction with RAB13 by
transporting adhesion molecules, in cultured epithelial cells‘!.
Moreover, the closely RABS8-related RAB13 organizes the
collective cell migration of these non-neuronal cells in wounding
assays in an ordered manner®, analogous to our findings with
erratic DBN-deficient astrocytes in scars in vivo and during live
imaging experiments.

Bl-integrin trafficking and astrocyte reactivity. The induction
of tubular endosomes in response to injury suggests that they
represent an efficient way of transporting and sorting cargo rele-
vant for the injury response in astrocytes. We show the mis-
localization of endogenous pl-integrin in DBN-deficient
astrocytes in a Rab8-dependent manner. Cells require tight con-
trol of Bl-integrin in terms of levels and distribution at the cell
surface to migrate efficiently. The key mechanism for this is
retrograde trafficking®. Inadequate Pl-integrin subunits at the
surface impair the assembly and turnover of focal adhesions,
as seen with the outgrowth defects observed in DBN-deficient
astrocytes. In particular, the vanishing astrocyte reactivity high-
lights comprehensive defects in signal reception and computation
through the mis-sorting of membrane receptors. Astrocytic
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Bl-integrin has an important role as a co-receptor in signaling
pathways, which control astrocyte reactivity*!=43. However, other
misregulated membrane receptors undoubtedly also contribute to
the observed phenotype, and further research screening DBN-
deficient astrocytes is required to identify them.

DBN function in brain astrocytes. A major finding of this study
is the relevance of injury-induced DBN in forming functional
astrocyte scars. We showed that DBN is crucial for the coordi-
nated polarization and palisade-like outgrowth of astrocytes.
These locally occurring morphological changes are of vital
importance to restrict inflimmation and fibrotic tissue®, as
astrocytes from adjoining regions do not migrate into lesion
sites!™®, The DBN-dependent establishment of an astrocyte
scar in turn, is essential for damage containment in the CNS, as
highlighted by the high neurodegeneration observed in DBN-
deficient mice without astrocyte scars. What is more, the severity
of the DBN-dependent membrane-trafficking defects became
apparent in our in vivo TEM studies. We showed the prominent
enrichment of membranous material in multilamellar structures
within processes and endfeet of DBN-negative astrocytes. The
extent of these accumulating multilamellar structures in astro-
cytes is, to our knowledge, unique, occurs only upon injury and
supports our results of trafficking defects in cell culture. More-
over, this phenomenon resembles membrane whorls, which are
evocative for autophagy and which accumulate in smooth muscle
cells during atherosclerosis®66, Analogous structures have been
reported from Alzheimer’s disease and amyotrophic lateral
sclerosis patients as well as neurons expressing mutated hun-
tingtin%7-0%, Our findings indicate a putative role of the polarized
DBN-Rab8-dependent membrane trafficking for disease-specific
autophagy, which is well aligned with astrocytes becoming pha-
gocytic under pathological conditions”’. The aspects of DBN
deficiency identified in astrocytes in our study, are likely to
exacerbate a mild CNS insult into major trauma with progressing
neurodegeneration. Further dissection of the underlying
mechanism could open new therapeutic avenues to treat CNS
trauma and, possibly, degenerative conditions, which to date have
dismal outcomes.

In conclusion, this study identifies an important function of
injury-induced DBN in controlling damage containment in the
CNS via membrane trafficking. As DBN and its downstream targets
RABS8 and pl-integrin are broadly expressed, it is conceivable that
this mechanism may be pivotal in other pathologies in the CNS as
well as in different organ systems.

Methods

Ethical approval. All animals were handled in accordance with the relevant
national guidelines and regulations after ethical approval. Protocols were approved
by the ‘Landesamt fiir Gesundheit und Soziales’ (LaGeSo; Regional Office for
Health and Social Affairs) in Berlin, and animals are under the permit number
GO189/14.

Mouse strains. Dbn '~ mice were described previously!2. B6.CAMEK:Cre/Dbnfl/l
mice were generated by crossing B»S.Cg-'l'a(Camkza-crc)'l?g-ISIL"] (kindly pro-
vided by Dietmar Schmitz, Charité Berlin;’! with B6. Dbn™® mice. BAC Aldh1L1
eGFP mice, used for initial stab wound experiments, were described previously.
Mice were housed in individually ventilated cages (IVCs). The cages contained
wooden bedding material (SafeR Select, Safe), nestlets (Ancare), and a red, trian-
gular plastic house (length: 12,5 cm, width: 11 cm, height: 6 cm; Tecniplast) or a
plastic tunnel (length: 10 am, diameter: 4,5 cm, in-house fabrication). The animals
were maintained under standard conditions (room temperature: 22 + 2 °C; relative
humidity: 55 + 10%) on a light:dark cycle of 12:12 h of artifidal light (lights on
from 6:00 a.m. to 6:00 pm.). The mice were fed pelleted mouse diet ad libitum
(Ssniff, V1534-000) and had free access to tap water at all times.

Antibodies and reagents. Antibodies and their used concentrations in Western
blotting (WB), immunofluorescence (IF), and immunohistochemistry (IHC): please
note that several lots of each antibody were used over the years. Mouse anti-DBN

M2F6 (Enzo Lifesciences, ADI-NBA-110-E, IF & [HC 1:100; WB 1:1000), rabbit
anti-GFAP (Synaptic Systems, 173 002, IF & IHC 1:1000), guinea pig anti- GFAP
(Synaptic Systems, 173 004, IHC 1:400), guinea pig anti-5100p (Synaptic Systems,
287 003, [HC 1:200); rabbit anti-S100p (Atlas Antibodies, HPAD15768, IHC
1:1000), mouse anti-alpha tubulin DM1a (Sigma-Aldrich, T6199, WB 1:5000),
mouse anti-NeuN A60 (Millipore, MAB377, IHC 1:1000), rabbit anti-IBA1 (Wako,
019-19741, THC 1:500), anti-MAP2 (Synaptic systems, 188 004, IHC 1:500), mouse
anti-GAPDH 6C5 (Abcam, ab8245, Wb 1:5000), mouse anti- RABS (BD Biosciences,
610844, WB 1:1000), goat anti-pan RABS (Sicgen, AB3176-200, IF & [HC 1:100),
rabbit anti-integrin betal (Cell Signaling, #4706 S, WB 1:1000), mouse anti-CD29
18/CD29 (BD Biosciences, 61046, WB 1:1000), rat anti-active integrin betal/CD29
9EG7 (BD Pharmingen, 553715, IF 1:100]), rabbit anti-integrin betal c-term (L5Bio,
LS-C413122, IF 1:100), rabbit anti- paxillin (Genetex, GTX 125891, IF (1:250]), rabbit
anti-GST (Abcam, #9085-200 ul, WB 1:500). Horseradish peroxidase (HRP)-con-
jugated secondary antibodies (WB 1:5000): Goat Anti-Rabbit IgG Antibody (H + L)
(VectorLabs, PI-1000), Horse Anti-Mouse IgG Antibody (H + L) (Vectorlabs, PI-
2000}; cross-absorbed secondary antibodies conjugated to cyanine or Alexa dyes
were purchased from Dianova (IF & [HC 1:250): Donkey IgG anti-Mouse IgG

(H + L)-Alexa Fluor 488 (Dianova, 715-545-150), Donkey IgG anti-Mouse

IgG (H + L)-Alexa Fluor 647 (Dianova, 715-605-150); Donkey IgG anti-Goat IgG
(H + L)-Alexa Fluor 488 (Dianova, 705-545-147), Donkey IgG anti- Guinea Pig IgG
(H + L)-Cy3 (Dianova,706-165-148), Donkey IgG anti-Rabbit 1gG (H 4 L)- Alexa
Fluor 647 (Dianova, 711-605-152), Donkey IgG anti-Rabbit 1gG (H 4 L)-Alexa
Fluor 488 (Dianova, 711-545-152), Donkey IgG anti-Rabbit 1gG (H 4 L)-Cy3
(Dianova, 711-165-152). Fillamentous actin was labded with ActiStaind88, 555, or
670 phalloidin (Tebu Bio, PHDG1-A, PHDHI-A, or PHDN1-A, 1:250). DNA
staining was carried out using Hoechst 33258 (Thermo Scientific, H3569, 1:10,000).

Plasmids. Lifeact-GFP was cloned into the pCDF backbone (SBI), after replacing
copGFP with a suitable multiple cloning site via Xbal/Sall digest (Sequence of
MCS: TCTAGAGCTAGCGCTACCGGTCGCCACCATGGGATGTACAGCGGC
CGCGTCGAC). Accordingly, the CMV promoter was substituted with the
astrocyte-specific glaABC1 promoter, kindly provided by Michael Brenner (Uni-
versity of Alabama, US), using PCR. (pGFAP-5:ATAGATATCAACATATCCTGG
TGTGGAGTAGGG, pGFAP-:ATAGCTAGCGCGAGCAGCGGAGGTGATGC
GTC).

pEGEP-RABSA was a gift from Daniel Gerlich (Addgene plasmid # 3180372,
EGFP-Rab8a was cloned via PCR into the pCDF backbone for viral expression

(pCDF-GFP-5:GACCTCCATAGAAGATTCTAGAGCTAGCATGGTGAGC
AAGGGCGAGGAGCTGTTC, pCDE-RABBA-3: GTAATCCAGAGGTTGATT
GTCGACTCACAGAAGAACACATCGGAAAAAGCTGC).

mRuby- RABEA was generated through replacement of EGFP in pCDF-eGFP-
RABBA with mRuby via Nhel/Bsrgl from pcDNA3-mRuby kindly provided by Nils
Rademacher (Charité Universititsmedizin Berlin, Germany). The lentiviral
construct pCDF-paxillin-EGFP was subcloned from pEGFP-N3-paxillin (gift from
Rick Horwitz™ Addgene plasmid #15233) into pCDF-GFAP:Lifeact-GEP via
Nhel/BsRGI after silent mutation of an internal BsRGI site

(Paxillin-BsrGlmut-s: GAGGAGGAACACGTGTATAGCTTCCCAAACAA
GCAG; Paxillin-BsRGImut-as: CTGCTTGTTTGGGAAGCTATACACGTGT
TCCTCCTC).

Previously published pEYFP-N1-DBN E was co-transfected in rescue
experiments in Dbn / astrocytes in conjunction with pCDl*'-mRuby-RABBA'T“.
PEYFP-N1 (Takara Bio Inc) was used as a corresponding negative control.
pDEST15-hSlpd-a was purchased from Addgene (Plasmid#40046). All used primers
and oligonucleotides are listed in the Supplementary information (Tab. $8).

Cell culture and plasmid transfection. Cortical astrocytes were isolated from WT
or Dbn /'~ mouse brains according to procedures for rats™. Cerebral cortices from
P2 mice were isolated, mechanically dissociated in Hanks' Balanced Salt Solution
(HBSS) and trypsinized (Life Technologies) for 15 min at 37 °C. Afterwards,
trypsin (Invitrogen) was inhibited by triturating cels in complete Dulbecco’s
modified Eagle’s medium (DMEM, Lonza) with 10% FBS. Cell suspensions were
subsequently plated into T75 flasks, coated with collagen-1 (0.025%, BD Bios-
ciences) and 100 pg/ml poly-ornithine (Sigma). Microglia were erased by treating
astrocytes cultures at high density for 90 min with 60 mM 1-leucine-methylester
(LME, Sigma) in complete medium. Astrocytes were cultivated to 90% of con-
fluency and, subsequently, plated for imaging or biochemical experiments. Enri-
ched microglia cultures were acquired by shaking T75 an flasks with polygonal
astrocytes at 150 rpm at 37 °C for 2 h prior to treatment with LME. Supernatant
with floating microglia was plated on poly-ornithine-coated glass coverslips.
Microglia cultures contained <5% astrocytes. Primary mixed cortical cultures were
dissected from male and female embryonic day 16.5 WT or Din I~ mice”®.
Cortices were isolated and digested for 15min with 10% Trypsin in HBSS (Life
Technologies), washed with HBSS and triturated to single cells with glass pipets.
Cells were plated on poly-ornithine (15 pg/ml)-coated coverslips and cultured in
Neurobasal A medium (Life Technologies) containing 2% B27 (Life Technologies),
1% penicillin/streptomycin (Life Technologies), 100 pM p-mercaptoethanol
(Applichem), and 1% GlutaMAX (Life Technologies). HEK293TN were obtained
from BioCAT (Cat. no. LV900A-1-GVO-5BI). All culturing materials were sterile
and cell culture techniques were undertaken in Class II vertical laminar flow
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cabinets (ThermoFisher Scientific). HEK293TN cells were not authenticated.
Cultured HEK293TN cells were tested negative for mycoplasma. Astrocytes were
transfected using TransIT LT1 (Mirus) according to the manufacturer’s protocol.

Lentivirus production and astrocyte infection. Probes of fluorescent RABSA and
paxillin were expressed in astrocytes via lentiviral transduction. FIV particles were
produced in the HEK293TN producer cell line (BioCat) and harvested analogously
to HIV particles”. In all, 70% confluent astrocytes from WT and Dbn—/~ mice on
glass-bottom dishes were transduced 7 days before scratch wounding and live-cell

imaging.

RNA interference. Astrocytes were transfected with siRNAs using Lipofectamine
RNAiMax (Thermo Scientific) according to the manufacturer’s instructions. The
following published siRNA oligonucleotides were used (Sigma-Aldrich): siRab8a

(GGAAUAAGUGUGAUGUGAATS, siRab8b (GAAUGAUCCUGGGUAACAATY,
and control siRNA (AGGUAGUGUAAUCGCCUUGUU)™, (Tab. S8).

Scratch wound in vitro and live-cell imaging. Confluent astrocytes were cultured
in phenol red-free DMEM (Thermo Scientific) with 10% fetal bovine serum (FBS).
Scratch wounds were performed by pulling a 200 pl-pipette tip through the con-
fluent astrocyte layer as established previously:*. To subject the entire monolayer
to the scratch injury, different scratch patterns were performed: for 18 mm cov-
erslips, one scratch was performed vertically and one scratch was performed
horizontally. For 4 well p-slides dishes (IBIDI), one vertical scratch was performed.
For 30 mm dishes, three horizontal and three vertical scratches were performed.
Injured astrocytes were either bioche mically analyzed via western blot or studied in
live-cell imaging. Cell behavior was followed by live-cell imaging for 22 or 30h
using a Nikon Widefield with CCD camera, scanning stage, and envirc tal

quantified as subset relative to the total number of GFAP+4 astrocytes in the
defined areas. Microglia morphometry was analyzed based on IBA1 immunor-
eactivity and the surface algorithm of Imaris. Kymographs were generated and
analyzed via FiJi. Movies were compiled and annotated with Hitfilm Express 13
(FXhome Limited).

Focal adhesion analysis. To assess focal adhesion size, primary astrocytes were
transduced with FIV lentivirus encoding for pCDF-GFAP:paxillin-EGFP. Seven
days after transduction, medium was changed to phenol-free DMEM, and scratch
injury was performed, followed by live-cell imaging for 22h in 20 min intervals.
Acquired images were submitted to the Focal Adhesion Analysis Server® with
the following specifications: Imaging frequency: 20 min; min. adhesion size 20,
max. adhesion size 500; all further settings were left at default. The analyzed files
obtained from the adhesion server were used to identify a region of interest at the
leading edge of astrocytes extending into the scratch. Each Region of Interest
contained at least 10 focal adhesions. Using the open source software INKSCAPE,
the assigned number of every analyzed focal adhesion was identified and matched
with the corresponding data (maximum adhesion size, mean adhesion size) from
the excel-sheet as described on the focal adhesion analysis server website (https://

faas.bme.unc.edw/results_understanding).

Surface biotinylation and internalization assay. Cultured astrocytes were incu-
bated in 1 mg/ml cell-impermeant EZ-Link Sulfo-NHS-55-Biotin (ThermoFisher)
in ice-cold PBS pH & for 2 h. Any remaining unreacted biotin was removed by
three washes with ice-cold PBS followed by 10 min of quenching with 100 mM
glycine in ice-cold PBS. Cells were then split into four groups: (1) directed analyses
of surface biotinylated proteins after labeling and quenching, (2) specificity control
of surface biotinylation by removing biotin surface labeling with 50mM 2-

control chamber (OKO lab) and a x40 objective (N.A. 0.7) with 1.5x intermediate
magnification. Cells were imaged at 20-min intervals with composite large images
(3 x 3 fields of view). Imaging start, unless specified otherwise, was 4 h after in vitro
injury. Astrocytes in compiled movies were analyzed using kymographs in Fiji*!.

Quantitation of membrane tubules. Tubular membrane compartments were
quantified based on a macro for Fiji, originally designed to analyze analogous
structures in still images in heart muscle®2. We extended the functionality of the
original code by enabling analyses of z-stack image sequences acquired in live
imaging experiments. The macro has been made available on github (see Code
Availability).

Pharmacological treatments. In all, 100 nM Cytochalasin o (Merck Calbiochem,
Cat. no. 250255), 100 pM CK-666 (Sigma-Aldrich, Cat. no: SMLO006-5MG) or 25
uM SMIFH2 (Sigma- Aldrich, Cat. no. $4826-5MG) were pre-diluted in phenol red-
free DMEM and added to GFP-RABBA-expressing astrocytes after recording
baseline for 30 min without treatment. Microtubule dynamics were imaged after
incubating astrocytes for six hours in 1 pM SiR-tubulin (Spirochrome, cat# SC002)
in phenol red-free DMEM.

Immunocytochemistry. Cultured astrocytes were fixed using 3.7% formaldehyde
in cytoskeleton-preservation buffer (25 mM HEPES, 60 mM PIPES, 10 mM EGTA,
2mM MgCly, pH 7.4) for 20 min. After three washes with cytoskeleton-
preservation buffer, cell permeabilization, while maintaining the utmost integrity of
the cytoskeleton and endosomes, was achieved through 3 min incubation with
0.02% Triton X-100 in Phosphate-buffered saline (PBS). After three washes with
PBS and brief incubation in 1% bovine serum albumin (BSA) in PBS, cells were
incubated with primary antibodies diluted in PBS for 1h at RT. After three washes
with PBS and brief incubation in 1% BSA in PBS, cells were incubated in highly
cross-absorbed secondary antibodies for another hour at RT. After three washes
with PBS, cells were mounted in Mowiol. To visualize endogenous RABS tubules,
PBS was generally replaced by the cytoskeleton-preservation buffer. Cells were
permeabilized by incubation with 0.02% Triton X-100 in the cytoskeleton-
preservation buffer for 30 min at RT. Wash steps were extended to 5 min each.

Confocal microscopy and imaging processing. Cells were imaged via multitrack
mode on either Leica Sp8 (Leica) or Nikon AlRsi+ (Nikon) confocal microscopes.
Large image and multipoint scans were performed on Nikon Al microscopes using
an automated stage. Image processing were performed in Fifi and/or Imaris (Bit-
plane). To isolate and highlight DBN immunreactivity only in astrocytes, we
merged GFP and GFAP in the CoLoc application of Imaris to create a mask. DBN
signals within this mask resulted in “Astrocyte merge” by subtracting signals
outside of astrocytes from the DBN channel. To categorize palisading astrocytes,
we adapting protocols from previous publications*!%, We analyzed GEAP+
astrocytes in areas 300 pm around to the core lesion site. Polarized astrocytes with
longer processes beyond the typical ~25 pm radius of non-polarized astrocytes were
taken into account as “palisading”. Most long processes were orientated perpen-
dicularly to the core lesion. However, we detected occasionally astrocytes with long
processes in diverting angles, which might be caused by collateral tissue damage.
We included those cells in our quantification as well. "%palisading astrocytes” were

mercaptoeth lfonic acid sodium salt (MESNA) in wash buffer (150 mM NacCl,
0.2% BSA, 20 mM Tris, pH 8.6), (3) pulse-chase analyses of internalized surface
proteins after 15 min or (4) 30 min incubation at 37°C in complete medium fol-
lowed by MESNA-dependent removal of the surface-label. After three washes with
wash buffer, samples were treated with 50 mM MESNA in wash buffer for 1h on
ice. Cell lysis of all samples was performed after two washes with ice-cold PBS by
incubating cells for 20 min in ice-cold 1% Triton X-100 in PBS with protease
inhibitor cocktails (Merck, Calbiochem set 111, Cat. no. 539134), subsequent
thorough scraping and sonication. Biotinylated proteins were isolated by incu-
bating the samples with equal total protein amounts overnight at 4°C and gentle
agitation with 30 pl of Neutravidin-magnetic beads (Fisher Sdentific, Cat. no.
11864143, The following day, beads were washed three times in ice-cold PBS + 1%
Triton X-100 and twice with ice-cold PBS only. Samples were then subjected to
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and WB
probing with antibodies.

Protein lysate preparation, SDS-PAGE, and WEB. Cultured astrocytes were
washed once with cold PBS and lysed in cold radioimmunoprecipitation assay
buffer, supplemented with protease inhibitors (Merck, Calbiochem set II1, Cat. no.
539134). Cell lysates were centrifuged at 20,000 x g and supernatant was trans-
ferred to a tube containing Roti load I SDS sample buffer. On average, 15-30 pg of
protein was loaded on SDS-PAGE gel. Western blot analysis was performed by
transferring proteins to nitrocellulose membranes using a wet blot tank system
(Bio-Rad) for 2 h. The membranes were then blocked for 1 h at room temperature
with 5% skim milk before incubating with primary antibodies overnight. Mem-
branes were then washed 3 x 10 min in TBS-T and incubated with HRP-coupled
secondary antibody for 1 hour, followed by 3 x 10 washes in TBS-T before
detection. Membranes were imaged using the Fusion SL system from Vilber
Lourmat. Quantification of band densities was performed using FIJL The area of
the band and the mean gray value were measured to obtain relative density. For
relative quantifications, measurements were normalized to loading control.

Antibody-feeding assay. To visualize internalized active pl-integrin, astrocytes
were first starved (DMEM without serum) for one hour and subsequently incu-
bated with the 9EG7 antibody (BD Bioscience, 1:20 in DMEM) on ice for 1 h. After
three washes with cold complete medium, cells were incubated for 30 min at 37 °C
and 5% CO;. Astrocytes were washed several times in PBS and then surface
antibody was stripped with ice-cold acetic acid pH3 (0.5 M NadCl, 0.5% Acetic Acid
in ddH20) followed by several washes in PBS before fixation.

In vivo stab wound. Mice were anesthetized with a mixture of ketamine (100 mg/
kg) and xylazine (10 mg/kg), and head-fixed on a stereotactic frame (Kopf Ste-
reotax). Throughout the operation, body temperature was maintained at 36-37 °C,
using a heating blanket. Full anesthesia of the mice was verified throughout the
procedure by carefully checking breathing and reflexes using the pinching toe
method. For surgery, an incision was created in the scalp and a small craniotomy
was drilled above M1 motor cortex (bregma: —1 mm; lateral: 1 mm). An injection
needle (Hamilton, gauge 33 was carefully inserted into the motor cortex and moved
up and down three times (0.8 mm). The needle was removed and the scalp was
sutured. Metamizol (5 mg/ml) was added to drinking water as analgesics until
sacrifice. After surgery, mice were replaced in their cage, and kept warm during
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wake-up and recovery on a heating plate at 37 °C. Stab wound outcomes were
analyzed 7 or 30 days later by IHC and confocal microscopy.

IHC and tissue clearance. Seven or 30 days after stab wound injury, mice were
sedated with isoflurane, perfused with 4% formaldehyde and sacrificed. Coronal
sections (60 um diameter) were obtained, permeabilized with 1% Triton X-100 in
PBS and blocked in 5% BSA. In a first step, sections were labeled with THC for
GFAP to label reactive astrocytes and identify lesion sites with adjacent scars.
GFAP-positive sections were stained for additional marker proteins and subse-
quently fixed in 4% formaldehyde for 1 h at 4°C. Tissue clearance was obtained by
incubating brain slices in ScaleA2 (4 M UREA, 10% (wt/vol) glycerol, 0.1% (wt/vol)
Triton X-100 and 0.1x PBS) for 48 h. Transparent slices were mounted on glass
slides using Mowiol with 4 M UREA and analyzed using a Nikon Al confocal
microscope with a x40 objective (N.A. 1.3, working distance 240 pm) and auto-
mated scanning stage. For visualization of RABS tubules in vivo, animals were
sacrificed as described above and perfused with 3.7% formaldehyde in a
cytoskeleton-preservation buffer (25mM HEPES, 60 mM PIPES, 10 mM EGTA,
2mM MgCl, pH 7.4). Slices were permeabilized with 0.02% Triton X-100 over-
night and stained as described above in cytoskeleton-preservation buffer. For
visualization of RABE tubules in vivo, no tissue clearing was performed and cells
were mounted on glass slides using Mowiol without urea.

Histology. Brain slices adhered on superfrost coverslips overnight. Slices were pre-
incubating in a descending ethanol series (96%-, 90%-, 70%-, 50%- and 30%
ethanol, each step for 2min). Cresyl violet (acetate) Certistain (Sigma-Aldrich)
working solution was freshly prepared in manufacturer’s acetate buffer solution
(pH3.6) and filtered prior to use. Then slices were stained in cresyl violet solution
for 20 min. Subsequently, slices were incubated for 1sec in 96% ethanol and
washed briefly with 70% ethanol. Clearing of slices was performed by two sub-
sequent incubations in xylene for 2 min. Stained slices were mounted in water-free
DPX medium (Sigma-Aldrich).

Purification of recombinant GST-hSLP4A and isolation of endogenous GTP-
bound RAE8 from astrocytes. Recombinant GST-hSLP4A was expressed in and
purified from BL21 Rosetta DE3 Eschechia coli (Merck, Ca. no. 70954). In all, 5ml
of saturated pDEST15-hSlpd-a-transformed BL21 Rosetta DE3 E. coli culture were
diluted in 500 ml 2x YT (Sigma-Aldrich, Cat. no. Y2377-250G) with Ampicillin
(Sigma-Aldrich, Cat. no. A9518) under shaking (230 rpm) for 3 h at 37°C. Protein
expression was induced by 1 mM isopropyl p-d-1-thiogalactopyranoside (Sigma-
Aldrich, Cat. no. 16758) and occurred overnight at room temperature under
shaking. Bacteria were harvested by centrifugation (Ja10 rotor, 5000 rcf for 15 min
at 4 °C) and stored at —80°C. Purification of GST-hSLP4A was performed directly
before the isolation of GTP-bound RABE from astrocytes: bacteria were resus-
pended in (50 mM HEPES, 250 mM NaCl, 10% glycerol plus 1% Triton X-100,
supplemented with protease inhibitors (Merck, Calbiochem set 111, Cat. No.
539134) and subsequently sonicated. Lysates were cleared by centrifugation (JA20
rotor, 25,402 x g, 25min at 4 °C). Glutathione sepharose beads (Sigma-Aldrich,
Cat. no. GE17-0756-01) were washed three times in HTG buffer (1% Triton, X-100,
25mm HEPES, 150 mM NaCl, 10% glycerol). Bacterial lysates were incubated with
glutathione sepharose beads for 1 hour on a rotating wheel at 4 °C. Beads were
washed three times with ice-cold lysis buffer (20mM HEPES, 150 mM NaCl, 0.5%
Triton X-100). Subsequently, beads were incubated with astrocyte lysate buffer
supplemented with protease inhibitors (Merck, Calbiochem set 111, Cat. no.
539134) for 1 hour at 4°C on a rotating wheel. After four times of washing with
lysis buffer with protease inhibitors, samples were subjected to SDS-PAGE

and WB.

Electron microscopy. Brain slices, fixed, permeabilized, and labeled for GFAP,
were cryoprotected stepwise in 0.1 M sodium phosphate buffer pH 7.4 (PB) sup-
pl 1 with increasing concentrations of glycerol [10-20-30% (v/v)] and left
overnight in 30% glycerol in PBS at 4 °C. The tissue was frozen by plunging
into hexane (Carl Roth) at —70 °C. Samples were transferred into cold methanol
(—90°C) in a freeze-substitution chamber (Leica EM AFS). Methanol was replaced
three times before the specimens were immersed overnight in anhydrous methanol
at —90 °C, containing 2% (w/v) uranyl acetate. After rinsing several times with
methanol, the temperature was gradually raised to —50°C and left overnight at
—50°C. Tissue was then infiltrated with a mix of Lowicryl HM20 resin (Poly-
sciences) and methanol (1:2; 1:1; 2:1, 1h each) and left in pure resin overnight at
—50°C. Samples were transferred to flat embedding molds containing freshly
prepared resin at —50 °C. UV polymerization was started at —50°C (overnight)
and then continued for 4 d at temperatures gradually increasing from —50°C to
—20°C (24 h) and finally to 420 °C (24 h). Ultrathin sections (70 nm) were
mounted on 200-mesh formvar-coated nickel grids (Plano). Images were acquired
using a Zeiss EM 900 equipped with a digital camera (Proscan 1 K Slow-Scan CCD
Camera).

Statistics and reproducibility. All statistical analyses were performed in Graph-
Pad Prism software (Prism 7.0). Details on the statistical tests applied are provided

within the figure legends. The data are reported as bar graphs displaying individual
values and means + SEM, as indicated in the figure legends, or as box-and-whiskers
plots, ranging from minimum to maximum values. All data were tested for nor-

mality and accordingly subjected to parametric or non-parametric statistical ana-
lysis. Test results for normality distribution are reported in the figure legends only
when data were not normally distrbuted. No experiments were excluded from the
analyses.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are provided within the paper and its
supplementary information. All additional information will be made available upon
reasonable request to the authors. Cartoons and schemes depicted in this manuscript
were created by [.5. and K.M. with BioRender.com Source data are provided with

this paper.

Code availability
The script to quantify tubules has been uploaded to Github and can be downloaded via
the following link: https://github.com/jschiweck/TubuleMacro.git
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Supplementary Figure S1: Injury-dependent upregulation of DBN in astrocytes. (A)
Widefield mosaic scan of 25 fields of view from confluent astrocyte cultures labeled with anti-
DBN, without or 24 h after mechanical injury. Relative DBN fluorescence is displayed as
heatmap. Scale bars: 100 um. Representative image of 3 independent experiments. (B) IHC
of uninjured or injured mouse brain. Upper panel shows a strong labeling of DBN (green)
around MAP2+ dendrites (blue), and no DBN labeling in S1003+ astrocytes (magenta) in the
uninjured mouse brain. Images are single confocal sections. Representative images of 2
animals. Scale bars: 10 ym. Close up image (1) show that DBN+ structures emerge from
MAP2+ dendrites, which identifies them as dendritic spines. Line-scan through an S100R3+
astrocyte in close up image (2) shows little overlap of DBN and S100R signal. Center panel
shows IHC of DBN protein in uninjured BAC Aldh1l11 EGFP mice. Aldh1l1:GFP+ astrocytes
(green) are negative for GFAP (blue) and DBN (magenta) in uninjured settings. Bottom panel
shows IHC of DBN expression (grey) in BAC Aldh1l1 EGFP mice 7 days post-stab-injury.
Astrocyte reactivity at lesion sites was determined by GFAP (blue), whilst astrocytes
independent of their reactivity were visualized by GFP expression (green). Magnifications
demonstrate astrocytes exhibiting prominent (1) and moderate (2) DBN protein levels. Images
are confocal stacks. Representative images of 2 animals. Scale bars: 20 pm. (C) Microglia-
enriched cultures were labeled for DBN (green) and the microglia marker IBA1 (magenta).
IBA1+ microglia are negative for DBN (asterisks), whilst neighboring reactive astrocytes
(arrowheads) are DBN+. Representative images of 3 experiments. Scale bars: 10 pm.(D) IHC
of DBN (green) and IBA1 (magenta) in the uninjured cortex of P30 WT mice or 7 days post
injury. Representative images of 3 animals. Scale bars: 10 pm. Images in (C) and (D) are
single confocal planes. Source data are provided as a Source Data file.
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Supplementary Figure S2: Distribution of the reactive astrocyte markers GFAP and
vimentin in WT and Dbn™ cortices. (A) Overview images of WT and Dbn™ cortices stained
for GFAP 30 days post stab injury. Uninjured cortical tissue show little GFAP immunoreactivity.
White matter astrocytes in the adjacent corpus callosum are overall GFAP+. WT but not Dbn”
* cortices show GFAP+ reactive astrocytes at stab wounds (dashed box). Representative
images of 11 WT and 13 Dbn” animals. Scale bars: 100 um. (B) Overview images of WT and
Dbn”" cortices stained for vimentin 30 days post stab injury (upper panel). In WT brains, the
vimentin antibody labels blood vessels and reactive astrocytes at stab wounds (dashed box).
Dbn™ cortices lack vimentin+ astrocytes at injury sites. Scale bars: 100 pym. Bottom panel
shows stab injuries labeled for GFAP and vimentin. Reactive WT astrocytes were positive for
both GFAP and vimentin. Injury sites in DBN Dbn™ brains exhibit vimentin signals only around
blood vessels. Scale bars: 100 pm. Quantification of vimentin+ cells at stab wounds 30 Dpl
shows means, individual data points and SEM; n=3 animals, *** P= 0.00000219 (Students
unpaired t-test, two-sided, t=40.63 df=4). All images are confocal stacks. Source data are
provided as a Source Data file.
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Supplementary Figure S3: Analyses of SOX9+ cells at stab wounds of WT, Dbn” and
Dbn™: CAMKIla-Cre**™ mice (30 DPI). (A) IHC of stab wounds labeled for SOX9
(magenta) and GFAP (green) in WT (upper panel), Dbn” (center panel) and Dbn™":
CAMKIlla-Cre*™* brains (bottom panel). Close up images (1) show lesion sites, while close
up images (2) magnify uninjured tissue. Scale bars overviews: 100 pm; Scale bars close up
images: 10 ym. Representative images of 3 animals/condition. Images are confocal stacks
(B) Triple labeling of ALDH1L1 (magenta), SOX9 (yellow) and GFAP (cyan) in stab wounds
of WT and Dbn” brains (30 DPI). Arrow heads indicate ALDH1L1 signals in cell bodies of
SOX9+ cells. Representative images of 3 animals/condition Scale bars: 10 pm. Overviews
are confocal stacks, while close ups are single confocal sections. Source data are provided
as a Source Data file.
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Supplementary Figure S4: Histological and immunohistochemical analyses of stab
wounds in WT, Dbn™ and Dbn™"; CAMKIla-Cre**™ mice (30 DPI). Nissl labeling of cortices
from WT and Dbn™ mice after stab wounding (30 DPI). Close up images (1) show uninjured
tissue. Close up images (2) show tissue around stab wounds (dashed lines). Scale bars: 100
um. Quantification of neurons, characterized by large Nissl+ cell bodies, 300 pm around the
lesion sites, displayed as bar graphs showing mean, individual data points and SEM. n=3, **
P=0.0055 (Unpaired t-test, two-sided t=5.448, df=4). Lower panel shows the same Dbn™
brain slice as above stained for NeuN (magenta) and DNA (green). (B) WT and Dbn” brains
after stab wound (30 DPI) labeled for GFAP (yellow), NeuN (cyan) and CD45 (yellow). Scale
bars: overview: 100 ym, magnification: 10pm. Quantification (means, individual data points
and SEM) of CD45+ cells in stab wounded WT and Dbn” brains. n=3 animals, n.s. P=0.7527
(Unpaired t-test, two-sided, t=0.3376, df=4). (C) IHC of GFAP (green) and NeuN (magenta)
in Dbn™: CAMKIla-Cre™™ mice (7 DPI). Scale bars: 10 ym. Bar chart shows quantification
(means, individual data points and SEM) of neurons without nuclear NeuN at injury sites of
Dbn™": CAMKlla-Cre*® mice (7 DPI) and WT and Dbn” mice, as shown in Figure 2C. n=3
for WT and Dbn™, 4 for Dbn™: CAMKIla -Cre”™® (One-way ANOVA F=42.89, DFn=2,
DFd=7; Tukey's multiple comparisons test: WT vs Dbn” *** P=0.000214, WT vs. CAMKlla-
Cre*™® n.s. P= 0.8631, CAMKlla-Cre**® vs Dbn” P=0.000208). All images are confocal
stacks. Source data are provided as a Source Data file.
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Supplementary Figure S5: DBN-loss perturbs the coordinated outgrowth of cultured
astrocytes after scratch injury. (A) WT and Dbn™ astrocytes expressing Lifeact-GFP, at 4 h
and 24 h after mechanical injury in vitro. Asterisks indicate cells with extending processes in a
persistent manner towards injury. Arrows show moving cells with erratic migratory behavior.
The arrowhead show retracting astrocytes. Scale bars: 10 pm. Images were acquired by
widefield microscopy. Quantification shows box and whisker plots (box extends from 25th to
75th percentiles, central line=median, whiskers comprise all values from minimum to
maximum) of distances covered by WT and Dbn™ astrocytes; n=180 cells per group obtained
from three independent experiments, *** P < 0.0001 (Students unpaired t-test, two-sided,
t=13.2 df=358). (B) Live imaging of the overall wound closure of cultured WT and Dbn”
astrocytes after 1 and 30 h. Scale bars: 100 pm. Bar diagram shows quantification of wound
size 30 h after injuring the astrocyte monolayers (means, individual data points and SEM); n=4
independent experiments, Two-way repeated measurements ANOVA, F= 7.804, DFn=1,
DFd=6; Sidak's multiple comparisons test: ** P=0.0038). (C) DBN and F-Actin labeling in
cultured astrocyte during scratch injury. 1h post injury, DBN localizes to the rear and leading
edge of injured astrocytes and shows little co-localization with the most prominent actin
filaments. 24h after injury, DBN is detected between the leading edge and the actin-rich cell
body, showing again little co-localization with typical actin fibers. Representative images of 3
independent experiments. Scale bars: 10um. (D) Localization of DBN-YFP in vesicular and
tubular structures and, partially, on actin fibers. Scale bar: 10um. Representative images of 3
experiments. Images in (C) and (D) are single confocal sections. Source data are provided as
a Source Data file.
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Supplementary Figure S6: Localization and specificity RAB-GTPases in astrocytes
during injury. (A) Expression of different GFP-tagged RAB GTPases in cultured WT and Dbn
* astrocytes. No major differences between genotypes could be detected for RAB5b, 7A and
11; RABBSA formed tubular structures in WT but not in Dbn™ astrocytes. Representative images
of 3 experiments. Scale bars: 10 ym. (B) WT astrocytes, WT astrocytes transfected RAB8A+
siRNA and Dbn” astrocytes; demonstrating the specificity of the antibody used. Scale bars:
10 um. Representative images of 3 independent experiments. Image are confocal stacks. (C)
Western blot of RABS levels using a pan RAB8 antibody in lysates derived from WT astrocytes
transfected with control siRNA (siControl), Rab8a specific siRNA (siRab8a) and/or Rab8b
specific sSIRNA (siRab8b). Tubulin immunoreactivity serves as loading control. Rab8 and
Tubulin antibody incubations were performed on the same membrane on consecutive days
without stripping. Bar diagram shows quantification of RAB8 levels from siRNA transfected
astrocytes from corresponding western blots, displaying means, individual data points and
SEM (n=5 independent experiments, One way ANOVA F= 55.82 (DFn=3,DFd= 16),
Bonferroni’s multiple comparisons test ***P<0.001; multiplicity adjusted p-values: siControl vs
siRabh8a: P= 0.000001199564256; siControl vs siRabh8b: P= 0.000065561231107; siControl vs
siRab8a+b: P= 0.000000005946593). Source data are provided as a Source Data file.
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Supplementary Figure S7: DBN-loss results in accumulation of membranes in
astrocytes. (A) WT and Dbn™ astrocytes expressing GFP-RABSA after starvation and brief
stimulation with EGF (see Movies 5 and 6). Images are confocal stacks acquired during live
imaging. Representative images of 3 experiments. Scale bars: 10 pm. Images are confocal
stacks. (B) TEM images showing accumulation of multilamellar bodies in endfeet of
astrocytes in Dbn” brains, but not in endfeet of astrocytes in WT brains after injury in vivo 7
DPI. Astrocyte endfeet are shaded in blue. Representative images of 3 animals/condition.
Scale bars: 500 nm. Source data are provided as a Source Data file.

Supplementary Table 58 .List of primers.

Name Sequence 5'-3' Purpose
pCDF-Hew MCS-

8 CTAGAGCTAGCGCTACCGGTCGCCACCATGGGATGTACAGCGGCCGCG Cloning
pCDF-Mew MCS-

as TCGACGCGGCCGCTGTACATCCCATGGTGGCGACCGGTAGCGCTAGCT Cloning
pGFAP-5 ATAGATATCAACATATCCTGGTGTGGAGTAGGS Cloning
pGFAP-3 ATAGCTAGCGCGAGCAGCGGAGGTGATGCGETC Cloning
pCDF-GFP-5 GACCTCCATAGAAGATTCTAGAGCTAGCATGETGAGCAAGGGCGAGGAGCTGETTL | Cloning
pCDF-RABBA-3 GTAATCCAGAGGTTGATTGTCGACTCACAGAAGAACACATCGGAAARAGCTGE Cloning
Paxillin-BsrGimut-

8 GAGGAGGAACACGTGTATAGCTTCCCAAACAAGCAG Mutagenesis
Paxillin-BsrGlmut-

as CTGCTTGTITGGGAAGCTATACACGTGTTCCTCCTC Mutagenesis
CAMEIl Cre FW

wi+cre GGTTCTCCGTTTGCACTCAGGA Genotyping
CAMKII Cre B RV

cre CCTGTTGTTCAGCTTGCACCAG Genotyping
CAMKIIC B RV

WT CTGCATGCACGGGACAGCTCT Genctyping
siRABSA GGAAUAAGUGUGAUGUGAA RMAI
siRABSB GAAUGAUCCUGGGUAACAA RMAI
siContral AGGUAGUGUAAUCGCCUUGUU RMAI
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