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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.

Ouir 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-f3
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 ischamische Schadigung des Gehirns kann zu einer langfristigen Behinderung bis
hin zum Tod fuhren. Die korpereigene Regeneration kann verlorene Funktionalitat nicht
vollstandig wiederherstellen, was zu kognitiven und motorischen Defiziten fluhrt. Diese
Arbeit erforscht die durch die Molekile IL-6 und SorCS2 in Ischamiemodellen bei Mausen

vermittelten, lokalen Veranderungen des Mikromileus.

Die erste Studie untersucht die Wirkung des inflammatorischen Zytokins Interleukin 6
(IL-6) bei einer Karotisstenose auf Veranderungen des Hirnparenchyms. IL-6 spielt im
hypoperfundierten Gehirn eine ambivalente Rolle, da es einerseits mit einem schlechte-
ren Verlauf korreliert, andererseits aber auch fur den Erholungsprozess wichtig ist. In
dieser Studie wurde bei Mausen ein einseitiger Verschluss der Arteria carotis communis
vorgenommen und zwei Tage spater eine Uberexpression von IL-6 in Astrozyten indu-
ziert. Die motorischen Fahigkeiten und der Gesundheitszustand wurden 21 Tage lang
mittels Verhaltensversuchen beobachtet und Veranderungen in der zerebralen Konnek-
tivitat sowie der Umbau des Gehirns untersucht. Die Uberexpression von IL-6 hatte keine
nachteiligen Auswirkungen auf den Gesundheitszustand und begunstigte eine Zunahme
der Konnektivitat im Gehirn bei 10 von 14 veranderten Verbindungen, vor allem zwischen
den Hemispharen. Die Proteomanalyse der ipsilesionalen striatalen Faserbahnen und
des kontralasionalen motorischen Kortex zeigte Veranderungen in den Expressionsni-
veaus von Plastizitats-assoziierten Proteinen wie Caprin-1 und dem GABA-Transporter
Gat1. Beide Molekile sind Kandidaten fir weitere Untersuchungen und potenzielle Ziel-

strukturen fur 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-B-vermittelt
SorCS2 exprimieren. Es wurde nicht bestatigt, 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 ermdglichen. Somit kann die Zahl der
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Versuchstiere aufgrund hdherer experimenteller Standards und das Tierleid durch Vor-

hersage humaner Endpunkte reduziert werden.

Zusammenfassend gewahrt diese Arbeit Einblicke in postischamische Erholungspro-
zesse und zeigt potenzielle Zielstrukturen fur die weitere Erforschung therapeutischer In-
terventionen bei Ischamien auf, wahrend 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."? Considering
the combined cause of death and disability, stroke ranks third globally.® Carotid artery
occlusion is highly linked to stroke and is attributable to patients' cognitive impairment.*>
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.® 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).”-® 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.® 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.'%-"3

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.™ The underlying mechanisms are only partially known. Among
the contributors fostering plasticity, besides neurogenesis, are angiogenesis, extracellu-
lar matrix remodeling, and inflammatory cues.'>-'® 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)-1B and IL-6.1519-22

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.?324 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.?>-?7

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.?82° Constitutive expres-
sion of astrocytic IL-6 in non-ischemic mice causes microglial activation and motor defi-
cits.3® 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.3! Conversely, IL-6 in the brain has been associated with neuroplasticity.3>33 In
stroke patients, high systemic and cerebrospinal fluid IL-6 levels correlate with poor out-
come and higher sickness scores.3*3% Similarly, in carotid artery stenosis, high serum IL-
6 are linked to unfavorable outcome and a higher likelihood of plaque rupture.®-3” Com-
plete removal of IL-6 in the ischemic mouse brain led to a decrease in angiogenesis, and
an overall worsened outcome.® 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.3°
These receptors play a role in neurotrophin sorting and shuttling, integral for mediating
neuronal survival.*%4! SorCS2 is relevant in psychiatric diseases and was shown to be
critical in memory formation and synaptic plasticity.*>#3 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.** 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.*®
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1.2 Objective

A

| FLEXIL6 |

Secretory
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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



Introduction 9

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.4°,

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

2.1 Animals and mouse models

Local authorities (Landesamt fur 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 7). 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-ERTZ2 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.*? and male animals at the age of 8 — 14 weeks at the time of temporary occlusion

of the middle cerebral artery (MCAo0) have been used for the experiments.

2.2 Invivo 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 (CCAo0). One day after sur-

gery, mice were scanned using T2-weighted MRI for visible signs of a stroke or immediate
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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 MCAo0) as described and ob-

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

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-p1
(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-gPCR

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 I16 using SYBR Green (Qiagen) (lI6 primer se-
quences: forward GGAAATTGGGGTAGGAAGGAC, reverse ACTTCACAAGTCG-
GAGGCTT) in study 1 and human samples in study 2. Alterations in mMRNA expression
levels were calculated using the ddCT method. SorCS2 transcript levels are calculated
relative to EF1a. In study 2, murine samples were analyzed with Tagman Gene Expres-
sion Assays: Actb (actin, Mm02619580), Col18a1 (collagen XVIIIl, 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-HCI (Serva) and their proteome was analyzed.



Methods 13

2.7 Immunohistochemistry

For histological, biochemical, and proteome analysis, mice were sacrificed by transcardial
perfusion in deep anesthesia (100 yl 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 um 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 pl/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 AGO),
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 ImagedJ 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 NeurondJ 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.

210 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.*®

Mouse model for inducible IL-6 expression
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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-II6 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.
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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, 4°°° 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.®'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 Sic6a1, also known as Gat1, a y-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.%3

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-1) is a cytokine associated with stroke recovery
processes, most notably angiogenesis.5*% Its expression is upregulated after stroke in
patients and mice.%%5” TGF-B1 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-B1 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 (IFNy) (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.6.58.59 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 datadriven 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.*” My
contribution focused on the stroke model and the data evaluation, so | 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
MCAOo 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 Naive 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.?637, Elevated systemic IL-6 levels might influence the health status in
CCAo0 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.80
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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.® It plays a role
in establishing long-term potentiation (LTP) and might be necessary for regenerative plas-
ticity.®' The widely downregulated protein Gat1 is an axonal transporter, removing GABA
from the synaptic cleft and negatively regulating GABA-signaling.®? 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.®3 In contrast, GABAergic signaling is critical for the
long-term inhibition of synaptic transmission.5* 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.®%66 Tiagabine, a Gat1 inhibitor drug, is used
to treat epilepsy patients without impairing cognitive function.®” In the acutely ischemic
brain, tiagabine treatment showed neuroprotective effects.?8° 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.”®”! 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.*? The activation of expres-
sion is likely mediated by TGF-31, 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.#®> 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.'® 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.”>"® 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.”* 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.*” 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.”>"® 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.””"8

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.



Discussion 25

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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Aims: Carotid artery disease is frequent and can result in chronic modest hypoperfusion
of the brain. If no transient ischemic attack or stroke occur, itis classified asymptomatic. In
the long-term, though, it can lead to cognitive impairment. Fostering cerebral remodeling
after carotid artery occlusion might be a new concept of treatment. Paracrine Interleukin
6 (L-6) can induce such remodeling processes al early stages. However, it has
neurodegenerative long-term effects. With this exploratory study, we investigated the
effect of paracrine IL-6 on cerebral remodeling in early stages after asymptomatic carotid
artery occlusion to identify new treatment targets.

Methods and Results: To mimic a human asymptomatic carctid artery disease,
we used a mouse model of unilateral commoen carolid artery (CCA) occlusion.
We developed a mouse model for inducible paracrine cerebral IL-6 expression
{Cx30-Cre-ERTZ;FLEX-IL6) and induced IL-6 2 days after CCA occlusion. We studied
the effects of paracrine IL-6 after CCA occlusion on neuronal connectivity using
diffusion tensor imaging and on local protecme regulations of the hypo-perfused
striatum and contralateral motor cortex using mass spectrometry of laser capture
micro-dissected tissues. Paracrine IL-6 induced cerebral remodeling leading to increased
inter-hemispheric connectivity and changes in motor system connectivity. We identified
changes in local pretein abundance which might have adverse effects on functicnal
outcome such as upregulation of Synuclein gamma (Sncg) or downregulation of
Proline Dehydrogenase 1 (Prodh). However, we also identified changes in local protein
abundance having potentially beneficial effects such as upregulation of Caprint or
downregulation of GABA transporter 1 (Gat1).
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Conclusions: Paracrine cerebral IL-6 at early stages induces changes in motor system
connectivity and the proteome after asymplomatic CCA occlusion. Our results may help
to distinguish unfavorable from beneficial -6 dependent protein regulations. Focusing
on these targets might generate new treatments to improve long-term outcome in
patients with carotid artery disease.

Keywords: vascular disease, basic science research, proteomics, inflammation, carotid artery occlusion

INTRODUCTION

Carotid artery disease is highly prevalent in an aged population
(1). It may lead to carotid artery stenosis or occlusion, causing
chronic hypoperfusion of the brain and increasing the risk for
cerebral infarction (2). In the long-term, carotid artery disease
can cause white matter damage. When no transient ischemic
attack or stroke occur it is classified asymptomatic. However,
about 50% of these patients with asymptomatic carotid stenosis
show signs of neuropsychological deficits such as reduced
processing speed and learning (3).

Fostering cerebral remodeling after carotid artery occlusion
might be a new concept of treatment to improve the long-
term outcome. We have shown that the cytokine interleukin 6
(IL-6) is essential for post-ischemic angiogenesis and improves
the outcome after stroke (4). Down-stream signaling of IL-
6 in endothelial cells is needed to induce changes in the
extracellular matrix and the molecular micro-environment
fostering neuroplasticity and functional recovery (5). It has been
shown that IL-6 improves repair after trauma (6). However, long-
term elevated IL-6 is associated with cognitive decline (7). Indeed,
the effects of IL-6 are complex and depend on its temporal (acute
vs. long-term) and spatial (paracrine vs. systemic) expression.

We hypothesize that—comparable to its effects after stroke—
paracrine IL-6 might induce beneficial remodeling processes in
the acute phase after modest cerebral hypoperfusion induced
by carotid artery disease while it might have detrimental effects
in the long-term. Therefore, the aim of this exploratory study
was to analyze early-stage cerebral remodeling mechanisms of
paracrine brain-specific IL-6 within the first 3 weeks of modest
chronic cerebral hypoperfusion. We used the mouse model of
unilateral common carotid artery (CCA) occlusion to mimic an
asymptomatic carotid artery stenosis in humans. [n this mouse
model, long-lasting modest hypoperfusion of the brain has been
verified without the development of strokes or motor function
deficits (8, 9). Comparable to humans, unilateral CCA stenosis
induced neuropsychological deficits in mice primarily affecting
learning. A prolonged increase of cerebral astrocytic IL-6 has
been shown to cause neuroinflammation and neurodegeneration
within a period of 3-24 month using a constitutive GFAP-
IL6 mouse model and this effect depended on the heights of
IL-6 expression (10-12). We developed a genetically modified
mouse model for inducible brain-specific paracrine secretion
of IL-6 to avoid this biasing effect before CCA occlusion.
Using this mouse model, we studied the effects of a slight
paracrine [L-6 increase on connectivity changes and local
proteome changes.

With this study, we show that paracrine IL-6 induces
adaptations in the motor system connectivity. In the proteome,
we could differentiate proteins that might improve functional
and cognitive outcome from proteins with unfavorable effects. By
this, our results might help to identify moelecular targets for new
treatments of asymptomatic CCA occlusion.

METHODS

Animals

All experimental procedures were approved by the local
authorities (Landesamt fiir Gesundheit und Soziales, LaGeSo),
Berlin (Reg GO0119/16) and were conducted following the
German animal protection law and local animal welfare
guidelines. Mice were group-housed with ad Fbifum access
to water. Food was restricted as a motivator for functional
testing. Housing conditions and details are described in
Supplementary Material.

We genetically engineered a mouse model by inducing a
flip and excision (FLEX) cassette into the ROSA26 locus using
recombinase-mediated cassette exchange containing an inverted
IL-6 followed by a T2A self-cleavage sequence and mKate2.
[L-6 was fused to a C-terminal myc-tag (EQKLISEEDL) via
a spacer (GGSGGTGGS). Mice were crossbred with astrocyte-
specific Cx30-Cre-ERT2 mice. The mice are bred locally on a
C57BL/6] background and were backcrossed for 10 generations.
We used mice for experiments that were hemizygous for Cx30-
Cre-ERT2 and hemizygous for FLEX-IL-6. Mice that were
hemizygous for FLEX-IL-6 served as control animals. The mice
were at an age of 10-12 weeks. In total, 66 mice were used
for the experiments. Of these mice, 64 mice were analyzed
according to the preset exclusion criteria (see methods to
prevent bias and exclusion criteria), and further 2 mice were
excluded for technical reasons as specified in the section Results.
Mouse groups were age- and sex-matched for experimental and
control groups.

For surgery, mice were anesthetized with 1.5-3.5% Isoflurane
and maintained in 1.0-2.5% Isoflurane with ~75/25 N,O/O,
and for pain relief, bupivacain gel (1%) was topically applied
to the wound. For MRI, anesthesia was induced with 2.5% and
maintained with 2.0-1.5% isoflurane (Forene, Abbot, Wiesbaden,
Germany) delivered in a Oy/N,O mixture (0.3/0.7 1/min) via a
facemask under constant ventilation monitoring (Small Animal
Monitoring & Gating System, SA Instruments, Stony Brook,
New York, USA). Mice were euthanized in deep anesthesia with
100 pl Ketamine/Xylazine [0.7% Ketamine (10%, cb pharma),
0.8% Xylazine (20 mg/ml Xylavet, cb pharma)] per 10g body
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weight given ip. and cardially perfused with 0.9% physiological
NaCl solution.

Western Blot and Enzyme-Linked

Immunosorbent Assay

IL-6 was semi-quantitatively analyzed by ELISA in serum
samples and deep-frozen mouse brain sections as described in the
Supplementary Material.

Cell Culture, Transfection, and Real-Time

RT-PCR

HEK 293T cells were transfected with plasmids coding for FLEX-
IL-6, Cre-GFP fusion or both. Brain microvascular endothelial
cells were treated with conditioned medium of these cultures for
1 h prior quantification of [L-6 mRNA and a reference transcript
as described in detail in Supplementary Material.

Mouse Surgery and Tamoxifen Injection
Mice were subjected to unilateral ligation of the left common
carotid artery. Following the 3R principle of animal experiment
reduction, mice with unilateral CCA occlusion served
additionally as sham control for a transient occlusion of
the middle cerebral artery (MCAO). In brief, surgery was
performed analogously to the sham operation as established in
our lab and described in detail in Supplementary Material, and
tamoxifen was injected intraperitoneal on day two after surgery
as a single dose or on three consecutive days (1 mg tamoxifen;
Sigma, 10 mg/ml in 1:10 ethanol/corn oil).

Behavioral Tests

Sickness behavior was assessed by modified DeSimoni’s
neuroscore at days 2, 7, 14, and 21 following unilateral CCA
occlusion. The maximum score is 43 points, where a higher
score indicates more deficits. Rotarod test was performed with
three runs per trial with a recovery time of 30 min between trials.
Shown is the average performance. Tests were performed on
days 2, 7, and 14 after unilateral CCAo. Staircase skilled pellet
reaching test was performed daily for 21 days of training before
and up to 21 days after ligation of the CCA for conditioning as
described previously (13). Outcome was measured as relative
performance compared to the individual performance before
surgery for each forepaw.

Magnetic Resonance Imaging

Mice were examined 24h after the onset of CCA using T2-
weighted imaging. After 21 days, T2-weighted and diffusion
tensor imaging (DTI) were performed as outlined in detail in
Supplementary Material. Briefly, a custom brain atlas with 308
anatornical regions (154 right/154 left hemisphere) derived from
the Allen mouse brain atlas was registered to the T2-weighted
and diffusion MR images using ANTx2 (https://github.com/
ChariteExpMri/antx2). DTI can measure the directionality of
water diffusion in tissue, which is a proxy of the orientation of
nerve fiber tracts in the respective voxel. Using computational
models that take into account the orientation of water diffusion in
all voxels in gray and white matter, long range fiber connections
from one atlas region to another region can therefore be

reconstructed. The number of reconstructed tracts is a measure of
connectivity strength. From the DTI scan, a matrix of all possible
combinations of those connections and their strength (termed
DTI connectome) for each animal was calculated in mrtrix
(https://www.mrtrix.org, shell scripts available at https://github.
com/ChariteExpMri/rodentDtiConnectomics). Between group
comparisons were carried out on the number of reconstructed
streamlines between pairs of regions.

Proteomic Analysis of Laser Capture
Microscopy Samples by Mass

Spectrometry

Briefly, left hemispheric ipsilateral fiber tracts in the striatum
or the contralateral motor cortex were laser-captured 5 days
after CCA occlusion and 3 days after i.p. injection of tamoxifen
from frozen tissue sections and subjected to mass spectrometry
and analysis as described in Jochner et al. (14) and in detail in
Supplementary Material.

Histology and Imaging Analysis

Briefly, mice were euthanized in deep anesthesia, blood was
collected from the Vena cava after abdominal incision, and
mice were cardially perfused with 0.9% physiclogical NaCl
solution. For LCM/proteomics, protease inhibitor was added (1
tablet/50 ml saline solution) (cOmplete™, Roche). Brains were
removed and snap-frozen in 2-methyl butane at —45°C using dry
ice. Histological staining, imaging analysis, and antibodies used
are described in Supplementary Material.

Methods to Prevent Bias and Exclusion

Criteria

Reporting conforms to the ARRIVE guidelines. Mice were
excluded determined by a priori criteria if they had a visible
stroke in MRI imaging 24 h after surgery (2 mice, 1 per genotype,
respectively). Experimenters were blinded during the behavioral
assessment, tissue processing, and data analysis. We observed
no mortality. All other mice were included. Two samples after
microdissection did not result in enough protein for analysis and
were not further processed.

Statistical Analyses

All data are presented as scatter dot plots with the mean +
standard deviation. Data were analyzed with GraphPad Prism
version 8.2.0. A detailed description of the corresponding
statistical analysis is provided in the figure legends or the
respective proteomics and connectivity analysis methods.

RESULTS

Development of the
Cx30-Cre-ERT2;FLEX-IL6 Mouse Model for

Paracrine Cerebral IL-6 Expression

To evaluate the effects of paracrine cerebral IL-6 on cerebral
remodeling mechanisms after unilateral CCA occlusion, we
created a custom-made mouse model for brain-specific IL-6
secretion at a deliberately chosen time-point. In this model,
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FIGURE 1 | Development of the Cx30-Cre-ERT2:FLEX-ILS mouse modsl for brain-specific IL-6 expression. (A} Design of the custom-made mouse line for inducible
and traceable secretion of IL-8 (FLEX-ILE). The murine /& sequence is linked to a myc-tag followed by the self-cleavage site T2A and mKate2. This construct is
inverted and emkedded in a flip and excision (FLEX) cassette in the silent R26 locus. To enable paracrine cerebral IL-6 secretion, we crossbred FLEX-IL& mice with the
astrocyte-specific inducible Cre-driver mouse line Cx30-Cre-ERT2. Upon tamoxifen administration, active Cre flips and excises one recombination site and thus
permarently induces /16 expression in astrocytes. {B) Endothelial bEnd.3 were incubrated for 1 hwith conditioned cell culture supernatants of HEK cells transfacted with
Cre and the FLEX-ILB construct or Cre only as negative control and /6 mRNA was determined by real-time RT-PCR. Ectopic IL-8 increases bEnd.3 IL-B expression by
almost 100x. n — 3 independent experiments. (€) Representative Myc-tag staining after tamaxifen administration. Upon induction with tamoxifen, myc-IL-6 is widely
expressed in Cx30-CRE-ERTZ;FLEX-ILE mice, while there is no induction in FLEX-ILE control mice. (D,E)} Cerebral IL-6 protein levels were determined by immunoblot

analysis of brain homogenates of Cx30-Cre-ERTZ;FLEX-ILE mice receiving one mg tamoxifen for 1 or 3 days from n = 4-8 mice per group as displayed in the scatter
{Continued)
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FIGURE 1 | dot plots. FLEX-IL6 (7 = 4) mice receiving 1 mg tamoxifen for 3 days and wild-type C57BL/BN (n = 4) served as negative controls. Immunoblot IL-6
intensities were normalized to GAPDH intensity (~237 kD). There is a moderate increase of IL-6 in Cx30-Cre-ERT2;FLEX-ILE mice (7 = 4) receiving a single tamoxifen
dose compared to the control group (~26 kD, arrowhead closed). Mice that received three doses of tamoxifen (1 = B8) showed increased but significantly lower brain
IL-8 than after a single dose. (F} IL-6 serum levels were determined using ELISA measurement of mice with astrocytic IL-6 expression {Cx30-Cre-ERT2,FLEX-ILE, n =
5), mice with endothelial IL-& expression (VeCdh-Cre-ERTZ; FLEX-ILE, n = 37}, and Cre-negative controls (n = 5). There was a marked increase in serum IL-6 upon
endothelial expression. At the sama time, IL-6 remained at baseline level comparable to Cre-negative controls upon astrocytic exprassion. Graphs show scatter dot
plots of data from independent samples + standard deviations. (B) Two-tailed unpaired Student’s ¢-test. (E,F) One-way ANOVA with Tukey's multiple comparison test
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FIGURE 2 | Paracrine IL-6 does not worsen functional outeome or induce strokes after unilateral asymptomatic GCA occlusion. (&) Time-scale: 8
Cx30-Cre-ERTZ;FLEX-ILG and 7 FLEX-IL8 mice were pre-trained in the staircase test for 21 days. On day 0, mice received a left-sided unilateral CCA occlusion and
an MRI on day 1 after surgery. One Cx30-Cre-ERT2;FLEX-IL6 and one FLEX-ILG was excluded due to developing a stroke immediately after surgery. On day 2 after
surgery, paracting IL6 was induced by a single tamoxifen administration. Motor function was evaluated on day 2, day 7, and 14 with the Rotarod test and day 21 with
the DeSimoni Neuroscore, Forepaw function was evaluated daily with the staircase test from day 2 to day 21. (B} T2-weighted MRI scans showed no ischemic lesion
or white matter damage 21 days after unilateral carotid ccclusion in both genctypes. (€,D) Staircase test for the left (€) and right (D) ferepaw. The performance was
normalized to the individual performance before surgery. No change in performance was observed compared to the performance before surgery and batwsen
genotypes. (E) Overall sickness and neurological status were determined by DeSimoni Neuroscore. Cx30-Cre-ERT2;FLEX-ILE mice (17 = 6) showed a transient
increase in sickness behavior immediately after IL6 induction, which reached no significance compared to FLEX-IL6 contral mice (7 — 7). (F) Gross motor performance
was evaluated using the RotaRod test. After the intervention, the average time to drop on the moving Rotared increases over time in the experimental and the control
group. There is no significant difference between groups. Graphs show scatter dot plots of data from individual mice + standard deviations. (C-F) Two-way ANOVA
with Sidak's multiple comparison test

a FLEX cassette is integrated into the R26-locus. The FLEX  This myc-tagged IL-6 was bioactive, which can be seen by the
casselle conlains murine I11-6 connecled lo a myc-tag via a  induclion of 1L-6 in endothelial cells in vifro (Figure 1B). We
linker and mKate2 via a T2A self-cleavage site (Figure 1A).  have previously shown that [1.-6 induces the production of T1.-6 in
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endothelial cells by a positive feedback loop (4). Crossbreeding of
FLEX-IL6 mice with Cx30-Cre-LR1?2 mice resulted in the Cx30-
Cre-ERT2Z,FLEX-IL6 mouse model for tamoxifen dependent
inducible activation of 1L-6 secretion restricted to astrocytes and
by this restricted to the brain. Upon lamoxifen administration,
we observed a widespread IL-6 expression in the Cx30-Cre-
ERT2;FL.EX-11.6 mice using immunofluorescence staining for the
myc-lag, which is fused to the ectopic IL-6. This expression
was nol present in the FLEX-IL6 control mice (Figure 1C).
IL-6 immunoblots of brain homogenate showed a tamoxifen-
dependent increase of IL-6 locally in the brain 5 days after
a single administration of tamoxifen (Figures 1D,E). However,
after higher tamoxifen dosing with administration on three
consecutive days, we observed decreased IL-6 compared to
1-day administration. In FLEX-IL6 mice without Cx30-Cre-
ERT2 we observed no induction of IL-6 compared Lo wild-
type mice. Therelore, we used a single dose of tamoxifen for
IL-6 induction in the following experiments. FLIX-1L6 mice
without Cre but with tamoxifen treatment served as negative

Cerebral IL-8 in CCA Occlusion

controls. "To control for brain specificity of 1L-6 induction in
the setting of a CCA occlusion, we determined the serum IL-6
levels after tamoxifen administration after surgery (Figure 1F).
We identified no increase of systemic serum IL-6 levels in
Cx30-Cre-ERT2;FLEX-IL6 mice while there was a subslantial
increase of serum ILo6-levels when using an endothelial Cre-
driver mouse model {(VeCdh-Cre-ERT2;FLEX-11.6). Therefore,
using the Cx30-Cre-ERT2;FLEX-IL6 mouse model we can induce
paracrine cercbral IL-6 without aflecting systemic I1-6 levels.

Paracrine IL-6 Production Does Not Induce
Ischemic Tissue Damage or Worsen
Functional Outcome After Unilateral CCA

Occlusion

We used the mouse model of unilateral CCA occlusion for
studying the effects of modest cerebral hypoperfusion to mimic
human asymptomatic carotid artery disease. In this mouse
model, no deficits in sensorimotor functions occur, We excluded
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FIGURE 3 | Paracrine IL-6 is a driver of network remodeling after unilateral CCA occlusion. Connections with changes in diffusivity comparing the astrocytic IL-6

(n =6) to control animals (n = 7) at d21 after left CCA occlusion. Coordinates: A = anterior, R = right, S = superior. T-statistics were applied, and all values with

P = 0.001 were chosen as relevant. Connections were verified by cross-checking to the Janelia Neuron Browser or Allen Brain Mouse Connectivity Explorer. {A) Nine
connections showed an increase in connectivity. Of those, four were inter-hemispheric connections. Especially connections to the ipsilateral peragueductal gray
increased along with the axis from the contralateral secondary moter cortex to the ipsilateral pallidumn and subsequently the thalamus. (B) Four connections showed
decreased connectivity. On the ipsilateral side, the caudal pallidum and the reticular part of the substantia nigra as well as the connection between the retrosplenial
area and the superior colliculus were reduced in strength. Cn the contralateral side, the connections between the culmen and lobule Il and between the medial

amygdalar nucleus and the ventral auditory area were decreased.
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FLEXALG and four Cx30-Cre-ERTZ;FLEX-ILS mice were used. Paracrine IL-6 secretion was induced 2 days after left-sided unilateral CCA occlusion. Brain tissue is
sectioned into 40 jum thick coronal slices and mounted on PEN membrane slides. After methanol/acetane fixation, the tissue is processed with the laser capture
microscopa. Striatal fiber bundles on the hypoperfused side were izolated. The addition of 5 M guanidinium chloride dissolves the tissue and denatures the proteins.
The sample was analyzed using mass spactrometry for proteorne analysis. (B) lllustration (Allen mouse Brain Atlas) of the anatomical region used for LCM. (C) The
volcano plot shows log ratic and p-value distribution of all quantified proteins. Proteins with significantly (o = 0.08, fold change =/<2) altered expression are labeled in
red. We identified 16 differentially regulated proteins listed in Table 1. (D) Comparison of caprin-1 staining in FLEX-ILB and Cx30-Cre-ERTZ;FLEX-ILE mice confirms
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Two-tailed unpaired Student's {-test,
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mice (one Cx30-Cre-ERT2;FLEX-IL6 and one FLEX-IL6) that
developed a stroke peri-interventional. Figure2A shows the
time-scale of the experimental setup. We verified that mice did
not develop an ischemic lesion in the long term using MR-
imaging on day 21 after surgery (Figure 2B). Additionally, we
assessed sickness behavior and motor skills using behavioral
testing in the 21-day follow-up period after CCA occlusion.
Skilled pellet retrieval off a staircase gives a readout for front
paw fine motor skills. We observed no effect on fine motor
tunctions of the forepaw in the wild-type and experimental group
(Figures 2C,D). In both groups and for both front paws, the
performance was consistently similar to the average baseline
performance before unilateral CCA occlusion. The overall
sickness and neurological performance (DeSimoni neuroscore)
did not differ significantly between groups and over time

(Figure 2E). Gross motor skill assessed by RotaRod showed
no impairment of motor function (Figure2F). The average
time to drop did not differ significantly for individual days in-
between groups. Therefore, elevated paracrine cerebral IL-6 had
no detectable adverse effect on motor functional outcome or
general sickness in a model of asymptomatic CCA occlusion.

Paracrine IL-6 Is a Driver of Neuronal
Network Remodeling After Unilateral CCA

Occlusion

We studied the changes in the brain’s connectome by DTI 21
days after unilateral CCA occlusion in an unbiased exploratory
approach using an atlas with 154 anatomical regions per
hemisphere, resulting in 23,562 [(154*154) - 154] possible

TABLE 1 | IL-6 dependent protein regulations in the striatal fiber tracts”,

UNIPROT ID Protein names Gene Difference LFQ log2 p-value Biological process relevant to cerebral
symbol ratio IL-6/ controls {-log 10) functions {AmiGO 2 or Reference})
Upregulated proteins
QB0865 Caprin-1 Caprin 1,689 1,380 Paositive regulation of denditic spine
morphogenesis
P22005, Proenkephalin-A; Penk 1,643 1,690 Locomatory behavior, behavioral fear response
B1AZQ0
QIZ0F7 Gamma-synuclein ynuclein Sncg 1,593 1,378 Regulation of dopamine secration, negative
regulation of neuronal death
Pa4089, Enhancer of rudimentary Erh 1,163 1,542 -
GBUWEE homalog
QIERTY Protein phosphatase 1 regulatory  Popiria 1,143 2,028 Promotes memeory and leaming (15)
subunit 14
E9PV44, ATPase inhibitor, mitochondrial Abpif] 1,050 2,153 Regulation of ATP metabolic process (16)
035143
Downregulated proteins
EOQBCs, V-type proton AtnévOc —-1,019 1,758 -
P63082, ATPase 16 kDa
D373B2 Protealipid subunit
PG1028 Ras-related protein Rab-88B Rab&b —1,138 2,144 -
QB2426 Cystatin-B Csth -1,185 1,598 Locomotory behavior, frameshift mutation
leads to neurodegeneration (17)
P26041 Mossin Msn —1,416 1,562 Long-term memary (18)
P35235 Membrane-associated Pitpnm 1 —1,448 1,216 Brain developrnent
phosphatidylinositol transfer
protein 1
EGPUST, Serine/threonine-protein kinase Sik3 —2,043 1,373 -
FauUsx4, SIK3
FEUBUS
P35235 Tyrosine-protein phosphatase Ptpn11 —2,203 2,271 Axon guidance, brain devslopment, cerebellar
non-receptor type 11 cortex formation
Q3BJos Zine finger CCCH Ze3h14 —2,233 4,239 Knackdown reduces Tau aggregation (19)
dornain-containing protein 14
QODBEY Juncticnal adhesion moleculs © Jam3 —2,828 1,881 Axon regulation, myslination,
blood-brain-barrer disruption (20)
FeWIez, UDP-GlcNAG: betaGal beta-1,3- B3gntd —3,820 3153 -
asviie N-acetylglusosarninyltransferase

9

“Up- and down-reguiated proteins in striatal corticospinal tract samples ipsifateral to the CCAo. The proteins are sorted by their expression change indicated by the difference of the
LFQ log? matio batween IL-6 animals and controls. Significance fs indicated by a log10 p-valie
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FIGURE 5 | log ratio and p-value distribution of all quantified proteins. Proteins with significantly (p < 0.05, fold change =/<2) altered expression are labeled in red.
‘We identified 13 differentially regulated proteins listed in Table 2. (C) Representative multiple image alignment of Gat1 staining. (D} Gat1 stairing and quantification in
the contralateral motor cortex shows besides focal staining a diffuse signal. The number of focal Gat1 spats is reduced in Cx30-Cre-ERT2 ,FLEX-ILE (FLEX-IL6 7 =6,
Cx30-Cre-ERT2,FLEX-ILE n = &). In the contralateral {E) and ipsilateral {F) caudate putamen, Gat1 is strongly expressed with reduction of expression in
Cx30-Cre-ERT2 FLEX-ILE mice. Graphs show scatter dot plots of data frem individual mice + standard deviations. Two-talled unpaired Student's t-test.

connections. Paracrine IL-6 production induced a significant
change in connectivity in the context of CCA occlusion
(Figures 3A,B). At a significance threshold of p < 0.001,
17 connections were significantly altered. The physiological
feasibility of the connections was verified by cross-checking in
the Allen brain connectivity atlas and Janelia Neuron Browser.
In total, 3 out of 17 connections could not be verified and
were therefore excluded. There was a gain in connectivity
between 4 inter-hemispheric connections. In the hypoperfused
hemisphere, 3 connections were strengthened, and in the
contralateral hemisphere 2 connections. All 4 connections with
lowered connectivity were intrahemispheric, with 2 connections
reduced on each side. Qualitative assessment of connectivity
hints at an overall gain in inter-hemispheric connectivity
and, thus, a potential compensation by the contralateral non-
affected hemisphere, though unilateral CCA occlusion was
functionally asymptomatic.

In the brainstem, the ipsilateral periaqueductal gray showed
increased connectivity to several other nuclei of the ipsi- and
contralateral brainstem. We identified increased connectivity
of the periaqueductal gray to the ipsilateral caudal part of
the pontine reticular nucleus, the pedunculopontine nucleus,
and the contralateral substantia nigra, and the contralateral
periaqueductal gray. The ipsilateral pallidum, part of the basal
ganglia, had strengthened connectivity to the ipsilateral reticular
nucleus of the thalamus and the contralateral secondary motor
area. The connectivity between the ipsi- and the contralateral
ventral group of the dorsal thalamus—the relay between the
basal ganglia and the primary motor cortex—increased. There
was a decrease in connection strength to the ipsilateral reticular
substantia nigra. Notably, we identified mainly changes in
connections related to motor functions.

Paracrine IL-6 Induces Changes in Protein

Composition Within the Striatum

To evaluate the molecular adaptive mechanisms of paracrine
cerebral IL-6 after CCA occlusion, we analyzed the effect
on protein composition within the ipsilateral striatum. This
anatomical region is subject to reduced perfusion. As particularly
white matter is damaged in chronic cerebral hypoperfusion, we
chose to analyze the striatal fiber tracts, including the capsula
interna and the corticospinal tract. To isolate those regions, we
used laser capture microdissection (LCM). In our experiment, we
assessed proteome changes in the ipsilateral fiber tracts within
the hypoperfused striatum on day 5 after occlusion of the CCA
for early-stage effects (Figures4A,B). In total, we identified
2,075 proteins in the striatal samples with a 1% FDR threshold.
Within these, 16 proteins showed IL-6 dependent differential
abundance (Figure 4C; Table 1). Surprisingly, IL-6 induced no

angiogenesis-related proteins in this anatomical region. Mostly
proteins related to neuronal functions and stress response such as
Synuclein gamma (Sncg), Proenkephalin (Penk), ATP Synthase
Inhibitory Factor Subunit 1 (Atpifl), Protein Phosphatase 1
Regulatory Inhibitor Subunit 1A (PP1R1a), and Caprin-1 were
induced. STRING GO term analysis of downregulated proteins
revealed that most downregulated proteins are membrane-
bound organelle and Golgi apparatus related (Cstb, Atpévic,
Jam3, Rab8b, Pitpnm1, Ptpnll, Zc3h14, Msn, Sik3, B3gnt9).
We exemplarily confirmed the induction of Caprin-1 in
the paracrine IL-6 expressing mice with immunofluorescence
staining (Figures 4D-F). Caprin-1 was found in neurons of the
striatum, and not in astrocytes (Figure 4G).

Paracrine IL-6 Induces Changes in Protein
Composition Within the Contralateral
Motor Cortex

Analyzing the effects of paracrine IL-6 on the connectivity
after CCA occlusion we identified increased connectivity of
the contralateral motor cortex to the ipsilateral hypopertused
basal ganglia. We therefore evaluated the molecular changes
in the contralateral motor cortex via LCM and subsequent
proteome analysis (Figure 5A). We identified 2,578 proteins
and 13 proteins in the cortical samples that showed differential
abundance due to paracrine IL-6 (Figure 5B; Table 2). Here,
STRING GO term analysis of altered proteins showed that
high abundance proteins are almost all linked to the plasma
membrane system or endomembrane system. Low abundance
proteins are mostly part of protein complexes and membrane
components (Coa3, Coro7, Dnaja4, Sdhaf2, Sleéal, Vamp3)
including Vamp3—a compenent of the SNARE complex—
or mitochondrial proteins (Coa3, Dnaja4, Prodh, Sdhaf2).
Amongst these, we exemplarily analyzed SlcGal (also known
as Gatl) in histological stainings in a different set of mice
than used for LCM-proteomics (Figure 5C). We confirmed
Gatl suppression in the contralateral motor cortex (Figure 5D).
There was widespread suppression of Gatl in the brain with a
noticeable reduction of Gatl in the caudate putamen in both
hemispheres (Figures 5E,F).

DISCUSSION

In this study, we show for the first time that paracrine
cerebral IL-6 induces cerebral remodeling at an early stage
after asymptomatic unilateral carotid occlusion within the first
3 weeks leading to increased inter-hemispheric connectivity
and changes in motor system connectivity. By studying the
molecular mechanisms induced by paracrine IL-6 early after
CCA occlusion, we identified proteins that might serve as targets
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TABLE 2 | IL-6 dependent protein regulations in the contralateral motor cortex.

UNIPROT ID Protein names Gene Difference LFQ log2 p-value Biological process relevant to cerebral
symbol ratio IL-6/ controls {-log 10) functions {AmiGO 2 or Reference})
Upregulated proteins
QEUXZ6 Protein FAMSTA Fam81a 2,061 1,380 Postsynaptic density (21)
QBAWFS, Caloium/calmodulin-dependent Camk2nt 1,890 2,266 Prevents long-term memary loss (22), inmpairs
QTBNVHY protein kinase |l inhibitor 1; motor learning and LTP (23)
Q2D4H1 Exocyst complax cormponent 2 Exoc? 1,301 1,319 Mutations cause brain developrmental defects
(24)
QIJIF7, Coatomer subunit beta Capb1 1,262 1,428 Part of COP| complex, reduces amyloid
QBC460 plagues (25)
Downregulated proteins
AOAORLJIRE, ERN exorbonuclsase 3 Eri3 1,185 1,424 -
QBC460
QB0662 A-kinase anchor protein 4 Abcapd —0,890 1,433 -
E9QBWE, Cytochrome ¢ axidase assembly CoaZ —1,092 1,641 Mitochondrial cytochrome ¢ oxidase assembly
QOD2RE factor 3 homelog, mitechondrial
ADADRLATY, Proline dehydrogenase 1, Prodh —1,136 1,606 Reduced activity causes cognitive impairmeant
QIWUT9 ritochondrial (26)
G3X9L5, Coronin; Coronin-7 Coro? —1,334 1,343 Actin filarment organization
QaD2V7
QAIMC3 Protein FAMSTA Dnajad —1,480 1,430 -
P63024 ‘esicle-associated membrane Vamp3 —1,895 1,615 SNARE complex, inhibition reduces microglia
protein 3 activation (27)
QBCeI2 Succinate dehydrogenase Sdhaf2 —1815 1,449 Mitochondrial electren transpart, succinate to
assernbly factor 2, mitochondrial ubiguinone
P31648 Sodium- and chloride-dependsnt Sfcbat —1,818 2,004 Garnma-aminobutyric acid import

GABA transporter 1

“Up- and down-raguiated proteins in the motor contax contralateral o the CCAO, The proteins are sorted by their expression change indicated by the difference of the LFQ fog2 ratio

betwean -6 animals and controfs. Significance js indicated by a logi 0 p-vaiue.

for potential treatment strategies aimed at cerebral remodeling
to improve long-term functional outcome after carotid occlusion
while avoiding adverse effects.

We showed that paracrine IL-6 induces restructuring
mechanisms of neuronal connectivity after unilateral CCA
occlusion. The main alterations were seen in strengthened
interhemispheric connections between the thalamus and a
strengthened connection between the contralateral motor area
to the ipsilateral pallidum and the thalamic reticular nucleus.
Moreover, there were increases in several connections linked
to the periaqueductal gray and the hindbrain in general. The
periaqueductal gray is a component of motor systems as
an interface between the forebrain and the lower brainstem
(28). We assume that this finding represents a general
strengthening of downstream motor signaling toward the
spinal cord.

Proteome analysis of the hypoperfused striatal fiber tracts
showed mainly regulations in proteins related to neuronal
functions. The results were ambivalent regarding functional
and cognitive effects. On the one hand, we observed protein
regulations that would have unfavorable effects: upregulation
of Sncg is associated with neurodegenerative diseases (29),
and high circulating levels of Penk have been established
as a marker for vascular dementia (30). We observed a
reduction of Cstb, Jam3, Zc3hl4, and Msn, which can

cause neuroinflammation and epilepsy (Cstb) (31), blood-
brain-barrier disruption (Jam3) (20), impairment of synaptic
function (Zc3h14) (32) and long-term memory (Msn) (18).
On the other hand, the observed increase in Atpifl could
rescue cells under hypoxic conditions (16). Induced Ppplrla
can promote long-term potentiation by inhibiting protein
phosphatase 1 (PP1), fostering memory and learning (15).
Caprin-1 upregulation was verified by immunohistochemistry.
This cell-proliferation regulating protein has an additional
role in neurons (33). In the brain, Caprin-1—also known
as RNG105—is linked to the formation of cytoplasmic stress
granules (34). More importantly, it regulates mRNA localization
in dendrites and is essential for long-term memory formation
via homeostatic AMPA-receptor scaling (35). Interestingly, a
recent preprint described STAT-1 and STAT-3—downstream
targets of IL-6—as interacting proteins with Caprin-1 detected
by immunoprecipitation and proteomics (36).

In the contralateral cortex, we observed ambivalent effects
of protein regulations as well. Upregulated proteins almost
exclusively have a link to the plasma membrane system
or endomembrane system. Camk2nl can prevent long-term
memory loss (22). However, Camk2nl is an inhibitor of CaMKII,
which is necessary for motor learning and long-term potentiation
(23). Interestingly, paracrine IL-6 upregulates Copbl as part of
the COPI complex. Bettayeb et al. showed that the COPI complex

Frontiers in Cardiovascular Medigine | www. frontiersin.arg

11

January 2022 | Volurne 8 | Article 805095



57

Kuffner et al.

Cerebral IL-6 in CCA Occlusion

could significantly reduce amyloid plaques in Alzheimer’s disease,
which might prevent cognitive decline (25). Downregulated
proteins were part of membrane complexes. Reduced activity
of Prodh causes cognitive impairment (26). Albeit, Vamp3, and
Gatl were decreased by paracrine IL-6. Inhibition of Vamp3
reduces activation of microglia, potentially preventing cognitive
impairments after surgery (27). Gatl is a GABA transporter
localized in axons, nerve terminals, and astrocytes, removing
GABA from the synaptic cleft (37). We observed a widespread
reduction of Gatl. Therefore, reduction of Gatl would lead
to induced GABAergic transmission. Gatl heterozygous mice
with reduced Gatl expression showed enhanced learning (38),
whereas Gat knockout mice had learning deficits and an ADHS
like phenotype (39). This indicates that there is a dosing
effect of Gatl on cognitive functions. Treatment with the anti-
epileptic drug tiagabine, a specific Gatl inhibitor, does not
lead to cognitive impairments in therapeutic dosages (40).
Indeed, Gat1 inhibition improved cognitive functions in patients
who have epilepsy (41). In the setting of cerebral ischemia,
Gatl inhibition was neuroprotective (42-44). and preserved
hippocampal neurons (45).

In summary, paracrine IL-6 promotes cerebral remodeling
in the early stage after asymptomatic CCA occlusion on a
structural level with increased connectivity in motor systems.
Changes in the proteome of the hypoperfused striatum and
contralateral motor cortex showed ambivalent results. In terms
of cognitive functions, seme protein regulations we observed
might be unfavorable. These regulations might explain the
adverse effects oflong-term elevated IL-6 on cognition. However,
we identified protein targets that have been shown to reduce
cognitive impairments in other pathological settings such as
epilepsy or Alzheimer’s disease or might improve neuronal
resilience to hypoperfusion.

The major limitation of this study lies in its exploratory
design. Further studies are needed to confirm the effects of the
identified targets on the motor function and cognitive outcomes
after CCA occlusion. We modeled the effect of paracrine IL-
6 in early stages in a mouse model mimicking asymptomatic
carotid artery stenosis. Cognitive decline or flexibility in learning
tasks months after the onset of CCA occlusion was not
investigated since our focus was exploring cerebral remodeling
in the short term. Moreover, the effects should be confirmed
in aged mice.

Focusing on the targets identified in our study—either
by selectively inhibiting adverse regulations or by enhancing
beneficial regulations—might establish a novel treatment strategy
to improve long-term outcome in the setting of asymptomatic
CCA occlusion by fostering cerebral remodeling. Preventing
downregulations of for instance Jam3 or induction of Atpifl
might be challenging. More promising would be the development
of a Vamp3 inhibitor. However, most promising would beGatl
inhibition using the FDA-proven anti-epileptic drug tiagabine,
which should be evaluated in further studies.
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Abstract

SorCS2 is an intracellular sorting receptor of the VPS10P domain receptor gene fam-
ily recently implicated in oxidative stress response. Here, we interrogated the rele-
vance of stress-related activities of SorCS2 in the brain by exploring its role in
ischemic stroke in mouse models and in patients. Although primarily seen in neurons
in the healthy brain, expression of SorCS2 was massively induced in astrocytes sur-
rounding the ischemic core in mice following stroke. Post-stroke induction was likely
a result of increased levels of transforming growth factor p1 in damaged brain tissue,
inducing Sorcs2 gene transcription in astrocytes but not neurons. Induced astrocytic
expression of SorCS2 was also seen in stroke patients, substantiating the clinical rele-
vance of this observation. In astrocytes in vitro and in the mouse brain in vivo,
SorCS2 specifically controlled release of endostatin, a factor linked to post-stroke
angiogenesis. The ability of astrocytes to release endostatin acutely after stroke was
lost in mice deficient for SorCS2, resulting in a blunted endostatin response which
coincided with impaired vascularization of the ischemic brain. Our findings identified

activated astrocytes as a source for endostatin in modulation of post-stroke

GLIA c

WILEY

Christoph Harms and Thomas E. Willnow contributed equally to this study.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
@ 2020 The Authors. Glia published by Wiley Periodicals, Inc.

1304 wileyonlinelibrary.com/journal /glia

Glia. 2020;68:1304-1316.



61

MALIK T AL

GLIA @& wiLgy | =

angiogenesis, and the importance of the sorting receptor SorCS2 in this brain stress

response.
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1 | INTRODUCTION

SorCS2 is a member of the VPS10P domain receptors gene family, a
unique class of sorting receptors expressed in neurens of the mamma-
lian nervous system {(Willnow, Petersen, & Nykjaer, 2008). VPS10P
domain receptors are best recognized for their ability to shuttle target
proteins between intracellular compartments and the neuronal cell
surface. By doing so, they regulate the surface exposure of neuronal
receptors or activity-dependent secretion of signaling molecules, as
shown for neurotrophin receptors or brain-derived neurctrophic fac-
tor, respectively (Z.-Y. Chen et al.,, 2005; Vaegter et al., 2011). The rel-
evance of neuronal protein serting by VPS10P domain receptors is
underscered by their causal involvement in psychiatric and neurode-
generative diseases, including Huntington's disease, Alzheimer's dis-
ease, and frontoctemporal dementia (Reitz, 2015; Willnow et al., 2008).

Recently, we documented that SorCS2 is unique among the vari-
ous VPS10P domain receptors as its expression is up-regulated in
response to oxidative stress and epilepsy in neurcns (Malik et al,,
2019). Under these conditions, SorCS2 promotes cell surface sorting
of the neurcnal amine acid transporter EAAT3, facilitating
EAAT3-mediated uptake of cysteine for production of the reactive
oxygen species scavenger glutathione (Malik et al,, 2019). Ultimately,
induced expression of SorC52 enables neurcns to cope with oxidative
stress and protects them from seizure-induced cell death.

To explore a global role for SorCS2 as a stress-induced protein in
multiple brain injuries, we here assessed its significance in stroke, a path-
ological conditicn linked to severe oxidative stress. Surprisingly, while
up-regulation of SorCS2 expressicn was cbserved in an experimental
mouse model of stroke, this induction was specific to astrocytes, a cell
type that normally dees not express this receptor. In activated astro-
cytes, SorCS2 controlled secretion of endostatin and promoted post-
stroke angiogenesis. Qur findings corrcborated a role for SorCS2 as a
stress-induced factor and uncovered its cell type-specific actions in pro-

tection from brain injuries, such as ischemic stroke.

2 | MATERIALS AND METHODS

21 | Mouse models

Mice with a targeted disruption of murine Sorcs2 (KQ) have been
described (Glerup et al., 2014). KO males and wild-type littermate
controls (WT) used for in vive studies were 8-14 weeks of age, gener-
ated by heterczygous breedings on an inbred C57BL/6N background.
Animals were kept under 12 hr/12 hr light/dark cycle with free access

to food and water. Newhorn mice for astrocytic and neuronal cultures
were obtained by homozygous breeding of the respective WT or KO
strains. Animal experimentation was performed following approval
by local committees of the State of Berlin (X9012/12, X9007/17,
G 0157/17).

22 | Human tissue samples

Brain tissue samples used in this study for immunostainings were
obtained from the archives of the department of Neuropathology of
the Amsterdam UMC (University of Amsterdam, the Netherlands).
Three acute stroke cases (injury-death interval <2 weeks) and four
autopsy controls without any history of neurologic diseases were
included. Supporting Information Table $1 summarizes the clinical
characteristics of patients and controls. The age and gender did not
differ between stroke patients and autopsy centrols (p > .05, Mann
Whitney U test). Material for primary astrocyte cultures was collected
after a written informed consent for the use of the material for
research purpeses had been obtained by the Bloemenhgve clinic from
all donors. All human specimens were obtained and used in accor-
dance with the Declaration of Helsinki and the Amsterdam UMC
Research Code provided by the Medical Ethics Committee of the
AMC. Local ethical committees of the participating centers gave per-

mission to undertake the study.

2.3 | Middle cerebral artery occlusion
Filamentous occlusion of the middle cerebral artery was performed as
described (Dirnagl & Members of the MCAO-SOP Group, 2012). Mice
were anaesthetized using 2.5% (vol/vol) isoflurane for induction and
1.5% (vol/vol) isoflurane for maintaining anesthesia in a mixture with
25% O, and 75% N,O. Cerebral ischemia was induced by intreducing
a 8-0 silicon-rubber coated suture (Doccol Corp., Sharon, MA) inte
the left internal carotid artery and by advancing it to the anterior cere-
bral artery, thereby cccluding the middle cerebral artery. The filament
was withdrawn after an occlusion time of 45 min. Body temperature
was maintained at 37.0 £ 0.5°C throughout the experiment using a
feed-back controlled heating pad and a rectal probe (Fine Science
Tocls GmbH, Heidelberg). During middle cerebral artery occlusion
(MCAo) and for at least 2 hr after reperfusion, animals were allowed
to recover in a heated cage (Peco Services, Cumbria, UK).

Mice were randemized and blinded for concealment of genetic

group allocation and the order of surgery. In the short-term studies



62

ws | WLy GLIA ¢

MALIK ET AL

{1 and 3 days), no mortality was observed and no mice were excluded
from analysis. In the long-term study {21 days) 4 WT (21%) and 4 KO
(20%) died within 1 week after MCAo and mice with no stroke (tech-
nical failure; 2 WT and 2 KO) or stroke volume approximately <3 mm?
(3 WT and 3 KO) were excluded from analysis.

24 | Brain vasculature labeling

Mice were anesthetized with Ketamine/Xylazine and a solution of
DyLight488-labeled Lycopersicon esculentum lectin  (#DL-1174
Vectorlab) was injected intravenously (1 mg/ml; 4 pl per gram
bodyweight). After 180 s, mice were transcardially perfused with 4%
paraformaldehyde (PFA)/phosphate-buffered saline (PBS). Brains
were isolated and incubated in 4% PFA in PBS (overnight) and in 30%
sucrose/PBS (72 hr), and frozen in —40°C isopentane prior to section-
ing. A total of 3 WT mice and 1 KO mouse were excluded from the
vessels analysis because of technical failures of lectin staining (heart

arrest during injection or bad circulation).

2.5 | Cell culture experiments

Cultures enriched in astrocytes were prepared from newborn mice
according to published protocols (Parnis et al., 2013). In brief, blood
vessels and meninges were removed from cortical tissue which was
next trypsinized and dissociated in presence of DNAse. Cells were
plated on poly-L-lysine-coated flasks and cultured in Dulbecco's Modi-
fied Eagle's Medium (DMEM) with 10% FBS and penicillin/streptomy-
cin. After 2 days, cells were washed to remove cellular debris. After
7 days in vitro, cultures were shaken extensively to remove microglia
and the astrocytes were plated for experiments.

Cells were treated with 10 ng/ml transforming growth factor
(TGF-p1; R&D Biosystems, 7666-MB) in serum-free DMEM for 3, 6,
24, or 48 hr. Control cells were incubated in DMEM for 24 hr. For
cytokines measurements, astrocytes were stimulated with 100 nM
Phorbol 12-myristate 13-acetate (PMA) and 2.5 pM ionomycin for
3 hr or left untreated (control). For endostatin measurements, astro-
cytes were washed and incubated in serum-free DMEM for 24 hr.

Neuronal cultures were prepared from hippocampi and cortices of
newborn mice as described earlier (Malik et al., 2019). In brief, cultures
were prepared using enzymatic digestion with papain and plated at the
density of 83,000 cells/cm® After 10 days in culture, the cells were
treated with 10 ng/mI TGF-B1 for 6, 24 or 48 hr or left untreated.

Human primary fetal astrocyte-enriched cultures were obtained
from human fetal brain tissue (14-19 weeks of gestation) obtained
from medically-induced abortions. Cells isolation was perfermed as
described {Aronica, Gorter, Rozemuller, Yankaya, & Troost, 2005).
Briefly, the tissue was digested with trypsin, mechanically disrupted,
and the cell suspension was plated in DMEM/Ham's F10 (1:1) medium
supplemented with penicillin/streptomycin and 10% fetal calf serum.
Cultures reached confluence after 2-3 weeks. Secondary astrocyte

cultures for experimental manipulation were used at passage 2-5.

Cells plated on poly-L-lysine-coated plates were stimulated with
human recombinant TGF-f1 (Peprotech, 10 ng/ml) for 24 hr.

2.6 | ELISA measurements

Sample preparation is described in Supporting Information. Following
enzyme-linked immunosorbent assay (ELISA) kits were used: TGF-p1
{Abcam, abl119557), GFAP (Millipore, NS830), endostatin (Boster,
EK1376), U-Plex Biomarker Group 1 assay (Meso Scale Diagnostics,
K15083K). For technical reascns, not all the samples were included in
GFAP and TGF-$1 ELISA measurements. Brain and blood plasma samples
used for endostatin measurements were selected based on the results of
tissue sections stainings and GFAP ELISA measurements to include mice

with similar lesion area and localization and comparable GFAP levels.

27 | Proteinarray

Proteome Profiler Mouse Angiogenesis Array Kit (R&D Systems,
ARY015) was used according to manufacturer's instructions. Used tis-
sue samples were selected based on the results of tissue sections
stainings and GFAP ELISA measurements to include mice with similar
lesion area and localization and comparable GFAP levels. Tissue
lysates were prepared as for ELISA, diluted in Array Buffer 6 and the
total amount of 350 pg protein was loaded on the membrane. Signal
intensities were measured with use of LI-COR Imaging System and
quantified with Image Studio Lite software. In one experiment, four
samples (WT ipsi, WT contra, KO ipsi, KO contra; ipsi and contra sam-
ples from the same mouse brain) were processed and analyzed in par-
allel. Signal intensities were normalized to the mean value obtained
for a given protein in contralateral samples (WT and KO} in the same
experiment. In total, the experiment was repeated 3 times on different

pairs (WT and KO) of mice and the results were combined.

2.8 | Immunostaining

Following antibodies were used: anti-SorC52 (R&D Systems, AF4237,
1:100, for mouse tissue and cells; rabhit anti-SorCS2, Lifespan Biosci-
ences, LS-C501334, 1:450, for human tissue), Cy3-labeled anti-GFAP
{Sigma, €9205, 1:1,000, for mouse tissue and cells), anti-GFAP (mono-
clonal mouse, Sigma, 1:4,000, for human tissue), biotinylated anti-
NeuN (Millipore, MAB377B, 1:100, for murine tissue), mouse anti-
NeuN (Millipere, MAB377 (clone A&Q), 1:2,000, for human tissue).
Details on samples preparation and staining protocols are given in

Suppeorting Informatien.

29 | Western blot

Tissue and cell lysates were analyzed by westem blot using the
following antibodies: anti-SorCS2 (R&D Systems, AF4237, 1:1,000),
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anti-p-ERK (Cell Signaling, 4370, 1:2,000), anti-actin (Abcam, ab8227,
1:2,000), anti-GFAP (Millipore, MAB340, 1:1,000). Signal was regis-
tered with digital LI-COR imaging system and quantified using the

Image Studio Lite software.

210 | Quantitative RT-PCR

RNA was extracted using TRIzol reagent and purified with RNeasy Mini
Kit (QIAGEN). Reversely transcribed cDNA was subjected to
quantitative real-time polymerase chain reaction (gQRT-PCR) analysis. For
murine samples, following Tagman Gene Expression Assays were used:
Actb (actin, Mm02619580), GAPDH (Mm$99999915), Col18al (collagen
XVII, Mm00487131), and SORCS2 (Mm00473050). Cell8al and
SorCS2 transcript levels were shown relative to Actb or GAPDH as spec-
ified in the respective figure legends. For human samples, SYBR Green
method was used with the following PCR primers: SCRCS2 (forward:
GTTTGTCATCGGGCTCTTCG, reverse: GTCCTGCCTGGCCGTTTC) and
EFia (forward: ATCCACCTTTGGGTCGCTTT, reverse: CCGCAACTGT
CTGTCTCATATCAC). SORCSZ transcript levels were given relative to
EFla as described (Ramakers, Ruijter, Deprez, & Mooerman, 2003; Ruijter
et al, 2009).

211 | Image analysis

Stroke lesion size was analyzed with use of Image) software. Lesions
and whole brain sections were marked manually based on the images
of NeuN, GFAP and DAPI stainings and their areas were measured.
For 1 KO mouse, measuring lesion size was not possible due to tech-
nical problems with sectioning. Areas covered by blood vessels were
analyzed automatically with use of Cell Profiler software. Vessels
length was analyzed manually with use of ImageJ software with Neu-
ron) plugin. For comparison between the two hemispheres of individ-
ual mouse brains, data were normalized to the mean value obtained
for the contralateral side. For comparisen between the two geno-
types, data were normalized to the mean value obtained for WT mice

analyzed in the same set.

2.12 | Statistical analysis

For in vive experiments, an indicated number n is the number of mice
per group, and for astrocytic and neurcnal culture experiments n is
the number of independent preparations (biclegical replicates) used.
The study was powered according to the ARRIVE guidelines to detect
differences in cytokine levels using two-way analysis of variance
(ANOVA) for side and genotype interactions with @ error probe of
0.05 and Power of 0.8 and 0.7 effect size based on F tests with critical
F = 3.5 for a minimum number of n = 6 per sample size (G*Power
3.1.9.2). Statistical analyses were performed using GraphPad Prism
software. For comparison between two experimental groups, a two-

tailed unpaired t test was used with the exception of direct

comparisen of TGF-f1 levels in the twe hemispheres of the same
mouse brain where paired t test was used. For data with three or
more groups and one independent variable, one-way ANOVA with
Dunnett's multiple comparisons test was used. For data with two
independent variables, two-way ANOVA with Tukey's multiple com-
parisens test was applied. For ELISA and western blot quantifications,
outlier analysis was performed using Grubb's and ROUT tests and
individual datapoints were excluded accordingly. The details of statis-

tical analysis are specified in the figure legends.

3 | RESULTS

3.1 | SorCS2isinduced in astrocytes surrounding
the ischemic core

To query the significance of SorCS2 for ischemic stroke, we subjected
mice either wild-type (WT) or genetically deficient for Sorcs2 (KO) to
45 min of transient MCAo, an experimental model commoenly used in
mice (Dirnagl & Members of the MCAO-SOP Group, 2012). In WT
brains 3 days after MCAe, immunestaining for neurenal {(NeuN) and
astrocytic (GFAP) markers revealed severe neuronal cell loss and
astrogliosis in the ipsilateral hemisphere (Figure 1a). SorCS2 expression
in these brains was massively induced in reactive astrocytes within the
glial scar surrounding the ischemic core {(region 1, Figure 1b,c) and to a
lesser extent also in other regions adjacent to the lesion {regions 2 and
4, Figure 1b,c). Little to no SorCS2 expression was seen in astrocytes in
the contralateral hemisphere (regions 3 and 5, Figure 1b,c). Induced
expression in activated astrocytes was surprising as SorCS2 expressicn
in the normal murine brain is predeminantly seen in neuronal cell types
(Glerup et al, 2014), particularly in neurons of the hippocampal CA2
region, in pyramidal neurons of the cerebral cortex, and in striatal neu-
rons {(Supporting Information Figure S1). Post-stroke induction of
SorCS2 expression was restricted to astrocytes as no overt increase in
neurcnal  SorCS2  immunocreactivity was seen 1 (Supporting
Information Figure $2) or 3 days after ischemic stroke (Figure 1b,c and
Supporting Information Figure S3). Similar to the situation in mouse
models, SorCS2 expression in the healthy human brain was primarily
visible in neurons and only occasionally in astrocytes (Supporting
Information Figure S4). However, SorCS2 expression was up-regulated
in astrocytes following ischemia in stroke patients, corroborating the
clinical relevance of our ohservations (Figure 1d).

Ischemic stroke triggers release of multiple cytokines and growth
factors that promote tissue regeneration. Of note, increased levels of
TGF-p were reported in the plasma of stroke patients (Yan, Greer, &
McCombe, 2012) and its expression was induced in the murine brain
following ischemia (Zhang et al., 2018). TGF-p has been implicated in
processes of post-stroke recovery, including glial scaring and angiogen-
esis (Meng et al., 2016; Pardali, Goumans, & ten Dijke, 2010; Zhu et al.,
2017). In line with these findings, we detected increased levels of TGF-
B1 in the ipsilateral hemispheres of the WT brains 3 days after MCAo
(Figure 2a). Application of TGF-p1 induced levels of SorCS2 transcript
(Figure 2b) and protein (Figure 2¢d) in primary murine astrocytes.
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Similarly, SorC52 mRNA levels were also increased in cultured human
fetal astrocytes by TGF-B1 treatment (Figure 2e). By contrast, induction
was not observed in primary neurons treated with TGF-p1 (Figure 2f),
providing a possible molecular explanation for the astrocyte-specific

induction of SorCS2 expression following ischemic stroke.

5: magnified
cortex contra

32
post-stroke astrocyte activation and cytokines levels

5: cortex contra

FIGURE 1 SorCS2 expressionis induced in
astrocytes after ischemic stroke. {a) Coronal brain
section of a wild-type mouse 3 days after 45 min
MCAo. Sections were immunostained for GFAP
(red; astrocytes) and NeuN (blue; neurons), and
counterstained with DAPI (grayscale). Scale bar,

1 mm. Ipsilateral {ipsi) and contralateral {contra)
hemispheres are indicated. The ischemic core is
indicated by white dashed line. Numbered yellow
dashed boxes highlight regions shown in {b).

(b) Representative images of brain sections stained
for GFAP (red; astrocytes), NeuN {blue; neurcns),
SorCS2 (green), and counterstained with DAPI
(grayscale) as marked in (a). Yellow dashed boxes
indicate regions shown as higher magnification
images in {c). Maximum intensity projections of
confocal z-sections are shown. Scale bar, 50 pm.
{c) Higher magnification of regions indicated in (b).
The upper row of panels shows merged images for
GFAP (red, astrocytes), NeuN {blue, neurons), and
SorCS2 {green) immunosignals. Panels below show
the separated channels in grayscale. Robust
SorCS2 expression in GFAP-positive cells in the
glial scar region is visible. By contrast, no increase
in neuronal SorCS2 signal intensities is seen in any
of the analyzed regions of the ipsilateral as
compared to the contralateral side. The inset in
the image of the glial scar region shows a higher
magnification of SorC52-positive astrocytes.
Maximum intensity projections of confocal
z-sections are shown. Scale bar, 50 pm. {d) SorCS2
immunostaining (brown) in the human control
brain and in the brain of a patient after stroke. The
inset in the right panel shows cells
immunofluorescently stained for SorCS2 {red) and
astrocyte marker GFAP (green) in post-stroke
brain tissue. Scale bars: overview, 100 pm;

inset, 25 pm

SorCS2-deficient mice show normal

To elaborate on the role of SorCS2 in activated astrocytes, we per-

formed a comparative analysis of stroke-driven astrogliosis in WT
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animals and in mice lacking this receptor (KO). Three days after
MCAo, the size of the ischemic lesion was similar in both genotypes
(Figure 3a,b}. Also, the extent of astrocyte activation in the ipsilateral
hemisphere was comparable as shown by immunodetection of GFAP
on histological sections [Figure 3a} and in brain lysates (Figure 3c,d).

Activated astrocytes drive inflammatory responses through
release of cytokines. To investigate the consequence of SorCS2 defi-
ciency on this response, we performed cytokine profiling of ipsi- and
contralateral hemispheres of WT and KO mice 3 days after MCAo.
Among the tested cytokines, IL-18, IL-5, IL-10, IL-13, IL-16, IL-17A, IL-
17C, IL-21, IL-22, IL-23, and IFNy showed no differences in levels
between ipsi- and contralateral hemispheres (Supporting Information -
Figure $5). GM-CSF, TNFa, KC/GRO, IL-2, MCP-1, MIP-1¢, MIP-2,
IP-10, EPO, MIP-1j, MIP-3a, and IL-12p70 were up-, while VEGF-A
was down-regulated in ipsilateral as compared to contralateral hemi-
spheres (Figure 3e and Supporting Information Figure S5). However,
this response was seen in WT and KO mice to a similar extent.
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3.3 | SorCS2-deficient mice fail to induce
endostatin expression after stroke

To identify factors secreted from astrocytes in a SorCS2-dependent
manner, we assayed the levels of proteins relevant for post-injury
regeneration using protein arrays. Three days after MCAo, levels of
coagulation factor Il and FGF1 did not differ remarkably between
ipsi- and contralateral hemispheres (Figure 4a and Supporting
Information Figure Sé). Osteopontin, CXCL4, CCN3, serpin E1, and
IGFBP2 increased in the ipsilateral hemisphere regardless of Sorcs2
genotype (Figure 4a and Supporting Information Figure Sé). However,
increases in levels of IGFBP3 and endostatin in the ipsilateral hemi-
sphere were seen in WT but not KO brains, suggesting SorCS2 depen-
dency (Figure 4a-c).

The association of plasma IGFBP3 levels with SORCS2 in humans
had been reported (Kaplan et al., 2011), validating our screening
approach for identifying SorCS2 targets in the ischemic brain. Here,
we focused on endostatin, a potent anti-angiogenic factor produced
from collagen XVIII by proteolysis (Sasaki et al., 1998). Prior studies
had implicated endostatin in post-stroke recovery (Gertz et al., 2006;
Navarro-Sobrino et al., 2011). We confirmed the impact of SorC52 on
endostatin levels by showing that endostatin levels increased twofold
in the ipsilateral as compared to the contralateral hemisphere of WT
brains at 3 days after MCAo. This effect was lost in KO mice
(Figure 4d). The rise in endostatin levels in the ipsilateral WT hemi-

sphere correlated with the lesion size (Figure 4e} and was specific to

FIGURE 2 TGF-f1 increases after ischemic stroke and induces
SorCS2 expression in primary astrocytes. (a) TGF-81 levels in
contralateral (contra) and ipsilateral (ipsi) hemispheres of WT brains at
3 days after MCAo were determined by ELISA and normalized to total
protein content. Values obtained for individual mice are presented as
connected dots. n = 7 mice. ¥, p < .05 in paired t test. (b) Transcript
levels of SorCS2 in primary murine astrocytes treated with TGF-p1
(10 ng/ml} for the indicated times were measured by gRT-PCR and
given relative to transcript levels of GAPDH. Fold change relative to
untreated cells (time = 0, set to 1) is shown. Mean + SEM is indicated.
n = 10 independent astrocytic preparations. **, p < .01 when
compared to time = O by one-way ANOVA with Dunett's multiple
comparisons test. (c) Western blot analysis of SorC52 levels in primary
murine astrocytes treated with TGF-p1 (10 ng/ml) for the indicated
times in hours (h). Detection of tubulin serves as a loading control.

(d) Quantification of SorCS2 levels normalized to tubulin signal as
depicted in (¢}. n = 7 independent astrocytic preparations. **, p < .01,
=+ p < 001 when compared to time = O by one-way ANOVA with
Dunett's multiple comparisons test. (e} Transcript levels of SorC52 in
cultured human fetal astrocytes treated with TGF-p1 (10 ng/ml) for
24 hr as measured by gRT-PCR and given relative to transcript levels
of EFla. Fold change relative to untreated cells (Ctrl, set to 1) is
shown. Mean + SEM is indicated. n = 6 samples derived from three
donors (two replicates per donor). *, p < .05 by unpaired t test. (f)
Transcript levels of SorCS2 in primary murine neurons treated with
TGF-p1 (10 ng/ml} for the indicated times as measured by qRT-PCR
and given relative to transcript levels of actin. Fold change relative to
untreated cells (time = 0, set to 1) is shown. Mean + SEM is indicated.
n = 6 independent neuronal preparations
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FIGURE 3 Normal glia activation and neurcinflammation in the post-stroke brain of KO mice. (a) Representative images of coronal brain
sections of WT and KO mice at 3 days after MCAo. Sections were immunostained for GFAP (red) and NeuN (green), and counterstained with
DAPI (blue}. The extent of activation of GFAP-labeled astrocytes and the loss of NeuN-positive neurons in the ipsilateral (ipsi) as compared to the
contralateral (contra) side is similar in both genotypes. Scale bars, 500 pm. {b) Quantification of the stroke lesion areas on histological sections of
WT and KO brains as exemplified in (a). n = 11-12 mice per genotype. Mean + SEM is given. (c) Western blot analysis of GFAP levels in lysates
prepared from ipsilateral (ipsi} and contralateral {contra) hemispheres of 2 WT and 2 KO mice 3 days after MCAo. Detection of SorC52 and actin
was used as controls. (d} Levels of GFAP in Ipsilateral hemispheres of WT and KO brains 3 days after MCAo were determined by ELISA. GFAP
levels were normalized to total protein content. Mean + SEM is indicated. n = 10 mice per genotype. (e} Results of ELISA measurements of
cytokines levels in tissue lysates from ipsilateral {ipsi} and contralateral (contra) hemispheres of WT and KO brains 3 days after MCAo.

Cytokines levels were normalized to total protein content. n = 12 mice per genotype. Mean + SEM is indicated. *, p < .05; #%, p < .01; *%%,

p < .001 by two-way ANOVA. See Supporting Informaticn Figure S5 for the measurements of additional cytokines in these tissue extracts.
GM-CSF, granulocyte-macrophage colony-stimulating factor; TNFe, tumor necrosis factor alpha; KC/GRO, growth-regulated alpha protein; IL-2,
interleukin 2; MCP-1, monocyte chemoattractant protein 1; MIP-1a, macrophage inflammatory protein 1-alpha; MIP-2, macrophage inflammatory
protein 2; IP-10, interferon gamma-induced protein 10
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FIGURE 4 Endostatin levels are up-regulated after MCAo in a SorCS2-dependent manner. (a) Representative results of a preteome profiling array
performed on ipsilateral {ipsi) and contralateral (contra) brain samples from WT and KO mice 3 days after MCAo. Each protein is detected in duplicate dots.
Encircled dots represent positive controls. Selected protein spots are labeled by numbers. 1—osteopontin, 2—serpin E1, 3—CXCL4 {C-X-C motif chemokine
4), 4—endostatin, 5—IGFBP2 (insulin-like growth factor-binding protein 2), é—coagulation facter lll, 7—IGFBP3 {insulin-like growth factor-binding protein 3),
8—FGF1 (fibroblast growth factor 1), 9—CCN3 (CCN family member 3). (b and ¢) Quantification of signal intensities for endostatin (b; spot 4 in panel (a)) and
IGFBP3 (c; spot 7 in panel (a)} obtained in proteome profiling array as depicted in (a). n = 3 mice per genotype. Mean + SEM is indicated. #, p < .05; **,

p < .01 *#¥*, p < 001 by two-way ANOVA. See Supporting Information Figure S6 for quantifications of signal intensities for additional proteins.

(d) Endostatin levels in tissue samples from ipsilateral and contralateral hemispheres of WT and KO mice 3 days after MCAo. Endostatin levels were
measured by ELISA and normalized to total protein content in the tissue samples. n = 6-7 mice per genotype. Mean + SEM is indicated. ***, p < .001 by
two-way ANOVA with Tukey's multiple comparisons test. (&) Endostatin levels in the ipsilateral hemispheres in WT and KO mice 3 days after MCAo plotted
against the respective stroke lesion sizes. R? indicates the goodness of fit for the linear regression. n = 6-7 mice per genotype. () Representative western
blot analysis of p-Erk levels in ipsilateral and contralateral hemispheres of WT and KO mice 3 days after MCAo. Detection of SorCS2 and actin is shown as
controls. (g) Quantification of p-Erk levels normalized to actin signal intensities in ipsilateral and contralateral hemispheres of WT and KO brains as depicted
in {f). n = 9 mice per genotype. Mean + SEM is indicated. *, p < .05 by twe-way ANOVA with Tukey's multiple comparisons test
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FIGURE 5 SorCS52 controls endostatin release from primary astrocytes. (a) SorCS2 expression in cultured primary astrocytes from WT and
KO mice as determined by western blotting. Each lane represents an independent astrocyte preparation. Detection of GFAP and actin was used
as loading control. (b) Representative image of immunostaining for SorCS2 (green) in primary cultured astrocytes from WT mice. Cells were co-
stained for GFAP (red) and counterstained with DAPI (blue). Combined signals (left) and SorC52 staining in grayscale (right} are shown. Scale bar,
50 pm. () Cytokines levels as determined by ELISA in cell culture medium from primary WT and KO astrocytes either untreated (ctrl) or treated
with PMA/ionomycin (stim). Cytokines levels were normalized to the protein content in the respective cell lysates. n = ¢ independent astrocyte
preparations per group. Mean + SEM is indicated. *, p < .05; *#% p < .001 by two-way ANOVA. See Supporting Information Figure S8 for the
measurement of additional cytokines in these samples. TNFu, tumor necrosis factor alpha; GM-CSF, granulocyte-macrephage colony-stimulating
factor; KC/GRO, growth-regulated alpha protein; MCP-1, monocyte chemoattractant pretein 1; MIP-1w, macrophage inflammatory protein
1-alpha; MIP-2, macrophage inflammatory protein 2. (d} Endostatin levels in cell medium from primary WT or KO astrocyte cultures conditioned
for 24 hr. Endostatin levels were guantified by ELISA and normalized to the protein content in the respective cell lysates. n = 9 independent
astrocyte preparations per genotype. Mean + SEM is indicated. **, p < .01 by unpaired t test. (e} Endostatin levels in cell lysates from primary WT
or KO astrocyte cultures were measured by ELISA and normalized to the protein content. n = 8 independent astrocyte preparations per genotype.
Mean + SEM is indicated. *, p < .05 by unpaired t test. (f) Transcript levels of the endostatin precursor collagen 18a in astrocyte cell lysates as
measured by gRT-PCR and given relative to transcript levels of actin. Logs(fold change) relative to WT is shown. Mean + SEM is indicated. n =7
independent astrocyte preparations per genotype

the brain, as no changes in plasma endostatin levels were seen in including the mitogen-activated protein kinase pathway (N. Chen,
affected WT animals (Supporting Information Figure S7). Endostatin Gac, Yuan, & Zhao, 2016; Sudhakar et al., 2003). Consistent with this

acts on target cells through interference with signaling pathways, fact, increased endostatin levels in the ipsilateral hemispheres of WTs
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corresponded with lower p-Erk levels as compared with the ipsilateral
hemispheres of KOs (Figure 4f,g).

To further corroborate the role of astrocytic SorCS2 in endostatin
release, we used primary astroglial cultures that express SorCS2 when
kept in serum-supplemented medium (Figure 5a,b). Substantiating our
findings from the MCAo experiments, ScrCS2-deficient astrocytes
were able to normally secret multiple cytokines after PMA/ionomycin

(b)

FIGURE 6 SorCS2 deficiency impairs post-stroke
angiogenesis. {a) Representative images of coronal brain
sections of WT and KO mice 21 days after MCAo. Mice
were injected with DyLight488-lectin (green} to visualize
bloed vessels. In addition, the sections were immunostained
for GFAP (red; astrocytes) and NeuN {blue; neurons) and
counterstained with DAPI (grayscale). Left panels show
combined signals for all channels, while right panels show
DyLight488-lectin signal in grayscale. Dashed lines indicate
regions analyzed in (b-g); scar, glial scar region; peri, peri-
infarct region. Scale bars, 500 um. (b} Representative images (d)
of glial scar regions in ipsilateral hemispheres of WT and KO
mice brains as indicated in (a). Maximum intensity
projections of confocal z-sections are shown. Scale bar,
50 pm. (c) Quantification of brain areas covered by vessels
and vessels length in the glial scar region of WT and KO
brains 21 days after MCAo (as depicted in (b}). n = 7-8 mice
per genotype. Mean = SEM is indicated. *, p < .05; **,
p < .01 by unpaired t test. (d) Representative images of peri-
infarct regions in ipsilateral hemispheres of WT and KC
mice brains as indicated in (a). Maximum intensity
projections of confocal z-sections are shown. Scale bar,
50 pm. (e} Quantification of brain areas covered by vessels (f)
and vessels length in the peri-infarct regions of WT and KO
brains 21 days after MCAo (as depicted in (d}). n = 7-8 mice
per genotype. Mean = SEM is indicated. *, p < .05 by
unpaired t test. {f) Representative images of contralateral
hemispheres of WT and KO mouse brains as indicated in (a).
Maximum intensity projections of confocal z-sections are
shown. Scale bar, 50 pm. (g} Quantification of brain areas
covered by vessels and vessels length in contralateral
hemispheres of WT and KO brains 21 days after MCAo
{as depicted in (f)). n = 7-8 mice per genotype. Mean + SEM
is indicated
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stimulation when compared with WT cells (Figure 5¢ and Supporting
Information Figure S8). However, their ability to release endostatin
was significantly impaired (Figure 5d). Endostatin levels were also
lower in cell lysates from KO as compared with WT astrocytes
(Figure 5¢). In conclusion, astrocytes were able to produce and release
endostatin in a process that depended on SorCS2. Transcript levels of
the endostatin precursor collagen XVIII were not different between
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the genotypes, suggesting a post-transcriptiocnal mechanism of

SorCS2-controlled endostatin release from astrocytes (Figure 5f).

34 | SorCS2-dependent release of endostatin
promotes post-stroke angiogenesis

Next, we explored the consequence of SorCS2-induced production of
endostatin for post-stroke angiogenesis. To do se, we injected WT
and KO mice at 21 days after MCAc with DyLight 488-labeled lectin
to mark functional vessels {(Figure éa). This time point is commonly
used to study revascularization of the post-stroke murine brain {J.-Y.
Chen et al., 2017; Rust et al., 2019).

Ischemic stroke triggers angiogenesis in areas adjacent to the
lesion (Hayashi, Noshita, Sugawara, & Chan, 2003; Krupinski, Kaluza,
Kumar, Kumar, & Wang, 1994). In line with this concept, blood vessels
length was increased in the glial scar region in the WT brains, as com-
pared with the contralateral side (Supporting Infermation Figure §9).
However, this response was not seen in KO brains (Supporting
Information Figure $9). More detailed analysis revealed that the
length of the vessels but alse the cverall area covered by vessels were
significantly reduced in the glial scar area in KO mice as compared
with WTs (Figure 6b,c). A statistically significant decrease in vessel
length in KO as compared with WT brains was also seen in the peri-
infarct area (Figure 6d,e). No differences in vessel length and coverage
were seen comparing the contralateral hemispheres of WT and KO
mice (Figure 6f,g), strongly arguing that SorCS2 deficiency does not
influence blood vessels formaticn during ontegeny but only during
post-stroke angiogenesis. In summary, we uncovered a link between
SorCS2 activity, endostatin release, and angiogenesis in the post-

ischemic brain.

4 | DISCUSSION

Astrocytes are crucial players in stroke pathogenesis {reviewed in
Pekny et al., 2016). We now show that activated astrocytes surround-
ing the ischemic core induce expression of SorCS2, a remarkable find-
ing considering that expression of this sorting receptor in the brain
has so far only been reported in neurons. Possibly, induction of
SorCS2 expression in astrocytes is a pathophysiclogical response to
increased levels of TGF-f1 in the post-stroke brain, which induces
receptor gene transcription in astrocytes but not in neurcns. While
activated astrocytes define both infarct size and post-lesion recovery
in stroke, SorCS2 deficiency had no impact on the ischemic lesion size.
Instead, SorCS2 appears te have a specialized rele in promoting post-
streke tissue regeneration, in particular in angiogenesis. While we
cannot rule out with certainty that neurcnal activities of SorCS2 may
contribute to post-stroke phenotypes, all of our findings strongly
argue that its role in recovery after ischemic insult depends on astro-
cytic expression of the receptor.

Given the prominent role of astrocytes in the inflammateory brain

response, an impact of SerCS2 on their ability to release cytokines

may have been anticipated. Such a function had bheen shown for the
related VPS10P demain receptor sortilin in T-cells (Herda et al., 2012).
However, cytokine profiling in mouse brains and in activated primary
astrocytes failed to document any SorCS2-dependent alterations.
Rather, our studies uncovered the ability of SorCS2 to facilitate pro-
ducticn and/or release of endostatin from this cell type. Endostatin is
cleaved from its precursor collagen XVIII by various proteases, includ-
ing cathepsins and metalloproteinases (Felbor et al., 2000; Ferreras,
Felbor, Lenhard, Olsen, & Delaissé, 2000; Ma et al,, 2007). T date, it
is not clear which protease plays the major role in generating endo-
statin in vive and whether processing takes place intracellularly or in
the extracellular space. Thus, we can cnly speculate by what mecha-
nism SorCS2 promotes endostatin production. Other VPS10P domain
receptors sort cathepsins (Canuel, Korkidakis, Kennyu, & Morales,
2008), and SorCS2 may have a similar function in astrocytes to control
proteolysis of cellagen XVII by these proteases.

Because of the decisive role of endostatin in formation of new
blood vessels, it is tempting to speculate that impaired post-stroke
angiogenesis in SorCS2-deficient mice may be causally linked to
altered endostatin release from astrocytes in these mice. Endostatin
blocks extracellular matrix-dependent meotility and merphogenesis in
numerous cell types (Kuo et al., 2001). Its anti-proliferative and anti-
migratory effects on endothelial cells profoundly inhibit angiogenesis
in tumor models {O'Reilly et al, 1997). Long-term treatment with
endostatin abelishes the pro-angiogenic effects of physical activity in
post-stroke mice (Gertz et al., 2006). In humans, high plasma levels of
endostatin after stroke predict a worse long-term functional outcome
{Navarro-Scbring et al., 2011). We now show an increase in endoge-
nous endostatin levels in the ischemic brain as a physiological
response acutely after stroke (Figure 4). A similar surge in endostatin
levels after stroke has been observed by others in rats (Hou et al,
2010) and rabbits (Tian, Chen, Cui, Xu, & Zhou, 2007). Increased post-
stroke release of endostatin seems counterintuitive given the need of
the injured brain to grow new vessels. However, previous studies indi-
cated that the levels of both pro- and anti-angicgenic factors are
induced after stroke and that these factors show dynamically regu-
lated expression profiles (Hayashi et al., 2003). For example, levels of
the angiogenesis inhibitor thrombospendin-1 transiently decrease
1 day after stroke to increase at 3 days post-ischemia. These findings
highlight impertant temporal aspects of crchestrating post-stroke
angiogenesis, and suggest crucial roles for anti-angiogenic factors,
such as endostatin and thrombespendin-1, in assuring proper angio-
genesis. Although the exact role of anti-angiogenic factors in recovery
from ischemia still needs further clarification, this hypothesis receives
streng support from our findings that revascularization is reduced in
SorCS2 mutant brains.
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Abstract

|dem\|y, humane endpoinis allow ear|y termination of experiments by minimizing an animal’s discomfort, distress and
pain while ensuring that scientific objectives are reached. Yet, lack of commenly agreed methodology and heterogeneity
of cut-off values published in the literature remain a challenge to the accurate determination and application of humane
endpoints.

With the aim to synthesize and appraise existing humane endpoint definitions for commonly used physiclogical param-
eters, we conducted a systematic review of mouse studies of acute and chrenic disease models that used body weight,
temperature and/or sickness scores for endpoint definition. We searched for studies in two electronic databases
(MEDLINE/Pubmed and Embase). Out of 110 retrieved full-text manuscripts, 34 studies were included. We found large
intra- and inter-model variance in humane endpoint determination and application due to varying animal models, lack of
standardized experimental protocols, and heterogeneity of performance metrics {part 1}.

We then used previously published and unpublished data on weight, temperature, and sickness scores from mouse
models of sepsis and stroke and applied machine learning models to assess the usefulness of this method for parameter
selection and endpoint definition across models. Machine learning models trained with physiclogical data and sickness
severity score or modified DeSimoni neuroscore identified animals with a high risk of death at an early time point in both
mouse models of stroke {male: $3.2% at 72 h post-treatment; female: 93.0% at 48 h post-treatment) and sepsis (96.2% at

24 h post-treatment), thus demonstrafing generalizability of endpoint determination across models {part 2).

1 Introduction

In experimental mouse studies an important challenge for re-
searchers is to identify an endpoint by which the experiment shall
be terminated in order to minimize unnecessary suffering of ani-
mals without compromising the quality of the experimental data.
To systematically address this challenge, the concept of humane
endpoints was introduced almost 20 years age in Europe (OECD,
2000). The application of humane endpoints describes the use of

clear, predictable, and irreversible criteria, which can be used as
a substitute for a more severe experimental outcome such as ex-
treme suffering or death. Systematic implementation of humane
endpoints can prevent or reduce pain and/or suffering whilst still
meeling experimental objectives (Nemzek et al., 2004).

Thus, application of humane endpoints is a key component of
refining studies to comply with 3R principles. In models of acute
disease, death may oceur within hours following an experimental
intervention, which requires both intensive follow-up and consis-
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tency in endpoint determination. However, the varyving nature of
animal models and disease progression, lack of reporting these
details in the literature, lack of standardized evaluation protocols,
and heterogeneity of endpoints published in the literature make
it difficult to accurately determine and apply humane endpoints
(Franco et al., 2012).

So far, various approaches to humane endpoint evaluation have
been proposed. These are based on physiological parameters such
as body weight, temperature, or standardized sickness scores.
Most commonly, analysis is conducted in a non-comprehensive
manner, ¢.g., by arbitrary selection of a parameter and a cut-off’
value corresponding to the highest mortality rate or best separa-
tion between treated and sham-treated animals. However, these
approaches often require manual, time-consuming computation
and are prone to inter-observer bias. Machine learning, a tech-
nique used to 1dentify underlying patterns from given datasets
to produce reliable, repeatable predictions. has been applied in
a number of different animal studies to classilv individual/social
behaviors (Kabra et al., 2013). automatize behavior analysis
(Han et al., 2018), or to identify behavioral strategics and deci-
sion-making processes (Yamaguchi et al., 2018). To our knowl-
edge, using machine learning methods for humane endpoint
characterization has not yet been systematically assessed.

The aim of the present study therefore was twofold: first, to
identily and appraise existing humane endpoint definitions in
mouse models of acute and chronic discase by conducting a sys-
tematic review of studies using weight, body temperature, and/or
sickness scores for humane endpoint refinement and evaluation,
and second, to examine the potential usefulness and accuracy of
using machine learning with an automated parameter search to
automatically deline humane endpoints. To maximize generaliz-
ability of results, we used previously published and unpublished
data from two independent mouse models of acule disease,
namely, a middle cerebral artery occlusion (MCAo) stroke mod-
el and a lipopolysaccharide (LPS)-induced systemic inflamma-
tion model, respectively (Donath et al., 2016; Mei et al.. 2018).

‘We found great heterogeneity of published cut-off criteria and
thresholds, illustrating a distinet difficulty in adopting humane
endpoints [rom the literature. However, we show thal machine
learning can be used to accurately determine humane endpoint
criteria and cut-off threshold values at early time points follow-
ing stroke or systemic inflammation thus potentially reducing
otherwise unnecessary suflering.

2 Animals, materials, and methods
2.1 Systematic review

2.1.1 Search strategy

Studies were identilied, screened and extracted [or relevant da-
ta following the PRISMA (Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses) guidelines (Lttp://www,
prisma-statement.org). Literature search, title and abstract screen-
mg was conducted by JM. Full text screening was conducted by
JM and JVE. A search was conducted on the MEDLINE/PubMed

556

&

databascs for all rescarch articles from 1946 to I'eb 07, 2018 us-
ing the following Boolean string with Medical Subject Head-
ings (MeSH): ((“Mice”[Mesh]) AND (“Endpoint Determina-
tion”[Mesh] OR “Animal Use Alternatives”[Mesh] OR humane
endpoint* OR humane end point* OR surrogate endpoint® OR
surrogate end point* OR thermometry OR thermometer OR te-
lemetry OR refinement OR welfare) AND (“Body Weight™[Mesh|
OR “Body Temperature™| Mesh| OR body temperature OR weight
NOT fetal NOT fetus OR score® OR scoring)), and on the Em-
base database for all research articles from 1947 to Feb 07, 2018
using EMBASE Thesaurus (EMTRELE) with Boolean string: (exp
mice) and (exp Body Temperature or exp Body Weight or (score$
or scoring) or body temperature or (weight not fetal not fetus)) and
(humane end point$ or humane endpoint$ or surrogate end point$
or surrogate endpoint§ or (thermometry or thermometer or telem-
etry) or (welfare or refinement)).

2.1.2 Exclusion and inclusion criteria

Studies that [ulfilled the following inclusion criteria were in-
cluded in the systematic review: (a) original research articles on
mouse models of acute and/or chronic disease, (b) physiological
parameters such as body temperature, body weight, or sickness
severity scores were used individually or in combination to iden-
tify and/or evaluate humane endpoints, and (¢) studies that ap-
plied pre-defined humane endpoints determined [rom body tem-
perature, body weight, or sickness severity scores.

Irrelevant studies were excluded il: (a) subjects used were oth-
er than mice, (b) article was a conference abstract, experimen-
tal protocol, or review, (¢) article was written in a language oth-
er than English, (d) parameters used to determine humane end-
points were other than body temperature, body weight, or sick-
ness severity scores, and (¢) no humanc endpeints were applicd
in the course of experiments or if the study was unrelated to hu-
mane endpoint determination.

2.1.3 Extraction of relevant data

Relevant data was extracted and compared through a data ex-
traction sheet. Extraction procedure was conducted by JM. Ex-
tracted data included (a) disease model, (b) sample size, (¢) time
course of the experiment, (d) frequency of evaluation/measure-
ment, (e) humane endpoint(s) used/proposed, () cut-off criteria
for euthanasia, (g) metrics for evaluating the humane endpoint(s),
and (h) performance ol the humane endpoint(s). When multi-
ple endpoints were applied together in onc study, all available
descriptions were included. Missing data entries were marked
with N/A (not applicable).

2.2 Animal models of stroke and sepsis

2.2.1 Animals

No animals were used for this study. Rather, all data analyzed 1n
this study were sourced from the authors’ previously published
and unpublished results using a middle cerebral artery occlu-
sion (MCAO0) stroke model and a lipopolysaccharide (I.P8)-in-
duced systemic inflammation model., respectively (Holfmann et
al._2015; Donath et al.  2016; Koch et al._ 2017; Emmrich et al |
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Tab. 1: Strain and origin of animals used for automated parameter search to define humane endpoints for (A) middle
cerebral artery occlusion (MCAo) stroke model, and (B) lipopolysaccharide (LPS)-induced sepsis model

m, male; f, female

A
Strain n Origin
C57BL/BNCrl 74 (m:74) Charles River Laboratories

made Tg(ROSA26-FLEX IL6)1Ch

Tg(Gjb6-cre/ERT2)53-33Fwp [MG1:4420273] x custom- | 166 (m: 85; f: 81) | F. Pfrieger; Charité Universitdtsmedizin Berlin; Research

Institutes for Experimental Medicine

C57BL/BN-Zfp580tm1aEUCOMMHMgU/BayMmucd

158 (m: 84; f: 74) | Charité Universitatsmedizin Berlin; Research Institutes for

Experimental Medicine

Tg(Cdh5-cre/ERT2)1Rha x custom-made
Tg(ROSA26-FLEX IL6)1Ch

33 (m: 16; f: 17)

R. Adams; Charité Universitatsmedizin Berlin; Research
Institutes for Experimental Medicine

Sorcs2tm1Anyk [MG1:5649357] 56 (m: 56)

B

Strain n Origin

C57BL/6J 55 (f) Charles River Laboratories
Mertk (B6;129-Mertktm1GriJ) 126 (f) The Jackson Laboratory

Cd11b (B6;129-Mertkm1GrilJ, B6.129S4-ltgamminydl)) | 126 (f)

Hertie Institute for Clinical Brain Research

Mfge8 128 (f)

C. Théry, INSERM 932, France

2017; Mei et al., 2018). For the original studies, all experimen-
tal procedures were approved by the ethical review committee
of Landesamt fiir Gesundheit und Soziales (LaGeSo),
Berlin(Reg G0385/08,G0188/11,G0354/11,G0197/12,G005/16,
G0057/16, GO119/16, GG254/16, GO157/17, stroke; Reg G239/
15, sepsis) and were conducted in accordance with the German
animal protection law and local animal welfare guidelines. Re-
porting of results based on the authors” own historical data com-
plies with the ARRIVE guidelines (Kilkenny et al., 2010) and
with the guidelines for genetically modified organisms (441/06).
Data from 922 animals were included in this study. All inspec-
tions and measurements were performed in the same facility
where animals were housed.

For the stroke model, adult male and female mice were used
(total: n = 487; Tab. la; Slezak et al., 2007; Skarnes et al., 2011;
Benedito et al., 2009; Glerup et al., 2014). Seven mice were not
assigned to any treatment group (male: 5; female: 2) as they died
of natural causes or reached a humane endpoint prior to the start
of the experiment. Therefore, 480 out of 487 mice were random-
ly assigned to a 30 min MCAo (n = 73; male: 53; female: 20), a
45 min MCAo (n = 331; male: 213, female: 118) or a sham proce-
dure (n=76; male: 44; female: 32), at the age of 8-12 weeks. Mice
were housed in groups of up to 12 animals per cage at 22 +2°C,
humidity of 55 £10%, and a 12-hour light/dark cycle (12:12 h,
lights on: 7:00 h, lights oftf: 19:00 h). Aspen woodchips were used
as bedding.

1 http:/Aww.graphpad.com/quickcalcs/randomize1.cfm
2 https://www_randomizer org
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For the sepsis model, female homozygous knockout mice and
their homozygous wildtype littermates were used in experiments
at the age of 8-10 weeks (total: n = 435; Tab. 1b). Mice were
housed in groups of up to 12 animals per cage at 23 £1°C, hu-
midity of 60+ 5%, and a 12-hour light/dark cycle (12:12 h light/
dark cycle, lights on: 20:00, lights off: 8:00) and were exposed to
white noise at moderate intensity (65dB) during the dark phase
(Dohm Sleepmate, Marpac Sound Machines, Wilmington, USA).
During acute illness and recovery, mice were housed individual-
ly. Wood shavings were used as bedding.

2.2.2 Treatments

Stroke model: Mice were subjected to 30 or 45 minutes temporary
filamentous middle cerebral artery occlusion (MCAo) or sham
procedure. The filamentous MCAo model was performed as de-
scribed in Dirnagl et al. (2012). For sham animals, the filament
was advanced to the MCA and withdrawn immediately.

Sepsis model: Lipopolysaccharide (LPS) or physiological phos-
phate-buffered saline solution (PBS) were administered intraperi-
toneally for the induction of a systemic inflammatory response or
control, respectively. The injection was performed as previously
described (Mei et al., 2018).

Animals were randomized to treatment groups using the
GraphPad calculator tool! or Research Randomizer tool? for the
stroke and sepsis model, respectively. To minimize experimenter
bias, randomization was conducted by a researcher who was not
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involved in injections, treatments, data acquisition or analysis. In-
formation on strain, genotype and treatment group assignment
was concealed [rom experimenters until the end of the study.

2.2.3 Physiclogical parameters and scoring

In the stroke model. body weight and a modified version of the
DeSimoni neurescore, a composite score of gencral behavior-
al alterations and focal motor, sensory, reflex, and balance defi-
cits to evaluate neurological outcome following cerebral isch-
emia in mice, were obtained as previously described (Donath et
al., 2016). Core body temperature was quantified non-invasively
using subcutaneous radio-frequency identification (RFID) tran-
sponders as described (Donath et al., 2016),

In the sepsis model, a sickness score adapted from the murine
sepsis score was obtained based on general activity and response
to stimuli as previously described (Mei et al., 2018). Surface
body temperature was quantified using two non-contact infrared
thermometer models as described previously (Mei et al., 2018).
For body weight acquisition, a bench scale (PCB 1000-1, KERN
& SOHN GmbH, Balingen, Germany) was used. Animals were
weighed once their body and tail were in a plastic box placed on
the top of the scale.

In both disease models, the duration of manual handling was
minimized to reduce stress and discomfort when examining
signs ol sickness ol experimental animals. Low anxiety handling
methods including cupping the animal between both hands and
using a handling box were applied. In addition, and only il nec-
essary, animals were lifted by the base of the tail for no longer
than 2-3 seconds.

2.2.4 Timeline of physiological monitoring

In the stroke model, bascline body weight and temperature were
measured at 7:00-8:00 on the day of MCAo, followed by 2 in-
spections on the day of surgery and consequent daily inspection
for qualitative humane endpoint criteria at 7:00-9:00 until day 28.
The modified DeSimoni score for individual animals was assessed
on the day of MCAo and on the 15, 204, 7t 14th) and 215t day
post-MCAo as previously described (Donath et al., 2016).

In the sepsis model, baseline temperature and weight were
measured at 8:00 on the day of the first injection. Body tempera-
ture and sickness score were obtained eight times daily (8:00 to
20:00, every 90 min) on the two consecutive injection days, then
three times daily (8:00 to 20:00, every 6 h) for two days alter the
sccond injection, and once a day (8:00) from post-injection day
3 untl day 30 aller the second injection. Body weight was ob-
tained three times daily (8:00 to 20:00, every 6 h) during the two
injection davs and the first two days following the second injec-
tion, then once per day at 8:00 until day 30 after the second in-
jection (Mei et al., 2018). To avoid stress-induced fluctuations in
body temperature, animals were weighed after body temperature
acquisition.

Body temperature, body weight, and sickness score were as-
sessed for 21 or 30 days post-MCAo or LPS/PBS injection, re-
spectively. In accordance with the aim of the study, data from
time points later than that of the death of the last animal in each
experiment was not included.

&

2.2.5 Humane endpoint criteria

In the stroke model, animals were euthanized by cervical disloca-
tien upen reaching a score of 2 of the 2™ crileria, or a score of
3 or 4 of the 374-12' ¢riteria in the modified DeSimoni neuroscore
(Doenath et al., 2016). In addition to the score-based criteria, ani-
mals were euthanized when a loss of more than 20% baseline body
weight occurred or the following qualitative humane endpoint cri-
teria were observed during inspection: complete paralysis with ab-
sence of spontaneous movement, severe alaxia or loss of postur-
al reflexes, severe epileptic seizures, severe reduction of general
health status with reduced grooming or refusal of food intake.

In the sepsis model. upon reaching a sickness score greater
than 4 once or a score of 4 twice within 2 hours, animals were im-
mediately removed from the cage and cuthanized by cervical dis-
location (Me1 et al., 2018).

2.2.6 Exdlusion criteria

In the stroke model, animals that were (a) attacked by littermates
belore or during the experiment (n = R); (b) lailed to learn the be-
havioral task prior to MCAo (n = 9); (¢) died during or within the
first hour after anesthesia as a result of surgical complications (n
=12); (d) euthanized on the day of surgery (n= 1); () euthanized
after the 30 day post-MCAo (n = 7); and (f) of a bascline tem-
perature < 32°C (n = 4), were not included in subsequent analy-
sis, leading to exclusion of 41 out of 487 animals (8.4%).

In the sepsis model, no animal was excluded.

2.2.7 Data analysis and statistics

Results are expressed as mean (SD) unless otherwise specified. Da-
ta processing and statistical analysis was performed using SPSS
version 24 (SPSS Inc., Chicago. II., USA) and Python 2.7.10
(Python Software Foundation, Beaverton, OR, USA). Risk of death
as an outcome evenl was evaluated with the scikit-learn toolkit
(sklearn; Pedregosactal., 2011) for physiological parameters includ-
ing core body temperature, surface body temperature, body weight
and medified DeSimoni neuroscore or sickness severity score.

A primary aim ol this study was to identify physiological pa-
rameters that can be used to separate animals that are at a high-
er risk of death from animals thal would reach the planned ex-
perimental endpoint. Therefore, apart from assessing the predie-
tion accuracy of various models, we also identified the predictive
power of physiological parameters, individually or in combina-
tion. To assess and identify (a) general performance of machine
lecarning models, (b) usability of physiological paramcters ob-
tained at dillerent time points in death prediction, and (¢) mod-
¢l hyperparameters, grid search with stratified 3-fold cross-val-
idation was applied. Core lemperature (stroke model), surface
temperature (sepsis model), body weight (both models), sickness
score (sepsis model) or modilied DeSimoni neuroscore (stroke
model), and the absolute change of these parameters per time-
point (caleulated by subtracting the baseline value (rom the mea-
sured value at a given timepoint) were used individually or in
combination to tram machine learning models. Models used for
this study included logistic regression, Gaussian Naive Bayes,
decision tree (of max_depth = 1, 2, 3, or 4), support vector ma-
chine (with lincar or radial basis function (RBIY) kernels: C = 1,

ALTE X 36(4), 2018
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Available data from all time points before the average time of
death of non-survivor animals was included in the analysis. First,
to reduce complexity of the analysis and enhance the applicabil-
ity of the method, measurements obtained at the same time point
were used Lo train the predictive models. For example, tempera-
ture readings obtained at 24 hours after stroke/sepsis could be
combined with sickness scores obtained at the same time point,
but not sickness scores obtained at other time points. Second,
an expanded parameter search with combinations ol physiolog-
ical parameters obtained at different time points was conduct-
ed. When (raining support veclor machines, inpul fealures were
scaled to a zero mean and unit variance

2.2.8 Data availability

Two datasets including (1) core body temperature, body weight,
and medified DeSimoni neuroscore of animals of the stroke
model? and (2) surface body temperature, body weight and sick-
ness severity score of animals of the sepsis model* are available
as open data on Figshare Repository inraw data format,

3 doi: 10.6084/m@ figshare 7479565
4 doi 10.6084/mS.figshare. 7480016
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3 Results

3.1 Systematicreview

1,578 search results were retrieved (Medline: 668; Embase: 910)
and 1,238 were included i title and abstract screening after dupli-
cates were removed. Overall, 110 full text articles were screened
and a total of 34 studies were included for subsequent data ex-
traction (Fig. 1; Tab. 2). Included studies represented a wide range
of acute and chronic mouse models including infection/inflamma-
tion (n = 14; Nemzek et al., 2004; Huet et al., 2013, Bast et al.,
2004, Adamson et al., 2013; Kort et al., 1998; Hankenson el al.,
2013; Warn ct al., 2003; Arranz-Solis ct al., 2015; Dellavalle ct al.,
2014; Molins et al., 2012; Wright and Phillpotts, 1998; Sand et al.,
2015; Miller et al., 2013; Trammell and Toth, 2011), toxin/poison-
ing (n=3; Vlach et al., 2000; Bever et al., 2009; Cates et al., 2014),
cancer/tumor (n = 5; Husmann et al., 2015; Aldred et al., 2002;
Miller et al., 2016; Paster et al.. 2009; Hunter et al., 2014), and oth-
ers (n = 12; Solomon et al., 2011; Stoica ct al., 2016; Leon ct al.,
2003, Takayama-Ito et al., 2017; Passman et al., 2015; Chappell
etal, 2011, Faller et al., 2015; Weismann et al., 2015; Koch et al,,
2016, Nunamaker et al., 2013a.,b; Ray etal., 2010).
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Tab. 2: List of studies included in the review (n = 34) summarized by
of the experiment, type of humane endpoints, fr

for euthanasia

type of experime|

N/A, not found/mot available; sur, survived

y of insp

&

nt, sample size, time course
and cut-off threshold used/proposed

Experiment Sample size | Time course | Type of humane Frequency of Cut-off threshold | Reference
endpoint measurement
Intranasal invasive | n=122; < 8 days weight, surface once daily > 20% weight Adamson et al.,
pulmonary n(sur) = 45 temperature (weight); loss; surface 2013
aspergillosis = 3 times/ temperature
day (surface <28.8°C
temperature)
Leukemia n=20 = 14 days score, clinical every 12 h score = 3; clinical Aldred et al., 2002
signs (first 2 days}); signs on two
every 6 h (day 3 consecutive
and thereafter) examinations
Neospora caninum | n=118; = 30 days score twice daily score= 3 Arranz-Salis et al.,
infection n(sur) = 93 2015
Pnhaumonia n=31: = 96 hours surface twice dally surface tem- Bast et al., 2004
nisur) =10 temperature perature < 30°C
Ricin peisoning n=66 = 100 hours core temperature, | every 30 min two consecutive Beyer et al., 2009
clinical signs temperature
measurements
<32°C;
clinical signs
Rattlesnake venom | n = 30; = 8 hours core temperature every 10-30 min core temperature Cates et al., 2014
n(sur)=19 (first 2 h post- < 33.2°C
injection);
every 1-2 h (there-
after)
Postsurgical n=45 = 14 days score daily score = 4 Chappell et al.,
recovery 2011
Plasmodium n =40, = 15 days surface once daily (until surface Dellavalle et al.,
infection (sur) =27 temperature symptoms were temperature 2014
present); < 30°C
3 times/day
(thereafter)
Myocardial n =60 = 8 weeks weight, clinical at 24 h and 30 min | weight loss Faller et al., 2015
infarction signs after application of | (unspecified);
analgesia clinical signs
Ocular herpes n=120; = 60 days core temperature, | once daily (until core temperature Hankenson et al.,
simplex virus n(sur) = 38 weight, score day 4; day 15-30); | < 34.5°C; > 0.05g/ | 2013
infection twice daily day weight loss,
(day 5 -day 15) combination of
temperature and
weight loss;
score =3 for24 h
Pneumonia n=118; =5 days score twice daily score = 4 Huet et al., 2013
(septic shock) n(sur) = 104 (score 1),
3 times/day
(score 2);
4-6 times/day
(score 3),
hourly (score 4)
Lymphoma n=36 = 5 weeks weight, clinical 5-7 times/week > 20% weight loss | Hunter et al., 2014
signs or > 15% weight
loss for 72 h;
clinical signs
Bone cancer n=230 <26 o0r weight, clinical once a week; > 15% weight loss; | Husmann et al.,
34 days signs twice daily after clinical signs 2015
application of
analgesia
Total-body n=132; = 30 days score twice daily score = 12 Koch et al., 2016
irradiation n(sur) =77 (noncritical period);
< 4 times/day
(critical period)
560 ALTE X 36(4), 2019
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Experiment Sample size | Time course | Type of humane Frequency of Cut-off threshold | Reference
endpoint measurement
Pneumonia n=10 < 24 hours core temperature | twice daily core temperature Kort et al., 1998
< 36°C
Heat stress n=78 < 44 hours core temperature continuous (every | no recovery from Leon et al., 2005
B0 sec) hypothermia by
765 min
Influenza A n=186 <7 days weight, score daily > 25% weight loss; | Miller et al., 2013
infection score = 4
Bladder cancer n=280 < 50 days size of tumor, daily tumor > 10 mm Miller et al., 2016
weight, clinical (12mm), > 15%
signs weight loss, or if
either coincided
with clinical signs
Francisella n =56 < 264 hours core temperature every 1to 2 hours | N/A Molins et al., 2012
tularensis infection
Septic shock n = 36; < 14 days weight, surface once daily surface temper- Nemzek et al.,
n(sur) =10 temperature ature = 30°C; 2004
initial weight gain
Total-body n = 240; < 30 days score once daily (days score =7 Nunamaker et al.,
irradiation n(sur) = 57 1-6 and 23-30); 2013a
twice daily (days
7-22)
Total-body n=175; < 30 days score once daily (days score > 6 Nunamaker et al.,
irradiation n(sur) = 66 1-6; 19-30; 2013b
twice daily (days
7-18)
Choline-deficient, n =34, < 3 weeks weight, score twice daily until = 20% weight loss; | Passmanetal.,
ethionine- n(sur) =23 partial recovery; score =3 2015
supplemented diet daily thereafter
Abdominal tumor n =40 < 46 days score, clinical daily score = 1 with Paster et al., 2009
signs clinical signs;
score =3
Longevity and n=110 < 40 months core temperature, | at least once every | = 15% weight loss; | Ray et al., 2010
aging weight, tem- 4 weeks core temperature
perature x weight < 25°C;
Septic shock n=15 < 21 days score once after 24 h; score =5 Sand et al., 2015
irregular monitoring
(in between)
Amyotrophic lateral | n = 162 < 150 days of | score N/A score = 4 Solomon et al.,
sclerosis age 2011
Amyotrephic lateral | n = 42 = 260 days of weight, clinical once every week = 15% weight loss; | Stoica et al., 2016
sclerosis age signs clinical signs
Rabies virus n =359 = 11 days score, weight daily score = 2 combined| Takayama-lto et al.
infection with a weight loss 2017
of z 15%
Influenza virus n=118 = 5-21 days caore temperature, | daily temperature Trammell and Toth,
infection after injection, | weight, core (temperature); <35°CorTx BW 2011
depending temperature x weight (3 times/ < 60% of baseline
on the type of | weight (T x BW) week) values onday 7
infection after infection;

T x BW < 90% of
baseline value on
day 2 or day 5
after infection;
Tx BW < 85% of
baseline value
on day 1 after
infection
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Experiment Sample size | Time course | Type of humane Frequency of Cut-off threshold | Reference
endpoint measurement
Septic shock n=48; = 25 days core temperature | every 15 minutes | core temperature Vlach et al., 2000
n(sur) = 22 <23.4°C
Fungal infection n=160; < 11 days core temperature | < 4 times daily, core temperature Warn et al., 2003
n(sur) = 100 maximum of < 33.3°C
10 h between
observations
GM1 n=122 = 576 days weight, clinical 19 times at = 15% weight loss | Weismann et al
gangliosidosis signs irregular intervals | from maximum 2015
weight; clinical
signs
Venezuelan n=20 = 14 days score at least twice daily | score =2 Wright and
encephalomyelitis Phillpotts, 1998
virus infection

3.1.1 Time course of the study and frequency

of monitoring

Time eourses of experiments ranged from 8 hours to 40 months.
Among the 34 studies, duration of experiments was shorter than
or equal to 24 hours in 2 studies (Kort et al., 1998; Cates et al.,
2014), between a day and a week in 5 studies (Leon et al., 2005;
Bever et al., 2009; Miller et al.. 2013; Bast et al., 2004; Huet et
al., 2013), between a week and one month in 17 studies (Mo-
lins ct al., 2012; Takayama-Ito ct al., 2017; Passman et al., 2015;
Wright and Phillpotts, 1998; Sand el al., 2015; Chappell et al.,
2011; Adamson et al., 2013; Koch et al., 2016; Trammell and
Toth, 2011, Nunamaker et al., 2013a.b; Nemzek et al., 2004;
Dellavalle et al., 2014; Aldred et al., 2002; Warmn et al., 2003;
Vlach et al., 2000: Arranz-Soelis et al., 2015). belween one month
and 3 months in 6 studies (Miller et al., 2016, Faller et al., 2013;
Hankenson et al., 2013; Paster et al., 2009, Husmann et al.,
2015; Hunter et al., 2014), and longer than 3 months in 4 studies
(Weismann et al., 2015; Solomon et al., 2011; Stoica et al., 2016;
Ray etal., 2010).

A great variance was observed in the frequency of evaluation
intervals, with the most frequent data collection oceurring once
per minule using an automated system (Leon et al., 2003), while
the longest interval between inspections was once or at least once
every 4 weeks (Ray et al., 2010; Weismann et al., 2015). Some
authors used an inspection frequency of once per day (Miller, .
S. etal, 2013; Miller, A. et al., 2016; Chappell et al., 2011; Pas-
ter ct al., 2009; Nemzek ct al., 2004), while others uscd varying
interval [requencies such as once per 15 minutes (Vlach et al.,
20009, once per 30 minutes (Beyer et al., 2009), twice per day
(Cates etal., 2014; Kort et al., 1998. Arranz-Solis et al., 2015), at
least twice per day (Wright and Phillpotts, 1998), at least 4 times
per day (Warn et al., 2003), once per week (Stoica et al., 2016),
5-7 times per week (Hunter et al., 2014). As expected, in studics
with faster disease progression, authors adjusted the evaluation
schedule accordingly by increasing the frequency of monitor-
g for animals in severe distress or animals requiring addition-
al care (Molins et al., 2012; Passman et al., 2015; Hankenson et
al., 2013; Huet et al., 2013; Koch et al.. 2016; Trammell and Toth,
2011; Cates ct al.. 2014; Nunamaker ¢t al., 2013a_b; Dellavalle ct
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al., 2014; Aldred et al., 2002; Husmam et al., 2015). In two stud-
1es (Adamson et al., 2013; Trammell and Toth, 2011), individual
physiological parameters were assessed at different time points.
In three studies, animals were inspecled only once alter treatment
(Takayama-Tto et al., 2017, Sand et al., 2015; Faller et al., 2015)

3.1.2 Body temperature

Ameong the 34 studies, 14 demonstrated that both core body tem-
perature (n = 10, Molins ct al., 2012: Leon ct al., 2005; Beyer
el al., 2009, Cates et al., 2014; Iankenson et al., 2013; Tram-
mell and Toth, 2011; Warm et al., 2003; Kort et al., 1998; Vlach
et al., 2000; Ray et al., 2010) and surface body temperature
(n = 4; Adamson et al., 2013; Bast et al., 2004; Nemzek et al.,
2004; Dellavalle et al., 2014) could be used lo reline the hu-
mane endpoint. In 6 of the 14 studies, other physiclogical pa-
rameters were used in combination or independently as humane
endpoint criteria, including clinical signs (Beyer et al., 2009),
weight (ITankenson et al., 2013; Adamson et al., 2013; Nemzek
et al., 2004). and the product of body temperature and weight
(Trammell and Toth, 2011: Ray et al., 2010). Cut-off values for
cuthanasia ranged from 23.4 to 36°C (31.55 (4.7) °C) for end-
points determined [tom core temperature and [rom 28.8 to 30°C
(29.7 (0.6) °C) for endpoints determined from surface tempera-
ture. In addition, recovery from hypothermia (Leon et al., 2005)
or a temperature drop below the baseline mean temperature (Mo-
lins et al., 2012) were used as humane endpoints. While in most
studics, animals were humancly killed upon reaching the cut-off
criterion at one single lime point, Beyer el al. (2009) euthanized
animals when the body temperature was lower than 32°C in two
conseculive inspections.

3.1.3 Body weight

In 14 out of the 34 studics, body weight was used to detcrmine
the humane endpoint (Takayvama-Ito et al., 2017, Passman et al.,
2015; Miller, 12, 8. et al., 2013; Miller, A. et al., 2016, Faller et
al., 2015, Weismann et al., 2015, Adamson et al., 2013; [Tanken-
son et al., 2013; Trammell and Toth, 2011; Nemzek et al., 2004;
Stoica et al., 2016; Husmann et al., 2015; Ray et al., 2010; Hunt-
cr ct al., 2014). All of these 14 studics included additional hu-
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mane endpoints such as clinical signs of distress and disease pro-
gression (Miller et al., 2016; Faller et al., 2015; Weismann et al.,
2015; Stoica et al., 2016; Husmann et al., 2015; Hunter et al.,
2014), sickness severity scores (Passman et al., 2015; Miller et
al., 2013; Takayama-Ito et al., 2017), body temperature (Han-
kenson et al., 2013; Adamson et al., 2013; Nemzek et al., 2004),
and the product of body temperature and weight (Trammell and
Toth, 2011; Ray et al., 2010). Although a weight loss of more
than 20% compared to baseline is widely regarded as a common
humane endpoint, it was only reported in 3 studies (Passman et
al., 2015; Adamson et al., 2013; Ray et al., 2010). Other authors
used a weight loss of more than 15% (Takayama-Ito et al., 2017
Miller et al., 2016; Weismann et al., 2015; Stoica et al., 2016;
Husmann et al., 2015) or 25% (Miller et al., 2013). One study
used an absolute weight loss of greater than 0.05 g per day as an
indicator of a higher risk of death (Hankenson et al., 2013). In a
mouse model of cecal ligation and puncture (CLP), initial weight
gain was observed in 100% animals that died within the next 3
days and was therefore considered as an indicator of higher risk
of death Nemzek et al., 2004). One study did not define a cut-
off threshold for a weight-based humane endpoint (Faller et al.,
2015). Another used the product of body temperature and weight
for humane endpoint definition (Trammell and Toth, 2011).

3.1.4 Sickness severity score

Among 15 studies that used sickness severity scores to deter-
mine the humane endpoint (Passman et al., 2015; Wright and
Phillpotts, 1998; Sand et al., 2015; Miller et al., 2013; Chappell
et al., 2011; Huet et al., 2013; Koch et al., 2016; Nunamaker et
al., 2013a.b; Paster et al., 2009; Solomon et al., 2011; Arranz-So-
lis et al., 2015; Aldred et al., 2002; Hankenson et al., 2013;
Takayama-Ito et al., 2017), 3 applied the score-based threshold
with other criteria such as weight (Passman et al., 2015; Miller et
al., 2013; Takayama-Ito et al., 2017) and clinical signs (Paster et
al., 2009). There was great heterogeneity in score-based thresh-
olds, reflecting the common use of model-specific scores. In 12
studies higher scores indicated more severe symptoms. In one
study, a score of 0-1 was assigned to animals showing abnormal
behavior and appearance, using a total score of 1 as the humane
endpoint (Paster et al., 2009). In one study, a score sheet indicat-
ing clinical symptoms was used to determine sickness severity,
however, the cut-off value for early euthanasia was not clearly
described (Aldred et al., 2002).

3.1.5 Combining body weight, body

temperature, and sickness severity scores

in humane endpoint determination

In 16 studies, more than one physiological or behavioral parame-
ter was used in determining the humane endpoint. Thus, the cut-
off criterion was defined by fulfilling one or more physiological
or behavioral criteria. Among the 15 studies, 3 studies involved a
direct combination (e.g., the product of two parameters) of more
than one physiological parameter to derive a surrogate indicator
for a higher risk of death (Hankenson et al., 2013; Trammell and
Toth, 2011, Ray et al., 2010). In studies using a product of more
than one parameter, death could be predicted with higher accura-
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cy. For example, the composite obtained by multiplying weight
and body temperature yielded higher prediction accuracy than ap-
plying weight or body temperature cut-off criteria individually.

3.1.6 Evaluation of the humane endpoints

Twenty studies assessed the performance of humane endpoints.
Predictability of death as an outcome event was evaluated by
means of sensitivity (n = 6, min = 68%, max = 100%, mean (SD)
=89.7 (13.1)%; Adamson et al., 2013; Hankenson et al., 2013;
Trammell and Toth, 2011; Dellavalle et al., 2014; Kort et al., 1998;
Warn et al., 2003), specificity (n = 3, min = 90.9%, max = 100%,
mean (SD) = 96.0 (4.6)%; Adamson et al., 2013; Hankenson et al.,
2013; Warn et al., 2003), logistic regression (n= 2, p <0.0001 and
p=0.0077; Cates et al., 2014; Vlach et al., 2000), prediction accu-
racy (n=2, 92.7% and 2% underestimation; Koch et al., 2016; Ray
et al., 2010), percentage/number of mice present with a particular
criterion/sign (n =5, min = 86%, max = 100%, mean (SD)=95.3%
(5.8); Molins et al., 2012; Takayama-Ito et al., 2017, Bast et al.,
2004; Solomon et al., 2011; Aldred et al., 2002), relative number
of predicted dead animals (n = 1, 96%; Vlach et al., 2000), phys-
iological changes observed in different treatment groups (n = 2,
significant difference observed; Paster et al., 2009; Leon et al.,
2005), positive predictive value (n = 1, 55.5%; Nemzek et al.,
2004), false positive rate (n = 1, 4-33%; Trammell and Toth,
2011), and corresponding mortality rate (n = 2, 86.2-100% and
78.6-100%; Nunamaker et al., 2013a,b) with some studies using
multiple evaluation metrics. In one study, specificity was used to
assess humane endpoint performance. However, it could not be
appropriately assessed as none of the animals reached the pre-de-
fined cut-off criterion (Dellavalle et al., 2014).

3.2 Death prediction in animal

models of stroke and sepsis

To facilitate direct comparison, animals in both stroke and sep-
sis models were divided into three groups based on treatment and
survival. Group 1 (control, n(stroke) = 66, n(sepsis) = 151) con-
sisted of sham animals or animals treated with saline that reached
the planned experimental endpoint, group 2 (survivor group,
n(stroke) = 322, n(sepsis) = 254) consisted of animals treated
with MCAo or LPS that reached the planned experimental end-
point and group 3 (non-survivor group, n(stroke) = 58, n(sepsis)
= 30) consisted of animals that spontaneously died or were eutha-
nized upon reaching the humane endpoint criteria.

3.2.1 Body temperature in survivor and

non-survivor animals

In the stroke model, the temperature of the survivor and non-sur-
vivor groups decreased by an average of 1.1°C and 4.6°C from
baseline (35.3 (2.1) °C and 31.6 (6.6) °C, respectively) during
the first 5 days following MCAo (Tab. 3). The core body
temperature of the control group remained unchanged during the
experiment.

In the sepsis model, LPS-treated animals showed a pronounced
decrease in surface body temperature during the two consecutive
injection days, regardless of survival status. Lowest surface tem-
perature of survivor animals was observed 10.5 hours following
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Tab. 3: Comparison of physiological measures among control, survivor and non-survivor groups

(A) Middle cerebral artery occlusion (MCAQ) stroke model, from the day animals underwent the MCAo procedure up to the 51 day
post stroke; (B) lipopolysaccharide (LPS)-induced sepsis model, from the first injection up to 192 h after the first injection. Baseline
measurements were conducted before the MCAo/sham treatment or the first LPS/saline injection. Baseline values were measured oh
the day of treatment. Monitoring period was defined as the 15tto 5 day post-stroke and the 15t to 8t day post-sepsis.

A

Control (n = 66) Survivor (n = 322) Non-survivor (n = 58)
Baseline core temperature (°C) 357,389 34.1, 389 280,383
min, max, mean (SD} 37.0{0.8) 36.4 (1.0) 362(1.9)
Core temperature during monitoring (°C) 33.7, 384 20.8,384 17.8,37.8
min, max, mean (SD) 36.6 (0.9) 35.7 (1.6) 33.5(3.7)
Baseline body weight (g) 16.0, 326 16.7, 349 145,339
min, max, mean (SD) 24.8(3.2) 25.4 (3.3) 26.9(3.7)
Body weight during monitoring (g) 16.1,30.1 13.8,31.0 14.3,29.6
min, max, mean (SD) 22.4 (2.4) 21.4 (3.0) 21.0 (3.1)
Baseline Neuroscore 03 0,4 02
min, max, mean (SD) 0.9(1.0) 0.33 (0.8) 0.4 (0.9)
Neuroscore during monitoring 0,170 0,35 0,41
min, max, mean (SD) 4.9 (4.9) 9.1 (5.5) 15.4 (9.5)
B

Control (n = 151) Survivor (n = 254) Non-survivor (n = 30)
Baseline surface temperature (°C) 27.0,337 26.3,33.8 275,833
min, max, mean (SD}) 30.8(1.1) 30.5 (1.6) 306 (1.4)
Surface temperature during monitering (°C) | 23.9, 36.5 20.3,346 19.0,31.7
min, max, mean (SD) 30.6 (1.4) 29.1 (2.0) 25.7 (2.7)
Baseline body weight (g) 175,269 14.9,28.7 17.6,24.3
min, max, mean (SD) 215(1.7) 21.5(1.8) 21.4(2.0)
Body weight during monitoring (g) 16.4, 278 13.2,27.7 125,233
min, max, mean (SD) 21.9(1.5) 19.7 (2.1) 18.8 (2.6)
Sickness score during monitoring 02 0,4 0,45
min, max, mean (SD) 0(0.1) 0.7 (0.8) 21(1.1)

boththe firstand second injections (27.4(1.7)°Cand 28.1 (1.6)°C,
respectively). The surlace body lemperature of the survivor
group returned to baseline within 96 hours following the second
LPS injection. Surface temperature of non-survivoer animals was
the lowest 10.5 hours following the first injection (25.4 (1.8) °C)
and 9 hours following the second injection (23.4 (1.2) °C), re-
spectively. No significant deercasce in core and surface tempera-
tures [rom baseline was observed in control animals.

3.2.2 Body weight in survivor and nen-surviver
animals
In the stroke model, a decrease in body weight was observed
in control animals, survivors and non-survivors (lab. 3). In the
control group, body weight was 24.8 (3.2) g at baseline decreas-
ing to a minimum of 22.3 (2.5) g on the 2" day post-treatment.
The lowest weight of surviver animals 21.0 (2.8) g was mea-
sured on the 2" day following MCAo. The non-surviver group
had the most profound decrease ol 8.0 g [rom baseline (26.9
(3.7) g). The lowest mean body weight was 18.9 (2.6) g on the
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4t day following MCAo. Once the minimum was reached, all
groups subsequently recovered body weight until the end of the
observation period

In the sepsis model, no weight changes other than random flue-
tuations were observed in control animals. Body weight of the sur-
vivor group reached its minimum 34 hours following the f{irst LPS
injection (17.7 (1.5) g) and returned to bascline at 192 hours (21.7
(1.6) g. as compared Lo baseline weight = 21.5 (1.8) g). The low-
est weight of non-survivor animals (baseline weight: 21.4 (2.0) g)
was measured 96 hours after the first injection (14.4 (2.4) g).

3.2.3 Sickness severity score in survivor and
non-surviver animals

In the stroke model, modilied DeSimoni neuroscore of control
animals was 0.9 (1.0) at bascline, peaked at 5.7 (4.3) on the 15
day after MCAo and subsequently decreased on the 20! day af-
ter MCAo (Tab. 3). Non-survivors had a higher score on the 1%
and 20 day following MC Ao than survivors (16.0 (9.6) and 14.8
(94)yvs. 9.2(5.2) and 9.1 (5.7), respectively).
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Fig. 2: Decision boundaries determined by the machine learning model

The earliest time points (2 and 3 days or 24 h post-treatment in the stroke or sepsis model, respectively) at which impending death could
be predicted with acceptable accuracy were included. Data from 36 h post-injection in the sepsis model was plotted for comparison
purposes. Parameter-model combinations leading tc highest prediction accuracy were plotted. {a) Decision boundary obtained with
body weight change on the 15t and 31 day after treatment and core body temperature change on the 3t day after treatment. (b) Decision
boundary obtained with the modified DeSimoni neuroscore, body weight change and core body temperature change on the 2nd day

after treatment. (c) Decision boundary obtained with surface temperature and sickness score 24 h after the first injection of LPS/saline

(d) Decision boundary obtained with surface temperature and sickness score 36 h after the first injection. Blue dot, survivor animal {control
+ survivor); red dot, animal euthanized upon reaching the pre-defined sickness score-based humane endpoint or died spontaneously {non-
survivor); blue area, predicted survival; red area, predicted death. Gaussian Naive Bayes (as in a and b), decision trees of depth 2 (as in ¢)

and 1 (as in d) were used to determine the decision boundaries.

In the sepsis model, sickness scores of the survivor group peak-
ed at 10.5 hours (1.2 (0.8)) and 12 hours (1.4 (0.9)) afler the in-
jection on day 1 and 2, respectively, then returned to bascline
level within 96 hours following the [irst LPS injection. Sickness
scores of non-survivors increased after injection day 1 and peak-
ed at 10.5 hours afler the second injection (3.3 (0.6)). The sick-
ness scores among control animals remained unchanged (Tab. 3).

3.2.4 Prediction of death from physiclogical

measures

To assess the performance of physiological and behavioral pa-
rameters such as body weight, temperature, and sickness severity
score/modified DeSimoni neuroscore in death prediction, we de-
veloped an automated parameter search methed to test the perfor-
mance of machine learning models trained with different combi-
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nations of parameters. Apart from body weight, temperature, and
sickness score/neuroscore, the absolute change per timepoint for
these parameters was calculated by subtracting the bascline value
[rom measured values al each imepoint, resulling in an addition-
al parameter set. The two sets of parameters were used in model
{raining.

Machine learning models were trained with individual param-
eters or combinations of physiological and behavioral parame-
ters. Modcl performance was analyzed for time points prior to
the average time of death (1.e., 3.9 (2.4) days 1n the stroke model
and 60.5 (35.1) hours in the sepsis model, respectively). Animals
in the stroke model displayed a significant gender-dependent dif-
ference in baseline body weight (male: 26.8 (2.8) g: female: 23.1
(2.9) g: p <0.001, Mann-Whitney U test), thus death prediction
was conducted scparatcly for cach gender.
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Death as an outcome event could be predicted with eonsider-
able accuracy of 93.2% (male) or 93.0% (female) in the model of
stroke and 96.2% in the model of sepsis (Tab. 4a,b), with weight
change on the 15¢ and 3™ day after treatment, core temperature
change on the 3¢ day after treatment (male, stroke model), or with
neuroscore, weight change, and core temperature change on the
20 day after treatment (female, stroke model), and with surface
temperature and sickness score at 24 hours atter the first injection
(sepsis model). Gaussian Naive Bayes (male and female, stroke
model), decision tree of a depth of 2 (with data from 24 hours
after the first injection, sepsis model) and 1 (with data from
36 hours after the first injection, sepsis model) were used to iden-
tify decision boundaries shown in Figure 2.

In male mice of the stroke model, 13 out of 23 animals that
died or reached predefined humane endpoint criteria at a later
time point could have been euthanized earlier (t = 3 days after
MCAo for euthanasia; average time of death of the 13 animals
= 4.08 (1.07) days post-MCAo) while 3.3% (6 out of 181} sur-
vivors were [alsely predicted to die. In female mice of the stroke
model, 4 out of 10 animals that died or reached the predefined
humane endpoint during the experiment could have been eutha-
nized earlier (t = 2 days after MC Ao for euthanasia: average time
of death of the 4 animals = 4.25 (2.28) days post-MCAo). 3.9%
(3 outof 77) animals that survived until the end of the experiment
were [alsely predicted to die (Fig. 2a,b).

In the sepsis model, 25 out of 28 animals could have been cu-
thanized at an earlier time point (1 = 24 hours post treatment [or
carlier euthanasia; average time of death of the 25 amimals =
58.7 (35.0) hours post treatment) while 2.3% (6 out of 254) of
L.PS-treated animals that survived until the end of the experiment
were lalsely predicted to die (Fig. 2¢.d).

Prediction of death as an outcome event at different
post-treafment fime poinis

By applying machine learning models trained with physiological
parameters, death could be predicted within 2 or 3 days (stroke
meodel) or 24 hours (sepsis model) after MC Ao or LPS injection.
In the stroke model, death could not be predicted at an accept-
able level of accuracy until the 2" (female mice) or 3™ (male
mice) day post-MCAo (Tab. 4a). In the sepsis model, physiolog-
ical measures obtained 12 hours after the first injection could not
predict death as an outcome event due to the low general perfor-
mance of the model at this time point (for details see Tab. 4b).

Prediction of death by using single or multiple

physiological measurements

In the stroke model, adding additional physiclogical parameters
in model training increased death prediction performance (Tab.
4a). In male mice, adding weight change on the 15t day afler treat-
ment and core temperature change on the 3 day after treatment
mereased sensitivity from 0.34 (0.15) to 0.61 (0.088), precision
from 0.64 (0.27) to 0.74 (0.070), and accuracy from 0.91 (0.03) to
0.93 (0.02). In female mice, using neurcscore and core tempera-
ture change on the 27 day after treatment in addition to weight
change improved sensitivity from 0.19 (0.14) to 0.69 (0.28), pre-

566

&

cigion from 0.25 (0.20) to (.83 (0.24) and accuracy from 0.86
(0.045) t0 0.93 (0.030) of the trained model.

In the sepsis model, using both sickness score and surface tem-
perature in model training improved accuracy and general per-
formance of the prediction model (Tab. 4b). At 24 hours after
treatment, using sickness score in addition to surface tempera-
ture in model training led to an increasc in sensitivity from 0.65
(0.117t0 0.86 (0.12) and accuracy from 0.95 (0.01)to 0.96 (0.01),
while model precision decreased slightly from 0.77 (0.17) 10 0.75
©.11).

Interaction between the use of multiple physiological
measurements and time points

In the stroke model, due to the low performance of models trained
with combinations of physiological parameters obtamed on the
same day, data from different post-treatment days were used n
combination in model training. This approach precluded the as-
sessment of an interaction between multiple parameters and indi-
vidual time points.

In the sepsis model, using multiple physiological parameters
1o train the predictive model enhanced the accuracy of death pre-
diction at individual time peints. When the model was trained
with data from 24 hours after the first LPS injection, using sick-
ness score as an additional measure increased sensitivity and
accuracy by 21.5% and 1.1%, respectively (Tab. 4b). No im-
provement in model performance was observed using data from
36 hours aller the [irst LPS injection when sickness scores were
included in model training (Tab. 4b)

4 Discussion

Our study revealed three main findings: Firstly, the systematic
review demonstrated remarkable heterogeneity of humane end-
points even within the same animal model due to lack of sys-
tematic assessment, protocol standardization, and/or ambiguous
or incomplete description of results. This illustrates a distinct
challenge in adopting humane endpoints from the literature and
highlights the need [or researchers to tailor humane endpoints
based on the currently available evidence. Secondly, using data
from mouse models of stroke and sepsis, we found that machine
learning by means of an automated search for predictive parame-
ters, parameter combinations, and models and hyperparameters,
can be used to accurately determine endpoint criteria and cut-off
threshold values across models. Thirdly, when we applied these
criteria retrospectively to the available derivation cohort data-
sels, we found that a large number of animals could have been
euthanized at earlier time points in both stroke and sepsis mod-
els, thus potentially reducing otherwise unnecessary sullering.

4,1 Systematicreview

In this study, we reviewed 34 mouse studies using humane end-
points based on body temperature, body weight and/or sickness
severity score (Tab. 5). We found that temperature-based end-
points are commonly applied both in acute and chronic disease
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Tab. 4: Death prediction with single or multiple parameters at different time points
(A) Middle cerebral artery occlusion (MCAo) stroke model. Prediction model, Gaussian Naive Bayes. (B) Lipopolysaccharide (LPS)-induced
sepsis model. Prediction model, decision tree with a depth = 2 (24 h) and a depth = 1 (36 h). Decision tree of depth 2 was not used for

36 h after the first injection due to overfitting. 3-fold stratified cross-validation was used to evaluate the performance of the trained model.
Only performance of the most predictive parameters and model combinations is shown. Data shown are means (SD) of scores cbtained
from the 2- (stroke model) or 3- (sepsis model) fold cross-validation.

A

Gender male (n = 204, n(dead) = 23) female (n = 87, n(dead) = 10)

Parameters weight change on | weight change on | weight change on | weight change on | neuroscore on neuroscore on
the 3rd day after | the 15! day after | the 1! day after the 2nd day after | the 15t day after the 2nd day after
treatment treatment; treatment; treatment treatment; treatment;

weight change on | weight change on weight change on | weight change on
the 2nd day after | the 3rd day after the 1st day after the 2nd day after
treatment; treatment; treatment; treatment;

core temperature | core temperature core temperature | core temperature
change oh the change on the change on the change onh the
2nd day after 31d day after 1st day after ond day after
treatment treatment treatment treatment

Sensitivity 0.339 (0.148) 0.482 (0.081) 0.613 (0.088) 0.194 (0.142) 0.361 (0.307) 0.694 (0.275)

(recall)

Precision 0.644 (0.274) 0.667 (0.272) 0.738 (0.070) 0.25 (0.204) 0.417 (0.312) 0.833 (0.236)

Accuracy 0.907 {0.026) 0.902 (0.046) 0.932 (0.018) 0.863 (0.045) 0.896 (0.029) 0.930 (0.030)

Averaged 0.630 0.684 0.761 0.436 0.558 0.819

score

B

Time t =12 h post-treatment t = 24 h post-treatment t = 36 h post-treatment
(n =152, n(dead) = 14) (n = 345, n{dead) = 28) (n =342, n(dead) = 25)

Parameters surface surface surface surface surface surface
temperature temperature, temperature temperature, temperature temperature,

sickness score sickness score sickness score

Sensitivity 0 0 0.648 (0.114) 0.863 (0.124) 0685 (0.092) 0.685 (0.092)

(recall)

Precision 0 0 0.768 (0.165) 0.747 (0.106) 0.806 (0.142) 0.806 (0.142)

Accuracy 0.908 (0.009) 0.908 (0.009) 0.951 (0.004) 0.962 (0.011) 0.962 (0.004) 0.962 (0.004)

Averaged 0.303 0.303 0.789 0.857 0.818 0.818

score

models due to their objectivity and ease of measurement. How-
cver, we found considerable variations in temperature cut-off val-
ues between studies even within the same animal model (Molins
et al., 2012; Bever et al., 2009; Adamson et al., 2013; Bast et al.,
2004, Cates el al., 2014, ITankenson et al., 2013; Trammell and
Toth, 2011; Nemzek et al., 2004; Dellavalle et al., 2014; Hunter et
al., 2014; Warn et al., 2003; Kort et al., 1998, Vlach et al., 2000
Ray ctal., 2010), which can at lcast partly be explained by varia-
tions in ambient emperalure.

Ambient temperature is an important factor contributing to dif-
ferences between an animal’s core and surface temperature. The
lower the ambient temperature, the lower an animal’s surface

ALTEX 36(4), 2019

temperature, while the animal’s core temperature stays constant
as long as thermorcgulatory responses arc intact (Kurz, 2008). In
addition, measurement location and handling stress may contrib-
ute te differences in cut-off values between studies. Some authors
used restraining devices for probe-based surface temperature ac-
quisition. However, stress results in activation of the sympathet-
ic nervous system, which in turn leads to increased thermogene-
sis and vasoconstriction of skin vesscls, resulting in an increasc
m body temperature within seconds ol being restrained (Vianna
and Carrive, 2005). Therefore, body temperature measurements
could be confounded by repeated handling (Cabanac and Briese,
1992)
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Tab. 5: Summary of endpoint criteria, advantages and disadvantages of weight-, body temperature-, and severity score-based

humane endpoints

Humane endpoint Endpoint

Advantages Disadvantages

temperature-based

Weight-based 13 15-25% of baseline — easy administration — poor performance in
body weight - high objectivity acute disease models

- high handling stress

Core ihl 23.4-36°C, 31.55 (4.7) °C | - high objectivity — high variance due to

an animal’s thermo-
regulatory responses
and handling stress

— high accuracy
- conhtinuous monitoring
— low handling stress

Surface 4
temperature-based

28.8-30°C, 29.7 (0.6) °C

- high objectivity
- high accuracy
- low handling stress

- high variance due to
an animal’s thermo-
regulatory responses
and handling stress

Severity score-based 14

Multiple criteria

— easy administration

- simplified classification
of physiclogical states

— systematic
documentation

— requires familiarity

- inter-observer variability
- time-consuming

— high handling stress

Tumane endpoints based on rapid (over a few days) or gradu-
al (over extended periods of time leading to emaciation) weight
loss relative to baseline are easy to adopt and are widely applied.
However, weight-bascd endpeints are suboptimal in highly acute
models ol disease (1.e., circulatory shoek) due Lo an animal’s rap-
id deterioration which may precede weight loss (Louie et al.,
1997 Krarup et al., 1999; Nemzek et al., 2004). In addition, true
weight loss may be masked by debilitating conditions such as as-
ciles or tumor growth (Nemzek et al., 2004).

Sickness severity scores serve as a simplificd classification of
the physiological state of an animal, allowing systematic docu-
mentation of disease progression and humane endpoint evalua-
tion. However, manual scoring suffers from subjectivity and is
prone to high degrees of inter-observer bias (Morton, 2000).

Another factor contributing to high study heterogeneity is the
lack of standardized schedules for animal inspection. Even for
identical animal models, authors rarely used measurement sched-
ules which were consistent with previously published data (Nun-
amaker et al., 2013a,b). Furthermore, only a minority of studies
(9 out of 34) described the exact times relative to baseline and/or
experimental intervention when temperature, body weight, and/
or sickness score values were taken. Other variables potentially
adding 1o study helerogeneity but only described by [ew studies
include environmental factors such as the presence and type of
bedding (described in 17 out of 34 studies) and number of cage
mates {described in 22 out of 34 studies; Gordon, 2004; Gordon
etal., 1998). as well as animal-specilic factors such as strain, gen-
otype, sex and developmental stage (described in all reviewed
studies; Sanchez-Alaverz et al., 2011; Trammell and Toth, 2011).

To counter the uncertainty in endpoint evaluation caused
by variation of individual parameters, 15 of the reviewed stud-
ies used a combination of more than one humane endpoint cri-
terion. Body weight was most commonly applied in combina-
tion with additional criteria (13 out of 13 studics used additional

568

criteria) while sickness scores were mostly used independently
(3 outof 13 studies used additional criteria). In 2 studies that eval-
uated the use of a composite score derived [rom other paramelers
(i.c., the product of weight x body temperature), a higher predic-
tion accuracy was observed than when assessing paranieters in-
dividually (Trammell and Toth, 2011; Ray et al., 2010). Authors
used various metrics to assess the performance of humane end-
points, which often precludes direct between-study comparison.
The three most common melrics were sensiltivity (n = 7), specilic-
ity (n=3), and percentage/mumber of mice exhibiting certain cri-
teria/signs (n = 5). In 12 out of the 34 studies, humane endpoints
were applied without being evaluated for reliability and/or per-
formance or without endpoint evaluation being reported by the
authors. Therefore, researchers may fail to appreciate the validity
and/or reproducibility of humane endpoint eriteria.

Taken together, traditional approaches in monitoring discase
progression and predicting death sulfer from high degrees ol
study heterogeneity, which confounds identification of cut-off
values that can be applied to more than one study.

4.2 Machine learning-based death prediction

In an exploratory approach, we uscd machine learning as an al-
ternative method [or determining humane endpoints, which en-
abled us to identify case-specific cut-off values even across ani-
mal models without a fundamental change in methodology. Us-
ing body weight, sickness severity scores, and surface or core
temperature data (for the sepsis or stroke model, respectively)
from previously published studics and unpublished results, we
trained a machine learmng model for case-specilic death pre-
diction. First, we identified the parameter combinations that led
10 a high accuracy in detecting anunals at higher risk of death.
‘We then determined the cut-off values and assessed their perfor-
manece using standardized metrics. We found that 17 out of 33
(stroke model) and 25 out of 28 (sepsis model) animals that were
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euthanized or died at later timepoints during the experiments
could have been euthanized 1.08 days (stroke model, male), 2.25
days (stroke model, female) or 1.45 days (sepsis model) earlier
if endpoints determined by machine learning had been applied.

To our knowledge, this is the first study using a machine learn-
ing approach to systematically determine humane endpoints in
mouse models of acute disease and there is no previous data to
compare our results to.

Potential advantages of a machine learning-based approach
for humane endpoint evaluation include improved standardiza-
tion and comparability of results as identical metrics can be ap-
plied across studies. In addition, machine learning in this setting
requires little expert knowledge and is relatively easy to apply.
Once a model is trained with sufficient data, animal technicians
and investigators can run the model with a simple command line
tool to determine whether an animal has an increased risk of
death, for example by visualizing decision boundaries (e.g., as
shown in Fig. 2). Thus, machine learning may constitute a prom-
ising tool to improve the refinement of humane endpoints in an-
imal studies of acute disease. However, the availability of da-
ta which can be used to train and/or validate machine learning
models to evaluate and refine humane endpoints across disease
models is limited as only very few authors choose to make their
raw data available in open data repositories.

4.3 Limitations of the present study

In the systematic review, we excluded research articles in lan-
guages other than English and results published in the form of
conference abstracts, posters and talks. This introduces a poten-
tial source of publication and result bias. A particular concern
for the machine learning-based analysis was missing data and
a small number of animals which reached a humane endpoint
criterion. Nevertheless, for humane endpoint evaluation small
datasets and missing data represent the real-world scenario. One
solution is to increase the frequency of inspections during criti-
cal phases, not only to ensure that disease progression is prop-
erly monitored, but to obtain a larger dataset for training death
prediction models. To this end, some authors suggest the use of
biotelemetry systems with implanted transmitters, which allow
continuous data acquisition (Leon et al., 2005). Lastly, we ap-
plied machine learning-derived endpoint criteria to the deriva-
tion cohort, which may introduce results bias. Although a strat-
ified cross-validation was used to optimize generalizability, it
would be beneficial for future studies to include an independent
retrospective or prospective validation cohort to assess predic-
tive model performance.

4.4 Conclusion

The degree of heterogeneity between studies using body tem-
perature, weight and sickness scores to determine or evaluate
humane endpoint criteria was high. This may preclude authors
from adopting appropriate cut-off values from previously pub-
lished studies and underscores the necessity for researchers to
tailor the humane endpoints to the animal model and experi-
mental design being used. In an approach aimed at enhancing
the evaluation and application of humane endpoints using ma-

ALTEX 36(4), 2019

chine learning, we identified humane endpoints that would have
allowed earlier euthanasia of animals, thus potentially reducing
an animal’s distress, suffering, and pain. Although the method
still requires further validation, this exploratory study showed
that machine learning-based humane endpoint criteria have the
potential to be applied across various disease models. This may
contribute to a more comprehensive approach in determining
humane endpoints promoting the systematic application of 3R
principles.
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