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Abstract 1 

Abstract 

Ischemic damage to the brain poses a long-term disability or even death. Endogenous 

recovery cannot fully restore functionality by itself, leading to deficits in cognition and 

motor function. This thesis investigates microenvironmental changes mediated by the 

molecules interleukin 6 (IL-6) and SorCS2 in murine models of ischemia. 

Our first study focuses on the effect of the inflammatory cytokine IL-6 in carotid stenosis, 

evaluating changes in the brain parenchyma and other associated factors. IL-6 plays an 

ambivalent role in the hypoperfused brain: it is associated with poor outcome such as 

deterioration in motor function, but it is also essential for recovery processes. In this study, 

mice underwent unilateral carotid artery occlusion, and IL-6 overexpression in astrocytes 

was induced on day 2 after surgery. Motor skills and health status were monitored for 21 

days using behavioral tests, and changes in cerebral connectivity and brain remodeling 

were examined using diffusion tensor imaging. Data analysis showed that IL-6 overex-

pression has no adverse effect on the overall condition and fosters connectivity changes 

in the brain. In total, 10 out of 14 tracts were increased, mainly in interhemispheric net-

works. Proteome analysis of the ipsilesional striatal fiber tracts and the contralesional 

motor cortex showed alterations in expression levels of plasticity-associated proteins. 

Caprin-1 was more abundantly expressed on the ipsilesional side, and the GABA-trans-

porter Gat1 was downregulated on the contralesional side, reducing inhibitory GABA sig-

naling. Both are targets for further studies and potential drug targets for translatory re-

search. 

The second part of the thesis investigates the effects of a SorCS2 knockout in stroke 

models. This Vps10p sorting receptor is a regulator of vesicular trafficking and secretion, 

possibly involved in endogenous IL-6 regulation. The study showed that contrary to prior 

knowledge, not only neurons but also astrocytes express SorCS2 after stroke, and TGF-β 

likely mediates induction. IL-6 was not confirmed to be regulated in in vivo assays. Abla-

tion of SorCS2 correlated with endostatin expression, mediating effects on regenerative 

processes such as angiogenesis.  

Our third study focuses on improving animal research. Data from standardized behavioral 

tests were collected in one curated database. This allows meta-analysis of data and can 

reduce animal suffering and the number of experimental animals due to higher experi-

mental standards and prediction of human endpoints. It also generated a new starting 

point for innovative research concepts based on existing animal data. 
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In summary, the thesis contributes insights into post-ischemic recovery processes and 

found several potential targets for further research on therapeutic interventions for brain 

ischemia. It also contributes to the 3R approach of reducing animal suffering in experi-

mental research. 
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Zusammenfassung 

Eine ischämische Schädigung des Gehirns kann zu einer langfristigen Behinderung bis 

hin zum Tod führen. Die körpereigene Regeneration kann verlorene Funktionalität nicht 

vollständig wiederherstellen, was zu kognitiven und motorischen Defiziten führt. Diese 

Arbeit erforscht die durch die Moleküle IL-6 und SorCS2 in Ischämiemodellen bei Mäusen 

vermittelten, lokalen Veränderungen des Mikromileus. 

Die erste Studie untersucht die Wirkung des inflammatorischen Zytokins Interleukin 6 

(IL-6) bei einer Karotisstenose auf Veränderungen des Hirnparenchyms. IL-6 spielt im 

hypoperfundierten Gehirn eine ambivalente Rolle, da es einerseits mit einem schlechte-

ren Verlauf korreliert, andererseits aber auch für den Erholungsprozess wichtig ist. In 

dieser Studie wurde bei Mäusen ein einseitiger Verschluss der Arteria carotis communis 

vorgenommen und zwei Tage später eine Überexpression von IL-6 in Astrozyten indu-

ziert. Die motorischen Fähigkeiten und der Gesundheitszustand wurden 21 Tage lang 

mittels Verhaltensversuchen beobachtet und Veränderungen in der zerebralen Konnek-

tivität sowie der Umbau des Gehirns untersucht. Die Überexpression von IL-6 hatte keine 

nachteiligen Auswirkungen auf den Gesundheitszustand und begünstigte eine Zunahme 

der Konnektivität im Gehirn bei 10 von 14 veränderten Verbindungen, vor allem zwischen 

den Hemisphären. Die Proteomanalyse der ipsilesionalen striatalen Faserbahnen und 

des kontraläsionalen motorischen Kortex zeigte Veränderungen in den Expressionsni-

veaus von Plastizitäts-assoziierten Proteinen wie Caprin-1 und dem GABA-Transporter 

Gat1. Beide Moleküle sind Kandidaten für weitere Untersuchungen und potenzielle Ziel-

strukturen für translationale Forschung. 

Im zweiten Teil der Arbeit wird die Auswirkungen eines SorCS2-Knockouts in Schlagan-

fallmodellen untersucht. Die Hypothese war, dass SorCS2 an der endogenen IL-6-Regu-

lation beteiligt ist. Die Studie zeigte, dass im Gegensatz zu bisherigen Erkenntnissen 

nach einem Schlaganfall nicht nur Neuronen, sondern auch Astrozyten TGF-β-vermittelt 

SorCS2 exprimieren. Es wurde nicht bestätigt, dass IL-6 durch SorCS2 reguliert wird. Ein 

SorCS2-Knockout korrelierte hingegen mit der Endostatin-Expression. Diese hat Auswir-

kungen auf regenerative Prozesse wie Angiogenese.  

Drittens konnte durch Agglomeration von Verhaltensdaten eine kuratierte Datenbank er-

stellt werden, um eine Meta-Analyse der Daten zu ermöglichen. Somit kann die Zahl der 
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Versuchstiere aufgrund höherer experimenteller Standards und das Tierleid durch Vor-

hersage humaner Endpunkte reduziert werden.  

Zusammenfassend gewährt diese Arbeit Einblicke in postischämische Erholungspro-

zesse und zeigt potenzielle Zielstrukturen für die weitere Erforschung therapeutischer In-

terventionen bei Ischämien auf, während sie gleichzeitig einen Beitrag zum 3R-Ansatz 

zur Verringerung des Tierleidens in der experimentellen Forschung leistet. 
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1. Introduction 

1.1  Current state of research 

1.1.1 Burden of disease 

The industrialized world is characterized by increasingly aging societies and the rise of 

age-related diseases, most prominently dementia, heart attacks, and stroke. Cardiovas-

cular diseases attribute to over a third of all deaths in Germany, and cerebrovascular 

diseases alone are the fifth leading cause of death in the United States.1,2 Considering 

the combined cause of death and disability, stroke ranks third globally.3 Carotid artery 

occlusion is highly linked to stroke and is attributable to patients' cognitive impairment.4,5 

The burden of disease is tremendous, and additionally to implementing preventive 

measures, new therapy options and medication are needed to improve patients’ lives and 

unburden health care systems.  

In stroke, therapy focuses on revascularization – only applicable for a small subset of 

patients – and physical rehabilitation therapy.6 Major impairments, especially of general 

motor function, still affect stroke patients massively in their everyday lives with a high 

count of disability-adjusted life years (DALYs).7,8 Carotid stenosis treatment usually con-

sists of carotid endarterectomy, stenting, or medical therapy focusing on halting disease 

progression and preventing stroke. Despite the high prevalence of ischemic events, there 

are no or very few efficient pharmacological treatment options that concentrate on the 

recovery from ischemic stroke and the consequences of chronic hypoperfusion due to 

stenosis. This is attributable to the only partly understood and very complex interplay of 

processes in the ischemic brain. 

1.1.2 Pathophysiology in ischemic settings 

Stroke and carotid artery occlusion both lead to pathophysiological mechanisms and 

brain damage, such as white matter lesions and, in stroke, brain atrophy. Long-term or 

severe short-term hypoperfusion of the brain leads to a lack of oxygen and glucose, es-

pecially in the watershed regions of the brain. In stroke, this leads to a profound change 

in the cerebral microenvironment by activating the so-called ischemic cascade, a complex 

process involving excitotoxicity, oxidative stress, blood-brain barrier (BBB) dysfunction, 

activation of the immune system, and cell death.9 In carotid artery occlusion and accom-

panying chronic cerebral hypoperfusion, the stress on the brain cells is less pronounced, 
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leading to slower pathophysiology. The main hallmarks found in hypoperfusion models 

are white matter damage, blood-brain barrier disruption, and mild astrogliosis, ultimately 

speculated to lead to vascular dementia.10–13  

Ameliorating brain recovery is an attractive target for the treatment of ischemic diseases. 

The brain can re-establish parts of functionality lost due to insufficient perfusion. Intact 

areas of the brain can compensate missing function. This is called plasticity. New neu-

ronal connections form between previously unconnected regions and enable the re-es-

tablishment of function.14 The underlying mechanisms are only partially known. Among 

the contributors fostering plasticity, besides neurogenesis, are angiogenesis, extracellu-

lar matrix remodeling, and inflammatory cues.15–18 There has been a strong focus on in-

vestigating brain composition changes after and during ischemia to better understand 

beneficial and detrimental processes. The critical processes for recovery, angiogenesis 

and inflammation, are both ambivalent and can influence one another via signaling mol-

ecules such as vascular endothelial growth factor (VEGF) for angiogenesis and cytokines 

such as interleukin (IL)-1β and IL-6.15,19–22  

1.1.3 IL-6 in the ischemic brain 

Inflammation after stroke and ischemia is a complex process initiated by several inflam-

matory cues and can lead to beneficial and detrimental effects. The glial response to 

inflammatory cytokines – especially astrogliosis – is necessary in stroke response but can 

worsen the cognitive function when present excessively.23,24 Astrogliosis is initiated by 

circulating cytokines, mainly of the IL-6 family. They activate astrocytes that, in response, 

express the marker glial fibrillary acidic protein (GFAP) and form the glial scar demarcat-

ing the lesioned area.25–27  

Considering the crucial role of inflammation in ischemic diseases, this thesis primarily 

focuses on the inflammatory cytokine IL-6. In a non-ischemic setting, IL-6 levels in the 

bloodstream correlate to sickness severity in mice and humans.28,29 Constitutive expres-

sion of astrocytic IL-6 in non-ischemic mice causes microglial activation and motor defi-

cits.30 Systemic overexpression of IL-6 in the entire bloodstream is possible with the 

mouse model presented in this thesis when cross-bred with animals carrying the recom-

binase Cre-ERT2 under control of the endothelial promoter VECdh (Vascular endothelial 

cadherin). After induction of systemic IL-6, mice rapidly developed symptoms that resem-

ble a cytokine storm and systemic inflammatory response syndrome (SIRS) in humans. 
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These mice showed sickness behavior, leukocytosis, reduced body temperature, spleno-

megaly, and died.  

Local and chronically increased cerebral IL-6 lead to motor deficits in non-ischemic 

mice.31 Conversely, IL-6 in the brain has been associated with neuroplasticity.32,33 In 

stroke patients, high systemic and cerebrospinal fluid IL-6 levels correlate with poor out-

come and higher sickness scores.34,35 Similarly, in carotid artery stenosis, high serum IL-

6 are linked to unfavorable outcome and a higher likelihood of plaque rupture.36,37 Com-

plete removal of IL-6 in the ischemic mouse brain led to a decrease in angiogenesis, and 

an overall worsened outcome.38 These conflicting data hint at an ambivalent role of IL-6 

in the ischemic brain. Recovery and plasticity mechanisms possibly depend on exclu-

sively local, paracrine-acting, and moderate levels of IL-6 in the brain, while systemic, 

high levels might be detrimental to recovery. 

1.1.4 SorCS2 and astrocytes 

In addition to understanding the effects of IL-6 in ischemic recovery, this thesis addresses 

the endogenous regulation of signaling molecules after stroke by a specific sorting recep-

tor. Sortilin-related Vps10p domain containing receptor 2 (SorCS2) is a protein found pri-

marily in neurons in the brain and is part of the Vps10p domain receptors gene family.39 

These receptors play a role in neurotrophin sorting and shuttling, integral for mediating 

neuronal survival.40,41 SorCS2 is relevant in psychiatric diseases and was shown to be 

critical in memory formation and synaptic plasticity.42,43 Its protective role in oxidative 

stress models for epilepsy also made it an exciting target for studies in ischemic stroke 

settings. Similar effects might be observed that favor beneficial outcome.44 There is lim-

ited research on which proteins are interacting and regulated by SorCS2 and are there-

fore responsible for these beneficial effects. IL-6 is a potential target protein regulated by 

SorCS2, as others have shown that another member of Vps10p receptors, SorLA, binds 

IL-6 and mediates its cellular uptake.45  
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1.2  Objective 

 
Figure 1 Visual summary of the thesis. (own representation) A. Cx30-Cre-ERT2 FLEX-IL6 mouse model 
with inducible IL-6 expression by tamoxifen administration was used to study the effects of IL-6 in unilateral 
carotid artery occlusion. Caprin-1 upregulation and Gat1 downregulation were observed in the microenvi-
ronmental proteome analysis and can be potential targets for further studies. Additionally, MRI studies 
showed enhanced connectivity in IL-6 overexpressing animals. B. The effects of SorCS2 ablation in astro-
cytes are a potential endogenous regulation mechanism of IL-6. The study showed that mainly endostatin 
is regulated and at least partially responsible for the recovery effects of SorCS2 after stroke. C. Mice of the 
VeCdh-Cre-ERT2 FLEX-IL6 line inducibly express IL-6 in all endothelial cells. The resulting high IL-6 levels 
lead to severe deterioration and death. The study endpoint for sick mice was challenging to determine, as 
classical endpoints were not well suited for this scenario. We aimed to find humane endpoints by a data-
driven approach to prevent unnecessary animal suffering. We gathered animal data into one large database 
to re-use data and reduce the number of animals. A novel machine learning based meta-analysis algorithm 
trained on that data can predict humane endpoints for early termination of the behavioral experiment and 
reduces animal suffering. 

The primary goals of this study were to investigate beneficial and detrimental factors in 

the recovery process of stroke and carotid artery occlusion and shed light on crucial re-

covery mechanisms and active molecules in an exploratory approach. Special attention 

was given to the use of standardized behavioral protocols and the conceptualization of a 
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unified database for animal data to foster reproducibility of research and open the possi-

bility to re-use data for advanced animal meta-studies.  

 

To this end, the following approaches were taken.  

Firstly, the study focused on IL-6 mediated effects on the brain parenchyma in the short-

term outcome after carotid artery occlusion. A new mouse model with inducible brain ex-

clusive IL-6 secretion was established and validated. Behavioral, molecular, and connec-

tivity alterations were studied to understand molecular mechanisms and investigate po-

tential new treatment targets for carotid artery occlusion. 

Secondly, the role of SorCS2, a sorting receptor, in stroke recovery was studied. We 

examined expression patterns and means of induction, and functional implications of en-

dogenous SorCS2 upregulation. 

Lastly, data-gathering and storage were unified for behavioral studies in ischemic mouse 

models. Tests, time points, and parameter collection were standardized, and existing data 

were processed into one single database to allow the re-use of animal data. On this data 

set, algorithms were trained using machine learning to predict humane endpoints in be-

havioral mouse stroke studies. This contributes to the efforts of Charité’s 3R to improve 

animal research. 
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2. Methods 

All methods used in this study are described in the publications in detail. This section 

gives a summary of study designs and critical methods. Details on materials and methods 

can be found in the respective section of the individual publications (see Kuffner et al.46, 

Malik et al.44 and Mei et al. 47). 

2.1 Animals and mouse models 

Local authorities (Landesamt für Gesundheit und Soziales, (LaGeSo), Berlin (Reg 

G0119/16, G0157/17)) approved all experimental animal procedures that were conducted 

in line with German animal protection law and animal welfare guidelines. Mice were kept 

in groups on a 12 h light/dark cycle and allowed ad libitum access to water and food. 

Animals in behavioral studies had limited food access for 3 h per day with an additional 

1.1 g chow overnight to prevent excessive weight loss.  

A custom strain of mice was generated for the experiments in publication 1, Cx30-Cre-

ERT2; FLEX-IL6 (Figure 1). A DNA sequence consisting of murine IL-6, linked by a 

spacer to a myc-tag, followed by a T2A self-cleavage site, and the fluorescent protein 

mKate2 was designed. This sequence was embedded in a flip-excision (FLEX) cassette 

integrated into the R26 locus of mice. The FLEX-IL6 mice were then crossbred with mice 

carrying an astrocyte-specific Cre-ERT2 recombinase (Cx30-Cre-ERT2). All mice were 

bred on a C57BL/6J background and used after backcrossing for more than 10 genera-

tions. Hemizygous Cx30-Cre-ERT2; FLEX-IL6 mice, or FLEX-IL6 mice at the age of 10 – 

12 weeks at the time of surgery were used for the experiments.  

In study 2, the mouse line with SorCS2 deletion has been previously described by Glerup 

et al.42 and male animals at the age of 8 – 14 weeks at the time of temporary occlusion 

of the middle cerebral artery (MCAo) have been used for the experiments.  

2.2 In vivo design 

In publication 1, mice were set on a food-restricted diet with limited food access for 3 h 

per day four weeks before surgery. Three weeks before surgery, mice started pre-training 

for the staircase skilled pellet reaching test. Unilateral occlusion of common carotid artery 

(CCA) was performed by permanently ligating the left CCA (CCAo). One day after sur-

gery, mice were scanned using T2-weighted MRI for visible signs of a stroke or immediate 



Methods 11 

lesions and, in this case, excluded following the preset exclusion criteria. On day two after 

surgery, animals received i.p. injections of 1 mg tamoxifen (Sigma, 10 mg/ml in 1:10 eth-

anol/corn oil (all purchased from Sigma)) for one to three consecutive days. Behavioral 

testing continued two days after surgery. Sickness was evaluated using a modified deS-

imoni’s Neuroscore on days 2, 7, 14, and 21 after surgery. Rotarod testing was done on 

days 2, 7, and 14 after CCAo in three runs per trial. Staircase pellet reaching was contin-

ued daily until 21 days after surgery. On day 21, diffusion tensor imaging (DTI) and T2-

weighted MRI were performed. All mice were perfused transcardially on day 21.  

In publication 2, animals were subjected to a 45-minute MCAo) as described and ob-

served for short-term (1 and 3 days) or long-term (21 days) studies.48  

2.3 Western blotting and ELISA 

In study 1, serum IL-6 was analyzed using enzyme-linked immunosorbent assay (ELISA) 

(Mouse IL-6 Quantikine, R&D Systems). Samples were taken from blood sampled on 

day 5 after surgery and day 3 after induction with tamoxifen.  

Brain IL-6 was determined semi-quantitatively by western blotting of homogenized brain 

tissue. Briefly, deep-frozen brain tissue was homogenized in a rotor-stator homogenizer, 

centrifuged, and the supernatant treated with detergents to break the cell structure. Sam-

ples were treated with ultrasound, and protein content was quantified using Pierce Rea-

gent (Thermo Fisher). The samples were then denatured in reducing sample buffer and 

separated on 4-12 % SDS-polyacrylamide gels (15-wells, Life Technologies) and subse-

quently blotted onto a nitrocellulose membrane. After formaldehyde-fixation and washing, 

proteins were detected using the ReadyTector® system (CANDOR Bioscience; Anti-

Mouse-HRP and Anti-Rabbit-HRP) and anti-IL-6 (1:1000, ab6672, Abcam) and anti-

GAPDH (1:1000, MAB374, Merck/Millipore) antibodies. Bands were imaged using West-

ernBright ECL HRP substrate (Advansta) and imager (Vilber Lourmat).  

In study 2, brain homogenates were analyzed using the following assays: TGF-β1 

(Abcam, ab119557), GFAP (Millipore, NS830), endostatin (Boster, EK1376), U-Plex Bi-

omarker Group 1 assay (Meso Scale Diagnostics, K15083K). 

For western blotting, tissue and cell homogenates were studied using the following anti-

bodies: anti-SorCS2 (R&D Systems, AF4237, 1:1,000), anti-p-ERK (Cell Signaling, 4370, 

1:2,000), anti-actin (Abcam, ab8227, 1:2,000), anti-GFAP (Millipore, MAB360, 1:1,000). 

Imaging was performed with the digital LI-COR imaging system. 
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2.4 Cell culture and transfection  

HEK293T cells (Biocat GmbH) were cultured in Dulbecco's Modified Eagle’s Medium 

(DMEM; Gibco) supplemented with 10 % fetal calf serum, 1 % penicillin/streptomycin 

(Merck), 1 % sodium pyruvate (Gibco), 1 % MEM non-essential amino acids (Gibco) and 

1 % GlutaMAX (Gibco). Brain microvascular endothelial cells (bEnd.3, ATCC CRL-2299) 

were cultured in DMEM (ATCC) supplemented with 1 % L-glutamine (Gibco) and 1 % pen-

icillin/streptomycin (Merck).  

For IL-6 production, HEK cells were transfected with plasmids that encode the FLEX-IL6 

construct and Cre-EGFP or exclusively the Cre-EGFP plasmid as control using Xtreme-

Gene (Roche). After 24 h, the supernatant was harvested and spun down to clear away 

cellular debris. Murine bEnd.3 cells were incubated with this supernatant from HEK cells 

transfected with both plasmids or only the control plasmid for 1 h. 

2.5 RT-qPCR 

Quantitative reverse transcription polymerase chain reaction (RT-qPCR) was performed 

on bEnd.3 cells after mRNA extraction using random primers and oligo-dT primers (Eu-

rofins) for reverse transcription. Quantitative PCR reaction was done with exon-spanning 

primers for tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein 

(Ywhaz) and intron-spanning primers for Il6 using SYBR Green (Qiagen) (Il6 primer se-

quences: forward GGAAATTGGGGTAGGAAGGAC, reverse ACTTCACAAGTCG-

GAGGCTT) in study 1 and human samples in study 2. Alterations in mRNA expression 

levels were calculated using the ddCT method. SorCS2 transcript levels are calculated 

relative to EF1α. In study 2, murine samples were analyzed with Taqman Gene Expres-

sion Assays: Actb (actin, Mm02619580), Col18a1 (collagen XVIII, Mm00487131), 

GAPDH (Mm99999915), and SorCS2 (Mm00473050). Col18a1 and SorCS2 transcript 

levels are relative to beta-actin or glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 

2.6 Laser capture microdissection 

Fiber tracts of the left hemisphere ipsilateral to the occluded artery were isolated using 

laser capture microdissection (LCM) five days after CCAo and three days after a single 

tamoxifen dose from fresh frozen tissue fixed in -20 °C acetone/methanol (1:1). Samples 

were dissolved in 5 M guanidinium-HCl (Serva) and their proteome was analyzed.  
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2.7 Immunohistochemistry 

For histological, biochemical, and proteome analysis, mice were sacrificed by transcardial 

perfusion in deep anesthesia (100 µl Ketamine/Xylazine (0.7 % Ketamine (10 %, cb 

pharma), 0.8 % Xylazine (20 mg/ml Xylavet, cb pharma)) per 10 g body weight, i.p.). 

Blood was sampled from the vena cava, analyzed (scil Vet abc animal blood counter, scil 

animal care company, Viernheim, Germany; mouse program), left to clot for 30 min, and 

spun down for 30 min at 4 °C at 290 xg to generate serum. Mice were perfused using 

0.9 % saline water. For proteome analysis, protease inhibitor was added to the perfusion 

medium (cOmplete™, Roche). Subsequently, mouse brains were taken out, deep-frozen 

in -45 °C cold 2-methyl butane, and stored at -80 °C until further processing.  

For LCM and immunohistochemistry, tissue was cut into 20 µm thick slices with a cryostat 

(Leica) and fixed in -20 °C acetone/methanol (1:1). Sections were stained overnight and 

counterstained using 4′,6-diamidino-2-phenylindole (DAPI). To reduce background fluo-

rescence, sudan black treatment was applied before mounting. Imaging was carried out 

on a Leica SP8 confocal microscope using LAS X software on a 20x objective (HC PL 

APO CS2). 

In study 2, mice were perfused transcardially with a solution of DyLight488-labeled lectin 

(#DL-1174 Vectorlab; 1 mg/ml; 4 µl/g bodyweight) for 180 s followed by 4 % paraformal-

dehyde (PFA) in phosphate-buffered saline (PBS). This was followed by 24 h post-fixation 

in 4 % PFA and 36 h in 30 % sucrose/PBS for cryoprotection and snap-frozen in isopen-

tane before sectioning. 

 

The following primary antibodies were used for staining: 

Anti-Caprin-1(ab244360, Abcam, 1:200), anti-GAT-1(NBP1-59878, Novus Biologicals, 

1:200), anti-GFAP (C9205, Sigma, 1:1,000, coupled to Cy3, for mouse tissue and cells), 

anti-GFAP (monoclonal mouse, Sigma, 1:4,000, for human tissue), anti-Myc-Tag 

(9B11)(2233, Cell Signaling, 1:100, coupled to Alexa647), anti-NeuN (MAB377B, 

Merck/Millipore, 1:100 and 1:200, for murine tissue), anti-NeuN (MAB377 (clone A60), 

Millipore, 1:2,000, for human tissue), anti-SorCS2 (R&D Systems, AF4237, 1:100, for 

mouse tissue and cells; anti-SorCS2, Lifespan Biosciences, LS-C501334, 1:450, for hu-

man tissue). 
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2.8 Image analysis 

In study 2, the lesion size of stroked animals was determined in images of NeuN, GFAP, 

and DAPI stained tissue sections using ImageJ software. The respective area was se-

lected manually and measured. The blood vessel area was analyzed using Cell Profiler 

software. The length of blood vessels was determined manually using the NeuronJ plugin 

of ImageJ. 

2.9 Statistical analyses 

GraphPad Prism version 8.2.0 was used for statistical analysis and graphs. Data are 

shown as scatter dot plots with the mean ± standard deviation with P-values of <0.05 set 

as significant. Details for the tests used can be found in the respective publication’s figure 

legends. Where normality could be assumed, t-tests, one- and two-way analyses of vari-

ance (ANOVA) with Sidak’s posthoc comparisons were applied. Outlier analysis was per-

formed using Grubb’s and ROUT tests, and outliers were excluded subsequently.  

2.10 Methods to prevent bias 

All experimenters were blinded to the genotype during the experiments and analysis to 

prevent bias. Surgery was performed in a random order within a group of mice.  
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3. Results 

3.1 IL-6 mediates brain remodeling after unilateral CCAo  

In the first study, the main results comprise the analysis of brain-exclusive IL-6 increase 

and the effects on CCAo recovery using a newly generated mouse model.46 

 
Figure 2 Mouse models used in study 1 (own representation). The mouse model for inducible secretion of 
IL-6 uses an inverted FLEX cassette flanked by two different loxP sites inserted into the R26 locus. The 
FLEX cassette encodes IL-6 linked to a myc-tag and after a self-cleavage site mKate2. Upon recombination 
by Cre recombinase, the cassette is inverted irreversibly due to the excision of the second loxP site. This 
model uses the tamoxifen-inducible recombinase Cre-ERT2 for induction at any chosen time point. To 
achieve tissue specificity, FLEX-Il6 mice are cross-bred with mice that express Cre-ERT2 under the control 
of either the promotor Cx30 for brain-specific IL-6 secretion by astrocytes or VeCdh for systemic IL-6 se-
cretion in all endothelial cells.  

The new mouse model allows time-specific, brain-exclusive expression of IL-6 as a para-

crine-acting cytokine. It had an inverted FLEX-cassette coding for IL-6 linked to a myc-

tag followed by a T2A self-cleavage sequence and the fluorescent protein mKate2 (Figure 

2; Publication 1, Figure 1A). Crossbreeding with Cx30-Cre-ERT2 mice resulted in the 

desired mouse line in which there is a brain-exclusive increase in IL-6 following tamoxifen 

administration. This was shown by assessing IL-6 expression in brain homogenate by 

western-blotting and in blood by ELISA (Publication 1, Figure 1B-D), with IL-6 increasing 

significantly in the brain after a single dose compared to controls, but not in serum sam-

ples. This mouse line was then used to analyze the effects of IL-6 secreted by astrocytes 

and acting locally on other cells and structures in a carotid artery occlusion model. 



Results 16 

To analyze the potentially detrimental effects of paracrine IL-6, it was verified that the 

mice did not show ischemic or white matter lesions in MRI scans within three weeks after 

the occlusion. Several tests were performed during the pre- and post-occlusion periods 

to investigate the recovery of the mice in behavioral studies. In the IL-6 overexpressing 

mice, there was no alteration in sickness score (modified de Simoni’s neuroscore, p=0.15) 

or fine and gross-motor skills assessed by staircase pellet reaching (right paw: p=0.64, 

left paw: p=0.74) and RotaRod (p=0.34) up to 21 days after surgery (all tests 2-way 

ANOVA with Sidak’s multiple comparison test, Publication 1, Figure 2). This confirmed 

that moderate increases of IL-6 do not exhibit negative effects in a CCA occlusion setting.  

Looking at connectivity within different brain regions, significant changes were detected 

in 17 out of 23562 connections when the threshold was p<0.001. Out of these, 14 were 

verified as existing connections by cross-checking in tracing databases. Overall, more 

connections increased (10) than reduced (4) in connectivity. While intra- and inter-hemi-

spheric connectivity increased mainly in the basal ganglia and the axis from the contrala-

teral motor cortex to the ipsilateral pallidum, reduced connectivity remained intra-hemi-

spheric (Publication 1, Figure 3). This qualitative analysis of network remodeling indicates 

a possible gain of function on the contralateral side to compensate for minor losses on 

the ipsilateral side.  

The next step was to analyze the molecular changes caused by paracrine IL-6 to pinpoint 

potential mediators of the observed remodeling or other possibly beneficial factors in CCA 

occlusion. To this end, tissue was sampled from ipsilateral striatal fiber tracts and the 

contralateral motor cortex by laser capture microdissection. Both experiments showed 

differentially expressed proteins when a cut-off of p<0.05 and a false discovery rate (FDR) 

of 1 % were set. Several possibly harmful molecules such as synuclein-gamma and pro-

enkephalin, both associated with degenerative processes, 49,50 as well as proteins that 

may exert neuroplastic abilities, such as caprin-1 and protein phosphatase 1 regulatory 

subunit 1A, where detected with high abundance in the striatal samples.51,52 In total, 16 

out of 2075 detected proteins had altered expression. The cortical samples showed 13 

out of 2578 differentially expressed proteins. Most of them were membrane- or transport-

associated, suggesting a role in fine-tuning neuronal vesicle transport. One example is 

the downregulation of Slc6a1, also known as Gat1, a γ-aminobutyric acid (GABA) trans-

porter in the synaptic cleft. Caprin-1 and Gat1 regulation – among the most strongly al-

tered hits for the striatum or cortex, respectively – were verified by immunohistochemical 

staining. 
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3.2 SorCS2 is secreted by astrocytes and regulates endostatin after stroke 

In the second study, the main results comprise the discovery of SorCS2 upregulation in 

astrocytes after stroke and the analysis of its role in the physiological and post-stroke 

situation in mice.53 

SorCS2 expression, until now only shown in neurons, is induced in astrocytes in an is-

chemic stroke mouse model and stroke patients (Publication 2, Figure1). This is espe-

cially the case for the glial scar region, the peri-infarct area, and parts of the contralateral 

cortex. 

Transforming growth factor beta 1 (TGF-β1) is a cytokine associated with stroke recovery 

processes, most notably angiogenesis.54,55 Its expression is upregulated after stroke in 

patients and mice.56,57 TGF-β1 was also upregulated in the ischemic hemisphere in this 

study. This led to an upregulation of SorCS2 mRNA in primary murine and human astro-

cyte cultures and increased SorCS2 protein in the murine cells (Publication 2, Figure 2). 

This effect of TGF-β1 was not seen in primary neurons. 

SorCS2 knock-out mice had comparable lesion sizes and astrocytic activation seen by 

GFAP-measured astrogliosis (Publication 2, Figure 3) on day three after MCAo. A meas-

ured cytokine panel of 24 cytokines showed no differential expression between SorCS2 

deficient mice and controls or hemispheres for 11 proteins, mainly interleukins and inter-

feron gamma (IFNγ) (Publication 2, Figure S5). Remarkably, this was also true for IL-6, 

which we hypothesized to be regulated by SorCS2. Other cytokines were regulated be-

tween hemispheres but not between experimental groups. 

A protein array of brain tissue samples was used to identify specific proteins regulated by 

SorCS2 by comparing wild-type and knock-out mice. Two target proteins, insulin-like 

growth factor-binding protein 3 (IGFBP3) and endostatin, were not induced to the same 

degree as in control mice (Publication 2, Figure 4a - c). The focus was on endostatin as 

it exhibits anti-angiogenic effects and is a protein of interest in other post-stroke studies 

acting via modulation of the mitogen activated protein kinase (MAPK/ERK) signaling path-

way.16,58,59 Endostatin levels correlated to the size of the ischemic lesion and remained 

brain exclusive in wild-type mice. The lack of endostatin upregulation and increased ERK 

phosphorylation on the ipsilateral hemisphere was confirmed in SorCS2-deficient mice. 

(Publication 2, Figure 4d – g and Figure S7). 
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To support the in vivo results, experiments with primary astrocytic cells in culture with 

stimulated cytokine production using phorbol 12-myristate 13-acetate (PMA) and ionomy-

cin. In line with previous findings, SorCS2 knock-out mice had a reduced expression and 

cell levels of endostatin while secreting other cytokines normally (Publication 2, Figure 5). 

Transcript levels of the endostatin precursor collagen XVIII were identical to controls, 

suggesting regulation of proteolysis of collagen XVIII or other post-translational mecha-

nisms. This further proved that astrocytes secrete endostatin in a SorCS2-dependent 

manner.  

Looking at the effects of SorCS2, modulation of angiogenesis seems likely. Investigation 

of vessels 21 days after MCAo with DyLight488-labeled lectin showed an increase in 

vessel area and length in the ipsilateral brain half in wild-type mice, especially in the glial 

scar region and the peri-infarct area, , while the contralateral side remained unchanged. 

There was no increase in SorCS2-deficient mice, independent of the hemisphere (Publi-

cation 2, Figure 6 and S9). 

In summary, the study shows for the first time that SorCS2 is upregulated in astrocytes 

after ischemic stroke, exhibiting effects on the expression of endostatin and angiogene-

sis. 

3.3 A data driven approach using machine learning provides humane endpoints 
in murine stroke models 

The third study reviews current methods for the determination of humane endpoints and 

provides novel models for endpoint prediction in murine sepsis and stroke models.47 My 

contribution focused on the stroke model and the data evaluation, so I will exclusively 

highlight the results of this part.  

Initially, we wanted to assess the effects of local and systemic IL-6 in the brain. Similar to 

the astrocytic mouse model, we could induce IL-6 systemically with low tamoxifen doses 

in the endothelial FLEX-IL6 mouse model. Amounts of 40 mg/kg body weight on one to 

three consecutive days led to a positive feedback loop of IL-6, resulting in a cytokine 

storm and ultimately to a SIRS-like state of the mice with severe sickness behavior. Mice 

had to be euthanized at a specific sickness state or even died before a humane endpoint 

could be set, so that behavioral studies were not possible. This led to the question 

whether we could predict if an animal will die in an experiment based on body measure-

ments and behavioral data. Subsequently, we standardized the selection of behavioral 
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tests and time points and compiled the existing data into one coherent data set that allows 

for secondary use of the data. 

The data for training the models were selected and compiled from a multitude of behav-

ioral experiments in which MCAo was studied for 21 days. Sham-operated animals served 

as controls. Parameters monitored include daily weight and core body temperature and 

a modified DeSimoni’s neuroscore as a sickness indicator on day -5 before and day 1, 2, 

7, 14, and 21 after ischemia. The score ranges from 0, indicating no impairment, to 42, 

maximum impairment.  

When comparing data, there was a drop in body temperature in MCAo mice during the 

first 5 days after surgery compared to baseline values. For non-surviving animals, this 

decrease is 3.5 °C higher than for surviving animals. The weight decreased in all groups, 

again most prominently in the non-survivor group, where the average weight loss was 

5.9 g compared to 4 g in survivors and 2.4 g in controls. Neuroscores on days 1 and 2 

after MCAo compared to baseline were again lowest in sham animals (4), prominent in 

MCAo survivors (8.77), and highest in non-survivors (15) (Publication 3, Table 3A). Gen-

erally, the highest scores were observed on day 1 after surgery.  

All data were gathered, and two sets of parameters used for training: the values of the 

measurements and the change per time-point of the values with subtraction of the base-

line value. Parameters considered for analysis were time points before the average time 

of death after MCAo (3.9 days). As the weight differed significantly between genders (p 

<0.001, Mann-Whitney U test), both genders were analyzed separately.  

Prediction models based on Gaussian Naïve Bayes set boundaries using a single param-

eter were able to correctly predict death with an accuracy of 90.7 % for male mice and 

86.3 % in female mice, when using only the weight change on day 3 or 2 in females, 

respectively. Accuracy, sensitivity, and precision were further improved when other pa-

rameters were added. For males, a combination of weight change on days 1 and 3 and 

the core body temperature as parameters for the model yielded an accuracy of 93.2 %. 

Using this prediction model, 13 out of 23 animals could have been euthanized one day 

earlier on day 3, while the average time to death was 4.08 days after surgery. In female 

mice, the best parameter combination was neuroscore, weight change, and core temper-

ature change on day 2. With this model, 4 out of 10 animals could have been euthanized 

earlier on day 2, while the average time to death was 4.25 days after surgery. 3 out of 77 

animals (3.95 %) were wrongly predicted to die by the algorithm and survived in the ex-

periment (Publication 3, Figure 2A, B and Table 4A). 
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In summary, the newly developed machine learning based prediction model has the po-

tential to improve animal research by determining a humane endpoint to reduce suffering. 
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4. Discussion 

This thesis unravels the molecular and structural impact of two signaling molecules on 

the ischemic brain periphery during recovery. Consequently, it presents novel targets for 

new therapeutic options in carotid artery occlusion and ischemic stroke. This thesis  

(1) analyzed the effects of brain exclusive IL-6 increase in unilateral carotid occlusion in 

mice and found an increase in brain connectivity for 10 out of 14 altered connections and 

presented Caprin-1 and Gat1 as potential therapeutic targets out of 39 differentially ex-

pressed proteins in the local proteome.  

(2) investigated the role of SorCS2 in post-stroke angiogenesis and recovery, showed 

novel expression of SorCS2 by reactive astrocytes, and found a link between SorCS2 

and endostatin expression. 

(3) contributed to the re-use of data and reduction of animal suffering in experimental 

research by aggregating data into one cohesive dataset and training an algorithm to find 

humane endpoints in animal models.  

4.1  Summary, interpretation and embedding into the state of the art research 

 The first study shows that IL-6 does not lead to detrimental effects in a moderate recovery 

period but instead fosters the formation of intra- and inter-hemispheric connections. Ad-

ditionally, it leads to the differential expression of several proteins relevant to brain regen-

eration and cognitive function retention. We demonstrate that brain-exclusive paracrine-

acting IL-6 alone does not cause obvious behavioral deficits in the assessment of fine 

and gross motor skills and the overall health status. In carotid stenosis patients, IL-6 lev-

els are usually measured only in the blood and not in the brain. High blood IL-6 levels are 

a poor prognostic marker and are a characteristic of unstable plaques and thus affecting 

patients’ health.36,37. Elevated systemic IL-6 levels might influence the health status in 

CCAo mice but are not studied in this thesis due to the dosage difficulties in the VECdh-

Cre-ERT2; FLEX-IL6 mouse model.  

Using connectome analysis, we found that connectivity increase outweighs decreases in 

this paracrine IL-6 model. This is especially true between the hemispheres and in the 

hindbrain, particularly in the periaqueductal grey. This region serves as a relay between 

the brainstem and the forebrain, suggesting a stronger motor signaling towards the spinal 

cord.60  
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In the subsequent proteome analysis, we identified differentially regulated candidates that 

present attractive targets for modulating regeneration and preventing the loss of cerebral 

function. Possible detrimental and beneficial effects through up- or downregulation of spe-

cific proteins were found in both analyzed regions. We selected the most interesting tar-

gets for a potential intervention based on the strongest regulation and the effects reported 

in previous studies and confirmed them in using immunohistology: Caprin-1 and Gat1. 

Caprin-1 upregulation is associated with the formation of stress granules.61 It plays a role 

in establishing long-term potentiation (LTP) and might be necessary for regenerative plas-

ticity.51 The widely downregulated protein Gat1 is an axonal transporter, removing GABA 

from the synaptic cleft and negatively regulating GABA-signaling.62 This regulation is ex-

citing, as specifically the GABAergic axis from the ipsilateral dorsal thalamic nuclei to the 

ipsilateral pallidum and contralateral motor area was increased in DTI analysis. This indi-

cates an even more pronounced strengthening of GABA signaling between the thalamus 

and motor cortex. Higher GABA levels in this circuit were associated with less severe 

symptoms in Parkinson’s patients.63 In contrast, GABAergic signaling is critical for the 

long-term inhibition of synaptic transmission.64 Full removal of Gat1 was shown to cause 

learning deficits, while Gat1 reduction led to improved learning, indicating the need for 

specific dosing to achieve beneficial effects.65,66 Tiagabine, a Gat1 inhibitor drug, is used 

to treat epilepsy patients without impairing cognitive function.67 In the acutely ischemic 

brain, tiagabine treatment showed neuroprotective effects.68,69 Further analysis of the im-

pact of Gat1-inhibition by tiagabine in carotid occlusion will yield attractive options in an 

alternative ischemic setting. The same is true for following up on other hits like the lower 

expression protein Vamp3, shown to limit microglial activity after surgical trauma, or high 

expression Atpif1, able to rescue cells in hypoxia.70,71 Studying these molecules is more 

challenging with regard to the subsequent translation into the clinic, as no established 

treatment option is readily available.  

 

In the second study, we unraveled that reactive astrocytes express SorCS2 after stroke. 

Until now, expression was only confirmed by neuronal cells.42 The activation of expres-

sion is likely mediated by TGF-β1, validated by astrocyte culture experiments. Effects of 

abolishing SorCS2 were no induction of endostatin expression. Control mice had a nota-

ble endostatin increase after MCAo. SorCS2 depletion did not affect lesion size or cyto-

kine expression, indicating a particular role in post-stroke modulation. This was surprising 

as it disproved that IL-6 secretion is mediated by SorCS2 receptor sorting and of the 
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VPS10p receptors, only SorLA is responsible for IL-6 shuttling.45 Most likely, SorCS2 

modulates the post-ischemic micromilieu by affecting angiogenesis via endostatin levels, 

regulating the conversion from its precursor collagen XVIII. Endostatin inhibits angiogen-

esis in tumor models and can reverse pro-angiogenetic effects of physical activity after 

MCAo in mice.16 21 days post-stroke, we found that SorCS2 knock-out mice had reduced 

vessel counts in the ischemic hemisphere, which seems to contradict the accompanying 

lowered endostatin levels. Angiogenesis, especially after stroke, is an orchestrated and 

timed process triggered by a balance of pro- and anti-angiogenic molecules activated by 

hypoxia.72,73 A general boost of new vessel formation by VEGF has, for example, im-

proved and complicated post-stroke regeneration due to the leaky nature of the newly 

formed vessels, which are prone to edema-formation. At the same time, angiopoietin co-

release helps mitigate the leakiness.74 This highlights the complex role of post-stroke an-

giogenesis, where SorCS2 is a decisive factor, as shown by this study 

 

The third study provides a systematic overview of current approaches to reduce animal 

suffering by determining humane endpoints in various disease models and provides ma-

chine-learning based tools to reliably identify animals that can be spared additional suf-

fering in stroke and sepsis models. In preparation for the study, all research protocols for 

behavioral experiments in stroke models were standardized, data collection unified, and 

one extensive database generated. This allowed the development of the machine learn-

ing algorithm on a large set of experimental data with extremely high sample sizes and 

thus a high statistical power. Humane endpoints in murine stroke models were not as-

sessed previously to this study. There are several other studies on humane endpoints in 

animal research in different disease models as explicitly listed in this publication.47 Due 

to the high specificity of the mouse models, the algorithms cannot be transferred to other 

mouse models. Another benefit of the presented prediction model is the use of common 

measurements such as core body temperature, weight changes, and neuroscore. These 

cause no additional handling stress for the animals. Assessing whether an animal has 

reached the humane endpoint can be easily integrated into the ongoing research based 

on measurements recorded daily. The standardization of research protocols will allow a 

growing pool of research data and potentially expand meta-research approaches. 
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4.2 Strengths and weaknesses 

The first study investigates the effects of paracrine-acting IL-6 in a unilateral carotid oc-

clusion model to explore global changes in connectivity and therapeutic targets with a 

more distinct mechanism of action than IL-6. This investigative approach leaves room for 

more in-depth studies. It does not provide a complete insight into the mechanisms of IL-6 

signaling in the model used, which is also reflected in the sample size. Besides, similar 

unilateral CCAo rodent models have caused spatial memory and object recognition im-

pairments, accompanied by elevated IL-6 levels.75,76 The study shows connectivity 

changes involving motor fibers but with no apparent effects on motor behavior. This could 

be attributable to the low sensitivity of the behavioral tests and the relatively subtle effects 

of altered brain connections. Long-term follow-up and further behavioral studies, including 

memory testing, can help unravel the potential of IL-6 in CCAo even more.  

Using LCM to isolate fiber tracts is a promising technique. Previously, proteome analysis 

of fiber tracts was only successful in the developing mouse or using advanced methods 

due to high-fat content of the tissue.77,78 

The model for astrocytic IL-6 activation does lead to a permanent secretion of IL-6, even 

though levels remain moderate and confined to the brain. IL-6 is a cytokine with various 

effects, and thus, we cannot exclude that this might cause more detrimental effects in the 

long term. Therefore, we focused on finding proteins serving as potential targets rather 

than trying to unravel detailed dose- and time-dependent short- and long-term conse-

quences. 

 

The SorCS2 study stresses the importance of anti-angiogenic proteins in post-stroke re-

covery and provides novel insights about SorCS2 after stroke, especially its secretion by 

astrocytes. This study used a constitutive knock-out model, and it cannot be excluded 

that the effects of neuronal SorCS2 outweigh and even compensate for the lack of astro-

cytic SorCS2. Further studies with a conditional knock-out at the time of injury or shortly 

after can address this and provide a better insight into the specific post-stroke effects of 

the sortilin receptor. As mentioned above, angiogenesis is a complex process, and we 

focused on SorCS2 alone. More detailed insights will be possible with further studies 

analyzing the interplay between relevant mediators of angiogenesis such as VEGF and 

SorCS2. 
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The presented algorithms provide a simple tool to prevent unnecessary suffering in com-

monly used animal models in behavioral research. However, 24 – 36 h is a relatively short 

period of time to reduce suffering. As the data set is comparatively small for a machine 

learning approach, especially in the non-survivor group, further optimization can be 

achieved by continuously updating the model or using more data, for example, continuous 

measurement of body temperature. The novel database is a valuable resource for new 

approaches in animal research using meta-research. Larger sample sizes allow better-

powered analyses without further inflicting damage to animals and are a starting point to 

generate and test hypotheses without the need for new behavioral studies. 
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5. Conclusions  

This thesis investigates the astrocyte-mediated molecular adaptations after focal ische-

mia and carotid occlusion by evaluating the effects of IL-6 and SorCS2. Both mediated 

beneficial effects in our study settings. Due to the complex interplay both molecules have 

the potential to negatively affect outcomes in different disease models or in the long term. 

Contrary to the initial hypothesis, we did not find a direct link between both molecules. 

The unified data gathered from murine stroke models allowed to build a large database 

with physiological and behavioral data. This was the prerequisite to developing an algo-

rithm that predicts humane endpoints and can prevent animal suffering in future behav-

ioral tests with murine MCAo models. It also gives the opportunity to answer future re-

search question using existing data and reduces the need for animals in research. This 

thesis conducts preclinical research and provides the target molecules Caprin-1, Gat1, 

SorCS2 and endostatin. After verification in preclinical and clinical studies, these mole-

cules and are exciting options for the treatment of stroke and carotid stenosis. 
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