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Abstract 

Stroke is a leading cause of morbidity and mortality in developed countries. Treatment options 

are limited to pharmacological thrombolysis and mechanical thrombectomy despite extensive 

efforts to develop new treatment strategies for acute stroke and aftercare. Ongoing research aims 

to reduce lethal stroke complications such as pneumonia, to rescue brain tissue from ischemic 

damage with neuroprotective substances, and importantly, to improve long-term outcomes in 

stroke patients by modulating chronic immune responses in the brain. The disruption of cerebral 

perfusion leads to an activation of the innate immune system and enables an infiltration of 

adaptive immune cells into the ischemic brain tissue. Delayed accumulation of B lymphocytes in 

ectopic lymphoid structures (ELS) within the infarct area has been associated with post-stroke 

cognitive decline, as displayed in vascular dementia. Therefore, we aimed to investigate the effect 

of late CD4+ T cell depletion on B cell responses in the brain and the long-term functional outcome 

after stroke. Repeated injections of monoclonal CD4-antibody at day three to nine after 60min 

middle cerebral artery occlusion (MCAo) in 2D2 mice (strain carrying transgenic T cell receptors 

reactive to myelin oligodendrocyte glycoprotein) successfully prevented initial infiltration of CD4+ 

T cells to the ischemic area. B cell numbers and ELS formation were reduced in CD4-depleted 

mice when compared to an isotype-treated control group at 14 days after stroke. Once the 

peripheral CD4+ T cell population had recovered, CD4+ T and B lymphocytes infiltrated the 

ischemic brain and formed ELS with evidence for local B cell differentiation and antibody 

production. Even though we found no difference regarding lymphocyte numbers and ELS 

phenotype between treatment groups at late time-points, CD4 depletion had a beneficial effect 

on cognitive functions after stroke. Taken together, these main findings indicate a pivotal role for 

CD4+ T cells in delayed autoreactive B cell responses after stroke and their contribution to 

cognitive decline. In a second publication we investigated the mechanisms of stroke-induced 

immunodepression syndrome (SIDS). Stroke leads to suppression of the immune system via the 

autonomic nerve system and especially cholinergic signaling, which promotes stroke-associated 

pneumonia (SAP). CNS-reactive immune responses can be exacerbated by systemic infections 

on the one hand and decreased by SIDS on the other. In an aspiration model with Streptococcus 

pneumoniae, a typical Gram-positive pathogen of SAP, we found reduced bacterial clearance in 

the lung with an altered pulmonary immune cell repertoire in animals with stroke when compared 

to controls. In this aspiration model, using different knockout models for nicotinic acetylcholine 

receptors, we did not find evidence for functional involvement of cholinergic mechanisms in 

mediating SIDS, as observed in a spontaneous SAP model with predominantly Gram-negative 

bacteria. In a third paper, we demonstrated a protective effect of glycolic acid on neuronal 

metabolism. Glycolic acid resulted in better performance in various behavioral tests in mice when 

administered during reperfusion after stroke. If this protective effect is confirmed in further studies, 
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intra-arterial application would also be feasible in humans in the acute phase of stroke, during 

mechanical recanalization by thrombectomy. Overall, this dissertation provides further evidence 

for dysregulation of the immune system in the chronic phase after stroke. Here, an exaggerated 

immune response of autoreactive lymphocytes in the brain seems to contribute to the 

development of cognitive deficits, whereas peripheral immunosuppression by the autonomic 

nervous system promotes severe infections. In addition to direct neuroprotective approaches, 

these pathomechanisms offer new targets for immunomodulatory therapeutic strategies. 

However, the sometimes opposing immune mechanisms in the CNS and peripheral organs such 

as the lungs need to be considered.  
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Zusammenfassung 

Der ischämische Schlaganfall gehört zu den häufigsten Ursachen für Tod und lebenslange 

Behinderung. In der Akutphase wird der Krankheitsverlauf durch den Untergang von 

Nervengewebe und systemische Infektionen bestimmt, während in der Folgezeit autoreaktive 

Immunprozesse im Hirn mutmaßlich zur Entstehung von Demenz beitragen. Zerebrale Ischämie 

führt durch Aktivierung des angeborenen und später des erworbenen Immunsystems zu einer 

lokalen Entzündungsreaktion. Dabei bilden CD4+ T-Zellen und B-Zellen ektope 

lymphfollikelähnliche Strukturen (ELS) im Hirn, was mit der Entstehung von verzögert 

auftretenden kognitiven Defiziten als Form der vaskulären Demenz in Verbindung gebracht 

wurde. Die vorliegende Arbeit beleuchtet verschiedene Aspekte der Pathophysiologie des 

Schlaganfalls anhand eines Mausmodells. Schwerpunktmäßig wurde die Rolle von CD4+ T-Zellen 

bei autoreaktiven B-Zellantworten nach Schlaganfall untersucht. Hierfür induzierten wir einen 

ischämischen Schlaganfall in 2D2-Mäusen und injizierten einen Anti-CD4-Antikörper. So wurden 

die peripheren CD4+ T-Zellen depletiert und deren anfängliche Infiltration in das ischämische 

Gewebe verhindert. Das Ausmaß der B-Zellinfiltration und ELS-Bildung im Hirn waren zwei 

Wochen nach Schlaganfall im Vergleich mit Kontrolltieren signifikant reduziert. Jedoch begann 

die Infiltration von CD4+ T- und B-Lymphozyten ins ischämische Hirn erneut, sobald sich die 

periphere CD4+ T-Zellpopulation erholt hatte. Sieben bis zehn Wochen nach Schlaganfall 

entstanden ELS mit Anzeichen von lokaler B-Zelldifferenzierung und Antikörperproduktion. 

Obwohl zu diesen Zeitpunkten kein Unterschied in der Lymphozytenzahl und dem 

Organisationsgrad der ELS zwischen den Behandlungsgruppen festzustellen war, hatte die CD4-

Depletion positive Auswirkungen auf die kognitive Funktion. Insgesamt sprechen diese 

Ergebnisse für eine Schlüsselrolle von CD4+ T Zellen bei der autoreaktiven Immunantwort nach 

Schlaganfall und ihrer Beteiligung an den verzögert auftretenden kognitiven Defiziten nach 

Schlaganfall. In der zweiten Arbeit untersuchten wir Mechanismen des Schlaganfall-induzierten 

Immundepressionssyndroms (SIDS). Schlaganfall führt über autonome und insbesondere auch 

cholinerge Signale zu einer Suppression des Immunsystems, wodurch Schlaganfall-assoziierte 

Pneumonien (SAP) begünstigt werden. Autoreaktive Immunantworten können durch systemische 

Infektionen einerseits verstärkt und andererseits durch die Immundepression vermindert werden. 

In einem Aspirationsmodell mit Streptococcus pneumoniae, einem typischen Gram-positiven 

Erreger der SAP, konnten wir bei Tieren mit Schlaganfall eine reduzierte bakterielle Clearance 

bei verändertem pulmonalem Immunzellrepertoire im Vergleich zu Kontrolltieren ohne 

Schlaganfall nachweisen. In diesem Aspirationsmodell konnten wir mit Hilfe verschiedener 

Knockout-Modelle nikotinerger Acetylcholinrezeptoren keinen Hinweis für die funktionelle 

Beteiligung cholinerger Mechanismen in der Vermittlung von SIDS feststellen, wie dies bei einem 

spontanen SAP-Modell mit überwiegend Gram-negativen Bakterien beobachtet wurde. In der 



 

 

4 

dritten Arbeit konnten wir eine protektive Wirkung von Glykolsäure für den neuronalen 

Metabolismus nachweisen. Glykolsäure führte in Mäusen zu besseren Leistungen in 

verschiedenen Verhaltenstests, wenn sie während der Reperfusion nach Schlaganfall verabreicht 

wurde. Sollte der protektive Effekt sich in weiteren Studien bestätigen, wäre auch beim Menschen 

eine intraarterielle Anwendung in der Akutphase des Schlaganfalls, während der mechanischen 

Rekanalisation mittels Thrombektomie, möglich. Insgesamt liefert diese Doktorarbeit weitere 

Belege für eine Dysregulation des Immunsystems während der chronischen Phase nach 

Schlaganfall. Hierbei scheint eine überschießende Immunreaktion von autoreaktiven 

Lymphozyten im Hirn zur Entstehung von kognitiven Defiziten beizutragen, während die periphere 

Immunsuppression durch das vegetative Nervensystem schwere Infektionen begünstigt. Neben 

direkten neuroprotektiven Ansätzen liefern diese Pathomechanismen neue Targets für 

immunmodulatorische Therapiestrategien, wobei die teils gegenläufigen Immunmechanismen im 

ZNS und peripheren Organen wie der Lunge berücksichtigt werden müssen. 
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1. Introduction 

Ischemic stroke is among the leading causes of mortality and disability worldwide (Johnson et al., 

2019). Acute neurological and physical dysfunction caused by ischemic brain damage are 

followed by dementia or post-stroke cognitive impairment (PSCI) in up to 50  percent of stroke 

survivors (Pendlebury et al., 2019). The risk for developing post-stroke dementia increases over 

the course of time, indicating that the underlying pathomechanism may be a chronic process 

(Pendlebury & Rothwell, 2009).  

To this date, the treatment options for acute stroke are limited to thrombolysis by intravenous 

administration of recombinant tissue plasminogen activator and percutaneous endovascular 

interventions for local thrombolysis or thrombectomy (Roaldsen et al., 2021). Due to an increasing 

risk of intracerebral bleeding over time, these therapies can only be administered within few hours 

after stroke onset (Hacke et al., 2008; Jovin et al., 2015). However, improvements in acute stroke 

care have enabled an increasing number of patients for treatment within the required time frame 

(Stroke Unit Trialists, 2013). Consequently, the number of patients suffering from long term 

disability after stroke, such as PSCI, has increased with the number of stroke survivors (Johnson 

et al., 2019). Subsequent treatment is limited to secondary stroke prevention as numerous 

attempts to implement preclinical findings into clinical practice have failed, highlighting the need 

for a better understanding of the processes that determine stroke patientsô long-term outcome 

(Endres et al., 2008). 

Only recently it was discovered that B cell responses facilitate cognitive decline in an experimental 

stroke model, suggesting a role for the adaptive immune system in the pathogenesis of PSCI 

(Doyle et al., 2015). According to the current understanding innate-like lymphocytes infiltrate the 

ischemic brain early after stroke onset with a peak for both T and B cells at day three (Gelderblom 

et al., 2009). This early response is deemed independent from central nervous system (CNS) 

antigens (Kleinschnitz et al., 2010). After a temporary decrease in brain-residing lymphocytes, a 

second wave of T and B cell infiltration to the ischemic tissue was observed around day 14 after 

stroke (Doyle et al., 2015; Stubbe et al., 2013). Such delayed adaptive immune responses may 

be initiated once CNS antigens are released from damaged brain cells and drained to peripheral 

lymphoid tissue to be presented to lymphocytes by antigen presenting cells (APC) (Kono & Rock, 

2008; Planas et al., 2012; van Zwam et al., 2009). 

After priming in the periphery, lymphocytes infiltrate the ischemic brain in an antigen-specific 

manner where they form ectopic lymphoid structures (ELS) (Doyle et al., 2015; Miró-Mur et al., 

2020). This process may be supported by resident microglia and infiltrating myeloid cells (IMC), 

which shift to a detrimental phenotype during the chronic phase of stroke and produce cytokines 

to create a proinflammatory environment (Hu et al., 2012; Jin et al., 2010). Findings from cancer, 

autoimmune diseases and other states of chronic inflammation indicate that ELS execute similar 
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functions as lymphoid follicles, including B cell differentiation, antibody production and 

hypermutation, thereby facilitating chronic on-site immune responses (Corsiero et al., 2016). 

Multiple studies demonstrated that autoantibodies directed against CNS-specific proteins, such 

as myelin oligodendrocyte glycoprotein (MOG) and myelin basic protein (MBP), can be found in 

stroke patients and are associated with cognitive decline (Becker et al., 2011; Becker et al., 2016; 

Pruss et al., 2012). 

This thesis highlights the role of CD4+ T cells during chronic immune responses in the brain after 

experimental stroke and for post-stroke cognitive decline. However, we provide additional data 

providing insights into other determinants of stroke patientsô functional outcome. For instance, 

acute cerebral ischemia induces a state of peripheral immunodepression predisposing patients 

to severe pulmonary infections that account for a threefold increase of stroke mortality (Katzan et 

al., 2003). This stroke-induced immunodepression syndrome (SIDS) is mediated by an activation 

of the sympathetic and the parasympathetic nervous system (Engel et al., 2015; Prass et al., 

2003). Using various knockout models, we investigated the role of nicotinic acetylcholine receptor 

(nAChR) subtypes for the pulmonary bacterial clearance and local immune cell composition after 

stroke.  

Additionally, we investigated the neuroprotective properties of glycolic acid (GA) during cerebral 

reperfusion after experimental stroke. GA was previously characterized as a metabolite that 

protects Caenorhabditis elegans dauer larva during desiccation, a process which is characterized 

by a sudden withdrawal and subsequent supply of oxygen and nutrients comparable to the 

occlusion/reperfusion mechanism during stroke (Erkut et al., 2016). Here, we used multiple 

behavioral tests to assess the sensorimotor functions of mice after stroke with or without GA 

treatment. 

1.1. Hypothesis 

We hypothesized that adaptive immune responses in the ischemic brain contribute to PSCI and 

therefore serve as a potential therapeutic target to improve stroke patientsô long-term outcome. 

As formation of lymphoid tissue and general B cell functions vastly rely on chemokines secreted 

or induced by CD4+ T helper cells and cell-cell-interaction (Corsiero et al., 2016; Cupedo & 

Mebius, 2003), we also hypothesized that the treatment with an antibody depleting CD4+ T cells 

would mitigate B cell infiltration, ELS formation and alleviate cognitive decline after stroke. 

Therefore, we induced an ischemic stroke by middle cerebral artery occlusion (MCAo) in male 

and female mice and subsequently characterized the kinetics of immune cell infiltration and ELS 

formation in the brain. After administering a CD4+ T cell depleting antibody or an isotype control, 

we measured ELS formation by flow cytometry, histology and qRT-PCR while cognitive functions 

were assessed by behavioral testing. 
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2. Materials and Methods 

The materials and methods listed below have previously been published and are described in 

detail elsewhere (Chovsepian et al., 2022; Jagdmann et al., 2020; Weitbrecht et al., 2021). A brief 

outline is provided for each method.  

2.1. Animals and Housing 

Experiments were conducted with male and female 2D2 mice (Bettelli et al., 2003) and C57BL/6J 

(WT) mice between the ages of 10 to 14 weeks when entering the study. Male 8-week-old 

Cx3Cr1CreERT2-YFP transgenic mice were used for validating CD45 to distinguish microglia from 

IMC. Male Ŭ2 nAChR knock-out (KO) Ŭ5 nAChR KO, Ŭ7 nAChR KO, Ŭ9/10 nAChR KO mice and 

corresponding WT littermates aged between 12-20 weeks were used for infection experiments. 

2.2. Experimental Stroke Model (MCAo) 

Ischemic stroke was modeled by 60-minute middle cerebral artery (MCA) occlusion (MCAo). MCA 

perfusion was disrupted by introducing a monofilament into the common carotid artery towards 

the origin of the MCA, where it was left for 60 minutes. Thereafter, the filament was withdrawn to 

reestablish perfusion. A sham-operation where the filament was immediately withdrawn after 

exposition to the MCA was performed in control animals. The success of MCAo was verified 

immediately with the modified Bederson score (Bederson et al., 1986) and at day one with T2-

weighted magnetic resonance imaging. 

2.3. Stroke Volumetry ï Magnetic Resonance Imaging (MRI)  

Infarct volumes were quantified by T2-weighted MRI as previously described (Hetze et al., 2012). 

Infarct volumes were calculated and expressed as percentage of the edema corrected ipsilateral 

hemisphere volume (Gerriets et al., 2004). For aspiration-induced pneumonia experiments stroke 

volumes were determined by hematoxylin staining. 

2.4. Bronchoscopy-Guided Application of S. Pneumoniae  

Streptococcus pneumoniae (S. pneumoniae) was diluted in PBS to 2000 colony forming units 

(CFU)/50µL. Under anesthesia with midazolam (5.0mg/kg BW) and medetomidin (0.5mg/kg BW) 

the bronchoscope was advanced along the trachea to the bifurcation where 50µL pneumococcal 

suspension were administered. Subsequently, mice recovered under flumazenil (0.5mg/kg BW) 

and atipamezol (5mg/kg BW) to antagonize the anesthesia. 

2.5. Microbiological Investigation 

Bronchoalveolar lavage (BAL) was performed as described elsewhere (Sun et al., 2017). BAL 

fluid and homogenized lung tissue were serially diluted and incubated on Columbia-Agar plates 

at 37 °C for 18h. Bacterial colonies were counted to calculate the CFUs per ml tissue/liquid. 
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2.6. Drug Administration  

2.6.1. CD4 Depletion 

200ɛg of CD4 depletion antibody (anti-mouse CD4, clone GK1.5) or isotype control antibody were 

injected intraperitoneally (i.p.) at day 3, 5, 7 and 9 after MCAo to eliminate peripheral CD4+ T cells 

in MCAo and sham animals. 

2.6.2. Tamoxifen 

4mg Tamoxifen was injected four weeks prior to MCAo surgery in 8-week-old Cx3Cr1CreERT2-YFP 

transgenic mice to induce YFP expression in Cx3Cr1-positive cells. Due to the high turnover of 

peripheral myeloid cells, YFP was expressed in microglia and brain-resident macrophages but 

not IMC when the tissue was analyzed by flow cytometry at day 14 after stroke (Goldmann et al., 

2016). 

2.6.3. Antibiotics 

For aspiration-induced pneumonia experiments, spontaneous pneumonia was prevented by i.p. 

injections of marbofloxacin (5mg/kg body weight) at the day of MCAo and the day before. 

2.6.4. Glycolic Acid 

100 µl of glycolic acid (GA) or 0.9% NaCl (vehicle) solution were injected i.p. immediately after 

MCAo or sham operation and on the following 3 days. GA powder was diluted in pure water to a 

concentration of 15.6 mg/ml (60 mg/ kg BW). 

2.7. Immunofluorescence Staining ï Stereological Quantification 

Mouse brains were snap frozen and cut into 30µm slices on a sliding microtome. Antibodies were 

diluted in 1% normal goat serum and 0.3% Tween20 in PBS. Sections were incubated with 

primary antibodies (Tab. 1) at 4°C overnight. Slices were washed and incubated with secondary 

antibodies for 2 hours at room temperature on a shaker. DAPI was used to stain nuclei. 

Fluorescent images were taken using a confocal microscope. Stereological cell quantification was 

performed using LEICA LAF software, where CD4+ and B220+ cells were counted in 9 frames 

(173µm × 173µm) per hemisphere. One slice around the bregma including lesions in both striatum 

and cortex was chosen to represent each animal. 
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Table 1  

Primary Antibodies for Immunofluorescence Staining 

Antigen Conjugate Dilution Clone Type Source 

B220 Alexa488 1:200 RA3-6B2 Monoclonal BioLegend 

CD3  1:200 500A2 Monoclonal BD Bioscience 

CD4  1:200 RM-4-5 Monoclonal BD Bioscience 

Laminin 1+2  1:400 Ab7463 Polyclonal Abcam 

CD138  1:200 281-2 Monoclonal BD Bioscience 

IgM Alexa594 1:200 A21044 Polyclonal Life Technologies 

IgG Oregon Green 488 1:200 O6280 Polyclonal Life Technologies 

 

2.8. Leukocyte Retrieval and Flow Cytometry 

Mice were transcardially perfused with PBS after deep anesthesia. Cerebrums were separated 

from the cerebellum and kept on ice in medium with penicillin, streptomycin, and 2 mM L-alanyl-

L-glutamine. Hemispheres were pressed through a 70µm cell strainer separately to obtain single 

cell suspensions. After centrifugation, cell pellets were resuspended in 35% Percoll. The 35% 

Percoll solution was carefully layered on top of 70% Percoll and centrifuged at room temperature 

for 30 minutes at 1159g to obtain mononuclear cells at the 35%/70% interface. 

Peripheral blood was collected by submandibular puncture or from the vena cava in deeply 

anesthetized mice. Obtained blood samples were treated with erythrocyte lysis reagent. 

Leukocytes collected from brain or blood were incubated with primary, fluorochrome-conjugated 

antibodies (Tab. 2) that were diluted in PBS, 0.5% bovine serum albumin and 2mM 

ethylenediaminetetraacetic acid for 20 minutes at 4°C in the dark according to the manufacturersô 

instructions. Pacific orange was used to discriminate living from dead cells in blood samples. Cells 

were analyzed using LSRII SORP and FACSCanto II flow cytometers with FlowJo v10.0 software. 

Gating strategies are provided in Figure 1 and 5A. 
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Table 2 

Primary Antibodies for Flow Cytometry 

Brain Leukocytes 

Antigen Conjugate Clone Type Source 

CD11b ECD M1/70 Monoclonal eBioscience 

CD138 BV605 281-2 Monoclonal BD Biosciences 

CD19 BV785 6D5 Monoclonal BioLegend 

CD25 BV711 PC61 Monoclonal BD Biosciences 

CD3e Pacific Blue 17A2 Monoclonal BioLegend 

CD44 PE-Cy7 IM7 Monoclonal eBioscience 

CD45 Alexa700 30-F11 Monoclonal BioLegend 

CD8 PE-Cy5 53-6.7 Monoclonal BioLegend 

GL7 Alexa488 GL7 Monoclonal eBioscience 

IgD BV510 11-26c.2a Monoclonal BD Biosciences 

TCR Vɓ11 PE RR3-15 Monoclonal BioLegend 

Blood Leukocytes 

CD11b PE-Cy7 M1/70 Monoclonal eBioscience 

CD19 PerCp-Cy5.5 1D3 Monoclonal FisherScientific 

CD3 PE 17A2 Monoclonal BioLegend 

CD4 FITC RM4-5 Monoclonal BD Bioscience 

CD8 Alexa647 53-6.7 Monoclonal BioLegend 

Ly6C BV421 HK1.4 Monoclonal BioLegend 

Ly6G APC-Cy7 1A8 Monoclonal BioLegend 

 

2.9. mRNA Expression Analysis ï Quantitative Reverse Transcription Polymerase Chain 

Reaction (qRT-PCR) 

Phenol-chloroform extraction was used to isolate the RNA from both hemispheres separately. 

DNaseI was employed according to the manufacturerôs instructions to digest genomic DNA. 

Extracted mRNA was reverse-transcribed to cDNA using the M-MLV reverse transcriptase. The 

cDNA was then quantified using a LightCycler 480. Target gene expression was normalized to 

Reep5 as housekeeping gene. The relative expression of the target gene in ipsilateral 

hemispheres was expressed as a ratio of ipsilateral to contralateral hemisphere expression. 

Primers are specified in Table 3. 
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Table 3 

Primers for qRT-PCR 

Gene Forward sequence Reverse sequence 

Ccxcr5 CCCACTAACCCTGGACATGGGCTC AGTGTGCCGGTGCCTCTCCA 

Cxcl13 TACGCCCCCTGGGAATGGCT AGTGGCTTCAGGCAGCTCTTCT 

Cxcl12 TGGACGCCAAGGTCGTCGCC GAACCGGCAGGGGCATCGGT 

Ccl19 CTGCTGGTTCTCTGGACCTTC GCGGAAGGCTTTCACGATGT 

Ltb ACCTCATAGGCGCTTGGATG CGACGTGGCAGTAGAGGTAA 

Pax5 CCGACTCCTCGGACCATCAGGACA GGGCCTGACACCTTGATGGGCA 

Cst7 AGTCCCATGTCAGCAAAGCC ATATAGAGTCCGCTTCAAGGCAG 

Csf1 CTCTAGCCGAGGCCATGTG GCTCCTCCACTTCCACTTGT 

Ctsd ACATAGCCTGCTGGGTCCAC CCTGAGCCGTAGTGGATGTC 

Apoe CTGAGAAGGGAAGATGGGGTTC GGCTAGGCATCCTGTCAGCAA 

Lpl CTCCAGAGTTTGACCGCCTT TTCCCGTTACCGTCCATCCA 

Ctsl GTGGACTGTTCTCACGCTCA ACAAGATCCGTCCTTCGCTT 

P2ry13 TCGTGGGTTGAGCTAGTAACTG TCCCGAGCATCAGCTTTGTT 

Hexb CATCGACCACAGTCCCAATTC CCAAAAACATAGTTGTAATATCGCC 

Cx3Cr1 GTGAGACTGGGTGAGTGACTG GTGGACATGGTGAGGTCCTGAG 

Tmem119 CACCCAGAGCTGGTTCCATAGC GGTCTCTCCGGTGTGGGACT 

Note. Adapted from (Weitbrecht et al., 2021). 

 

2.10. Cognitive Assessment 

The Y-maze test was used to examine the cognitive function and spatial working memory of mice 

after stroke and CD4 depletion as previously described (Itoh et al., 1993). The number of arm 

entries in 8-minut-sessions served as an indicator for exploration behavior and memory. 

Behavioral tests were performed at baseline (day -1), 2 weeks and 7 weeks after MCAo. 

2.11. Motor Assessment 

After stroke, mice show impaired motor functions and a preference towards the nonaffected limb 

(Balkaya et al., 2012). For the glycolic acid experiments, various functional tests were performed 

to assess such deficits. 

2.11.1. Pole Test 

Animals were placed on top of a vertical pole facing upwards. The time from the start of a full 180° 

turn (time to turn) and latency to reach the ground (time to descend) was measured. 3 successful 
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trials per mouse were taken. Trials in which mice took longer than 5 s to turn or longer than 20 s 

to descend were excluded. Pausing was also an exclusion criterion. 

2.11.2. Gait Analysis ï CatWalk 

Quantitative gait analysis using the semi-automated CatWalk (Noldus Information Technology) 

system was used to assess deficits of motor function at day 10 after MCAo. The animalsô 

footprints on a transparent, fluorescently illuminated platform were recorded by a camera from 

underneath. Mice were trained to walk across the platform on 3 consecutive days before MCAo. 

Each mouse was observed until 3 successful trials were recorded (speed variation <60%, no 

pausing). Analysis was performed with CatWalk XT 10.5 Software, which visualizes the footprints 

and calculates statistics regarding their dimensions and the time and distance ratios between 

footfalls.  

2.11.3. Corner Test 

At day 12 after MCAO, mice were placed in a cardboard box where two opposing corners were 

set at a 30° angle. Mice were motivated to move into the corner by a small opening in the wall. 

As a response to the whiskers touching the walls of the corner, the animals rear and turn to either 

side with a preference for the healthy side after stroke. Mice were observed during 10-minute 

sessions and the turns in each direction were counted. The laterality index (LI) was calculated as 

described: LI=(TLīTD)/(TD+TL) (Balkaya et al., 2013).TL: turn left (stroke-affected side); TD: turn 

right (nonaffected side). 

2.12. Statistical Analysis 

Data are presented as scattered dot plots with mean ± standard deviation (SD) or box plots (25-

75 percentile) with whiskers (5-95 percentile), if not stated otherwise in the figure legend. Tests 

were two-sided and a p-value <0.05 was considered statistically significant. Normal distribution 

was verified with the Kolgomorow-Smirnov test. Where data was not normally distributed, a log-

transformation was performed before analysis.  

2.13. Study Approval 

All animal experiments were conducted in accordance with the ARRIVE guidelines (Kilkenny et 

al., 2010), Directive 2010/63/EU of the European Parliament and German national laws and 

approved by local authority (Landesamt fur Gesundheit und Soziales, Berlin, Germany). 

2.14. Use of Published Data 

The data, tables, and figures presented in this thesis have in part been published as indicated. 

All included publications are licensed under a Creative Common License (CC-BY) and permission 

to reprint figures, data and text are therefore granted by the publisher.  
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Figure 1 

Flow Cytometry Gating Strategy 

 

Note. ñIsolated leukocytes were gated based on forward (FSC) and sideward (SSC) scatter to 
determine single cells. CD45 was used to separate CD11b+ myeloid cells into microglia 
(CD11bhiCD45lo) and infiltrating myeloid cells (CD11bhiCD45hi). Lymphocytes were defined as 
CD45+CD11b- and gated into CD138+ plasmablasts / plasma cells [é] CD3+ T cells and CD19+ 
cells of B cell lineage. CD3+ T cells were discriminated into CD4+ T helper cells and CD8+ cytotoxic 
T cells. CD19+ cells were further discriminated to define IgD- GL7+ [germinal center- like] B cells.ò 
Reprinted (Weitbrecht et al., 2021). 
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3. Results Publication 1: ñCD4+ T Cells Promote Delayed B Cell Responses in the 

Ischemic Brain After Experimental Strokeò 

The results (except section 3.4) have previously been published as indicated. Selected results of 

two separate publications are enclosed in section 4-5. 

3.1. CNS Autoreactivity Exacerbates Infarct Volumes and Lymphocyte Infiltration in 2D2 

Mice After Stroke Compared to Wild-Type Mice 

Previous studies suggest that CNS antigen-specific lymphocytes infiltrate the brain following 

experimental stroke and exacerbate stroke outcome (Jin et al., 2018; Ren et al., 2012; Römer et 

al., 2015). Therefore, we investigated lymphocyte infiltration to the brain, infarct volumes at day 

14 and survival following 60min MCAo in WT mice and 2D2 mice, a transgenic strain with more 

than 80% of peripheral CD4+ T cells expressing T cell receptors (TCRs) directed against the CNS-

specific antigen MOG. Immunofluorescence staining of selected brain slices and flow cytometry 

indicated that CD4+ T cell and B cell infiltration into the ischemic brain was more pronounced in 

the ipsilateral hemisphere of 2D2 mice compared to WT animals (Fig. 2A-B). Lymphocytes did 

not infiltrate the contralateral hemisphere of MCAo mice or the brains of sham-operated 

control mice (data not shown). Larger infarct volumes at day 14 after MCAo (Fig. 2C) and lower 

long-term survival (Fig. 2D) compared to WT mice are additional indicators for an exacerbated 

immune response in 2D2 mice, which makes them a useful model organism when investigating 

the role of CD4+ T cell-dependent CNS antigen-specific immune cell responses after experimental 

stroke. 
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Figure 2 

2D2 Mice Show Enhanced Immune Responses After MCAo 

 

Note. ñA) Representative immunostaining of CD4+ T cells that infiltrate the ischemic brain through 
the vascular basement membrane (laminin) in 2D2 mice and WT mice 14 days after MCAo. Scale 
bar = 50µm. B) Flow cytometry quantification of CD4+ T cells and CD19+ [B] cells in ipsilateral 
hemispheres of 2D2 and WT mice 14 days after MCAo (Mann-Whitney U Test). C) Infarct volumes 
measured by T2-weighted MRI on day 1 after MCAo in 2D2 and WT mice. D) Long-term survival 
after 60min MCAo in 2D2 and WT mice (Log-Rank (Mantel-Cox) Test).ò Mice were sacrificed after 
49 days or 72 days. Sample size is displayed as surviving/total mice used in the study. Reprinted 
(Weitbrecht et al., 2021).  

 

3.2. Delayed CD4 Depletion Inhibits CD4+ T Cell Infiltration into the Ischemic Brain at 

Day 14 After Stroke 

We observed immune cell infiltration into the CNS at day 14, 49 and 72 by histology, flow 

cytometry and qRT-PCR after administering a monoclonal anti-CD4 antibody or an 

immunoglobulin (Ig) G control antibody. We had previously observed that leukocyte infiltration 

into the ischemic brain correlates with infarct sizes (Fig. 3A). Infarct volumes at day 1 were 

therefore used to allocate the animals into equal groups for subsequent antibody treatment 

(Fig. 3B).  
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Figure 3 

Leukocyte Infiltration into the Brain Increases with Infarct Volumes 

 

Note. ñA) Infiltration of CD45+ leukocytes correlated with infarct volumes at day 1 (r = 0.826; p = 
0.016; Spearman correlation) in isotype-treated mice [é]. B) Mice were assigned to equal 
treatment groups according to their initial infarct volumes.ò Adapted from (Weitbrecht et al., 2021). 

 

By depleting circulating CD4+ T cells with repeated anti-CD4 antibody injections at day 3, 5, 7 and 

9 after MCAo, we focused our observations on delayed but not immediate or early immune 

responses after stroke onset (Fig. 4A). Following this protocol, we eliminated CD4+ T cells from 

the peripheral blood between day 7 and day 28 after stroke in CD4-depleted animals (Fig. 4B), 

while numbers of CD8+ T cells, CD19+ B cells and myeloid cells were not affected (Fig. 4C). 

Accordingly, at day 14 after MCAo CD4+ T cell infiltration into the brain was completely prevented 

by CD4 depletion, whereas isotype-treated control animals showed a diffuse infiltration pattern 

into the ischemic tissue in immunofluorescence staining (Fig. 4D).  
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Figure 4 

Experimental Set-Up and CD4 Depletion Efficacy 

 

Note. ñA) Stroke was induced by 60 min MCAo and verified by MRI. Anti-CD4 antibody or IgG-
isotype control was injected i.p. at day 3, 5, 7 and 9 after MCAo. Leukocyte infiltration was 
investigated at day 14, 49 [and] 72 after stroke by histology, flow cytometry and qRT-PCR. 
Additional MRI analysis on day 14 and 48 was performed to assess infarct maturation after CD4 
depletion. B) Flow cytometry quantification of CD4+ T cells in blood samples of CD4-depleted and 
isotype-treated mice at baseline, day 7, 14, 28 and 49 after MCAo (2way ANOVA and Sidakôs 
multiple comparison) [é]. C) Flow cytometry quantification of circulating CD4+ T cells, CD8+ T 
cells, CD19+ [B] cells [é] and CD11b+ myeloid cells [é] at day 14 after MCAo (Mann-Whitney U-
Test). D) Representative immunostaining for CD4+ T cells in ipsilateral hemispheres of sham-
operated mice, isotype-treated MCAo mice and CD4-depleted MCAo mice 14 days after stroke 
onset with stereological quantification for CD4-depleted [é] and isotype-treated [é] mice (Mann-
Whitney U-Test). Scale bar = 50µm.ò Reprinted (Weitbrecht et al., 2021). 
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3.3. CNS-Resident Microglia and Infiltrating Myeloid Cells After CD4 Depletion 

To investigate whether CD4 depletion influenced myeloid cell numbers in the delayed phase after 

stroke, we aimed to quantify resident microglia and IMC 14 days after MCAo by flow cytometry. 

Resting microglia express low levels of CD45 and can therefore be distinguished from IMC. 

However, there are no well-established markers to differentiate microglia from IMC in an activated 

state. 

3.3.1. Microglia and Infiltrating Myeloid Cells Can Be Distinguished by Flow 

Cytometry Using CD45 and CD11b Expression 

To validate CD45 as a marker to differentiate microglia from IMC after stroke, we administered 

Tamoxifen in 8-week-old Cx3Cr1CreERT2-YFP transgenic mice to induce YFP expression in all 

Cx3Cr1-positive myeloid cells. Due to the high turnover of circulating monocytes, YFP was only 

expressed in the long-lived microglia and perivascular macrophages when we performed MCAo 

4 weeks later (Goldmann et al., 2016). Using CD45 expression levels measured by flow 

cytometry, we discriminated CD11b+ myeloid cells into CD45hi IMC and CD45lo microglia and 

perivascular macrophages at day 14 after stroke (Fig. 5A). Around 25% of CD45+ cells in the 

ipsilateral hemisphere showed high CD45 expression, whereas all CD45+ cells in the contralateral 

hemisphere were CD45lo (Fig. 5B). Nearly all CD45hi cells were YFP- and had therefore infiltrated 

from the periphery (Fig. 5C), which verifies that IMC and microglia can be distinguished by CD45 

expression. 
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Figure 5 

CD45 Expression is Sufficient to Distinguish Infiltrating Myeloid Cells (IMC) and Microglia by Flow 

Cytometry 14 Days After MCAo 

 

Note. ñ8-week-old Cx3Cr1CreERT2-YFP transgenic mice received 2 s.c. injections of 4mg Tamoxifen 
each to induce YFP expression in Cx3Cr1-positive cells. Stroke was induced 4 weeks after 
tamoxifen injections and brain tissue was analyzed by flow cytometry at day 14 after stroke. Due 
to the high turnover of peripheral myeloid cells, YFP was expressed in microglia and brain-
resident macrophages but not IMC at this time [é]. A) Isolated leukocytes were gated based on 
[é] FSC and [é] SSC to determine single cells. CD45+ cells were discriminated into CD45hi and 
CD45lo populations. CD45hi cells were further discriminated into YFP+ and YFP-. B) Quantification 
of CD45hi and CD45lo cells in ipsilateral and contralateral hemispheres. Data expressed as 
percent of CD45+ cells. C) Less than 5% of CD45hi cells are YFP+ in the ipsilateral hemispheres 
at day 14 after MCAo indicating that CD45 gating is sufficient to distinguish microglia and brain-
resident macrophages from IMC by flow cytometry.ò Reprinted (Weitbrecht et al., 2021). 

 

3.3.2. CD4 Depletion Mitigates Microglial Loss and Reduces Myeloid Cell Infiltration 

into the Brain After Severe Infarction 

We used flow cytometry to investigate CNS myeloid cell populations as described above (see 

3.3.1) and to determine whether CD4 depletion influenced numbers of IMC and resident microglia 
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in the delayed phase after stroke. At day 14 after MCAo, we observed a loss of microglia in the 

ipsilateral compared to the contralateral hemisphere of isotype-treated mice that was not 

statistically significant. This trend was completely abrogated by CD4 depletion. In fact, microglia 

numbers were significantly higher in the ipsilateral hemisphere of CD4-depleted mice compared 

to isotype-treated mice (Fig. 6A). Microglia numbers in the ipsilateral hemisphere of both 

treatment groups depended on infarct volumes and decreased with increasing lesion size. 

However, the correlation did not reach statistical significance in isotype-treated animals (Fig. 6B). 

Infiltration of myeloid cells from the periphery to the CNS was only observed in the ipsilateral 

hemisphere and was highly elevated only in a subgroup of isotype-treated animals (Fig. 6C). 

A correlation analysis indicated that these animals had suffered from large infarcts, suggesting 

that excessive myeloid cell infiltration may depend on infarct volumes. However, this 

interdependence did not reach statistical significance (Fig. 6D). In contrast, we observed only 

moderate IMC numbers in CD4-depleted mice, even in animals with large infarcts (Fig. 6D). 

Further correlation analysis indicated a relationship between IMC and microglia numbers in 

isotype-treated animals, where infiltration of myeloid cells into the ipsilateral hemisphere 

increased with decreasing microglia numbers, but not in CD4-depleted animals (Fig. 6E). 
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Figure 6 

CD4 Depletion Reduces Microglial Loss and Myeloid Cell Infiltration at Day 14 After MCAo 

 

ñNote. A-E) Flow cytometry quantification of microglia and IMC [é]. A) Quantification of 
CD45loCD11b+ microglia in ipsilateral and contralateral hemispheres of CD4-depleted and 
isotype-treated mice (Wilcoxon test). B) Correlation of microglia numbers in the ipsilateral 
hemisphere with infarct volume on day 1 in CD4-depleted and isotype-treated mice (Spearman 
correlation). C) Quantification of CD45hiCD11b+ IMC in ipsilateral hemispheres of CD4-depleted 
and isotype-treated mice (Wilcoxon test). D) Correlation of IMC numbers in the ipsilateral 
hemisphere with infarct volume on day 1 in CD4-depleted and isotype-treated mice (Spearman 
correlation). E) Correlation of microglia numbers with IMC numbers in the ipsilateral hemisphere 
CD4-depleted [é] and isotype-treated [é] mice (Spearman correlation). F) qRT-PCR analysis of 
microglial markers for activation (Cst7, Csf1, Ctsd, Apoe, Lpl, Ctsl) and homeostasis (P2ry13, 
Hexb, Cx3cr1, Tmem119). Data is presented as ratio of gene expression in ipsilateral to 
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contralateral hemisphere of CD4-depleted [é] and isotype-treated [é] animals. Box plots with 
mean and whiskers (5ï95%)ò Reprinted (Weitbrecht et al., 2021). 

3.4. Expression of Lymphocyte-Attracting and ELS-Inducing Cytokines in the Ischemic 

Brain 

The expression of mRNA coding for the lymphocyte-attracting chemokines C-X-C motif ligand 12 

(CXCL12) and (C-C motif) ligand 19 (CCL19) was significantly upregulated in the ipsilateral 

compared to the contralateral hemisphere 14 days after MCAo. Likewise, we observed elevated 

expression of the lymphoid follicle-inducing cytokine Lymphotoxin-beta (LTb) and CXC receptor 5 

(CXCR5) (Fig. 7 A-D). 

 

Figure 7 

Lymphocyte-Attracting Cytokines Are Upregulated in the Ischemic Brain After Stroke 

 

Note. qRT-PCR analysis at day 7 and 14 after MCAo in 2D2 mice reveals an upregulation of 
CXCR5 which enables B cells and Tfh to enter lymphoid tissue, the ELS-inducing cytokine LTb 
and the lymphocyte-attracting cytokines CXCL12 and CCL19 in the ipsilateral compared to the 
contralateral hemisphere. Two-way ANOVA; *p<0.05; **p<0.01; ***p<0.001.  
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3.5. CD4 Depletion Reduces B Cell Infiltration into the Ischemic Brain at Day 14 After 

Stroke 

Immunohistological staining of CNS tissue at 14 days after MCAo revealed that infiltrating B cells 

accumulated in the ischemic area while CD4+ T cells showed diffuse infiltration of the surrounding 

area (Fig. 8A). The composition of resulting lymphocyte clusters resembled that of lymphoid 

follicles as described for ELS (Fig. 8B). In comparison with isotype-treated mice (Fig. 8B, 

top panels), B cell infiltration and ELS formation was strongly reduced in CD4-depleted animals 

(Fig. 8B, bottom panels). We confirmed this finding by stereological quantification (Fig. 8C) and 

by qRT-PCR measurement of the B cell marker Pax5 in tissue homogenates (Fig. 8D). In addition 

to the significant reduction of CD4+ T cells and CD19+ B cells, we also found a decrease in plasma 

cell numbers in the ischemic brain of CD4-depleted animals using flow cytometry (Fig. 8E). A 

correlation of CD19+ B cell infiltration with infarct volumes was completely abrogated by CD4 

depletion as well (Fig. 8F). 
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Figure 8 

CD4 Depletion Inhibits B Cell Infiltration into the Ischemic Brain at Day 14 After MCAo 
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Note. ñA) Representative images indicating distribution of B220+ B cells and CD4+ T cells in the 
ipsilateral hemisphere at day 14 after MCAo. B) Immunostaining of infarct area in CD4-depleted 
and isotype-treated mice (left panels) and B cell follicles in detail (right panels). Scale bar = 
250µm. C) Stereological quantification of B220+ B cells after CD4 depletion [é] or isotype 
treatment [é] (Mann-Whitney U Test). D) qRT-PCR analysis of the B cell marker Pax5, displayed 
as ratio of gene expression in ipsilateral to contralateral hemisphere in CD4-depleted [é] and 
isotype-treated [é] animals (Mann-Whitney U Test). E) Flow cytometry quantification of 
CD4+ T cells, CD19+ B cells and CD138+ [plasma cells] in CD4-depleted and isotype-treated 
animals. Cell numbers are presented as mean with SD. Data was log-transformed prior to 
statistical analysis to attain normal distribution. Data was analyzed with Kolgomorow-Smirnov test 
for normality followed by unpaired t-test. F) Flow cytometry: Correlation of CD19+ B cell numbers 
in the ipsilateral hemisphere with infarct volumes at day 1 in CD4-depleted and isotype-treated 
mice (Spearman correlation).ò Reprinted (Weitbrecht et al., 2021). 

 

3.6. CD4+ T and B Cells Infiltrate the Ischemic Brain Once the CD4+ T Cell Population 

Recovers in the Periphery 

Treatment with anti-CD4 antibody between day 3 and 9 after MCAo reduced B cell infiltration into 

the brain and ELS formation at day 14 after stroke. However, circulating CD4+ T cells started 

recovering at day 28 after stroke in CD4-depleted mice. Therefore, we wondered whether the 

inhibitory effect of anti-CD4 antibody on B cell infiltration to the brain would also persist at later 

time-points when the peripheral CD4+ T cell population had recovered.  

At day 49 and 72 after stroke we found high numbers of B cells within the ischemic brain of 

isotype-treated mice and animals where CD4+ T cells had recovered after previous CD4 depletion 

(Fig. 9A). In line with our hypothesis that CD4+ T cells facilitate B cell infiltration, we observed 

equal numbers of CD4+ T cells in both treatment groups (Fig. 9A) correlating with B cell infiltration 

at 49 days (Fig. 9B). Moreover, we found large, highly organized ELS at day 49 and 72 in both 

groups regardless of previous treatment. This may indicate that an adaptive immune response 

develops within the damaged brain tissue in response to the ischemic cell death (Fig. 9C). Further 

evidence for this hypothesis is provided by the presence of antibody-producing plasma cells and 

GL7+IgD- germinal center-like B cells that differentiate from naïve B cells within lymphoid tissue 

upon exposure to their cognate antigen (Fig. 9D). CD138+ plasma cells expressed either IgM or 

IgG and were found in proximity to ELS (Fig. 9E). Diffuse IgM and IgG staining may represent 

autoreactive, locally produced antibodies binding to the surrounding tissue. 

Overall, these data indicate that infiltration of B lymphocytes into the ischemic brain is not limited 

to the early phase after stroke but depends on the presence of peripheral CD4+ T cells and that 

brain-infiltrating B cells may differentiate within ELS, inducing an adaptive immune response on-

site. 

 

 



 

 

26 

Figure 9 

Lymphocytes Infiltrate the Ischemic Brain After the CD4+ Population Recovers in the Periphery 
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Note. ñA) Flow cytometry quantification of CD4+ T cells and CD19+ B cells in the ipsilateral 
hemisphere of CD4-depleted and isotype-treated mice at day 49 (CD4 depletion: n = 7; isotype: 
n = 5) and day 72 (n = 4 per group) after MCAo. At this time, the CD4+ T cell population had 
recovered in the periphery of depleted animals. B) Correlation of CD19+ B cell numbers with CD4+ 
T cells in the ipsilateral hemisphere at day 49 after MCAo. Mice from both treatment groups are 
analyzed collectively in one correlation (n = 12) (Spearman correlation). C) Representative 
images of B cell follicles in ischemic brains of CD4-depleted and isotype-treated mice at day 72. 
Scale bar = 100 ɛm. D) CD138+ [plasma cells] and GL7+IgD- [germinal center-like] B cells were 
detected by flow cytometry in both treatment groups at day 49 and 72 after MCAo. E) 
Representative images of IgG+ and IgM+ plasma cells in proximity to cell-rich ELS in CD4-depleted 
and isotype-treated mice at day 72 after MCAo. Top panels display ELS with surrounding plasma 
cells at 20x magnification. Bottom panels display 63x magnification of indicated areas. Scale bar 
= 100 ɛm.ò Reprinted (Weitbrecht et al., 2021). 

 

3.7. Temporary Inhibition of CD4+ T and B Cell Infiltration to the Brain Alleviates 

Cognitive Decline Without Influencing Infarct Volumes or Mortality  

To assess long-term neurological outcome, mice underwent repeated MRI brain scans for up to 

10 weeks after stroke. Here we observed a significant reduction of infarct volumes from day 1 to 

day 14 in both CD4-depleted and isotype-treated mice and a similar infarct maturation in both 

treatment groups beyond this time-point (Fig. 10A). In addition, no significant differences in 

survival or weight loss and body temperature, two parameters of the animalsô overall well-being, 

were observed between groups (Fig. 10B-D). 

A previous study suggested that infiltrating B cells and CNS antigen-specific autoantibody 

responses lead to cognitive impairment after stroke (Doyle et al., 2015). Therefore, we 

investigated whether CD4 depletion and the subsequent reduction in brain B cell infiltration would 

alleviate cognitive decline after stroke by subjecting all mice to behavioral testing in a Y-maze 

prior to the MCAo (baseline), as well as 2 weeks and 7 weeks after MCAo. Using the number of 

arm entries to assess learning and memory abilities, we observed that after 2 weeks all groups 

had decreased entries when compared to baseline, but only sham-operated and MCAo mice 

which received CD depletion displayed a further decrease in arm entries after 7 weeks. In 

contrast, isotype-treated control mice had almost as many arm entries after 7 weeks as they did 

at baseline (Fig. 10E) indicating differences in cognitive function between CD4-depleted and 

isotype-treated animals over the course of time after stroke. 
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Figure 10 

Long-Term Functional Outcome After Stroke and CD4 Depletion 

 

Note. A) ñLong-term infarct maturation was assessed by T2-weighted infarct volumetry in CD4-
depleted and isotype-treated mice at day 1 (n = 15 per group), 14 (n = 13-14), 48 (n = 11-12) and 
71 (n = 4-7) after MCAo.ò B) ñCD4 depletion did not influence weight loss (sham: n = 11; CD4 
depletion: n = 28; isotype: n = 24) or C) hypothermia (sham: n = 8; CD4 depletion: n = 26; isotype: 
n = 21) after MCAo.ò D) ñLong-term survival after 60min MCAo in CD4-depleted and isotype-
treated animals from 2 separate experiments (Log-rank Mantel-Cox Test). Mice were sacrificed 
after 49 days or 72 days. Sample size is displayed as surviving/total mice used in the study. E) 
The number of spontaneous Y-maze arm entries was used to test learning and memory abilities, 
where decreased arm entries after repeated testing was interpreted as a learning effect due to 
functional memory (paired and unpaired t-test).ò Adapted from (Weitbrecht et al., 2021). 
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4. Results Publication 2: ñImpact of Key Nicotinic AChR Subunits on Post-Stroke 

Pneumococcal Pneumoniaò 

4.1. Increased Susceptibility to Aspiration-Induced Pneumonia After Stroke is not 

Altered by Genetic Deficiency of Nicotinic Acetylcholine Receptors 

Our group hat previously demonstrated that cholinergic signaling via the parasympathetic nervous 

system mediated peripheral immunosuppression and therefore contributed to post-stroke 

pneumonia (Engel et al., 2015). We used aspiration-induced pneumonia, where S. pneumoniae 

was applied one day after MCAo surgery to the tracheal bifurcation in various nAChR deficient 

mouse strains and WT mice, to model stroke-associated pneumonia. The WT naïve control 

animals were infected with S. pneumoniae but were not subjected to MCAo. We obtained bacterial 

cultures from homogenized lung tissue and bronchoalveolar lavage (BAL) at day one after 

infection. We observed an elevated bacterial burden across all nAChR KO strains and WT mice, 

whereas bacterial clearance was preserved in control animals without infarcts (Fig. 11A-B). 

Histological staining revealed comparable infarct sizes between various nAChR KO strains and 

WT mice (Fig. 11C). 

 

Figure 11 

The Susceptibility to Aspiration-Induced Pneumococcal Pneumonia After Experimental Stroke Is 

Not Altered in nAChR Knockout (KO) Mice 

 

Note. ñAïC) Untreated WT mice (naïve) or WT and nAChR KO mice subjected to MCAo surgery 
were infected with S. pneumoniae three days after MCAo.ò Microbiological analysis of lung tissue 
and bronchoalveolar lavage (BAL) at day one after infection showed no effect on bacterial burden 
in mice deficient of Ŭ2, Ŭ5, Ŭ7 and Ŭ9/10 nAChRs. C) Histological staining indicated that nAChR 
deficiency did not impact infarct size four days after MCAo. Data from 6 independent experiments 
are shown (n = 7ï15 per group) as box plots compared to WT naïve mice as a reference group 
for bacterial analysis and compared to WT MCAo mice as the reference group for infarct analysis 
using the KruskalïWallis test followed by Dunn´s test for multiple comparisons. Adapted 
(Jagdmann et al., 2020). 

 

We then performed flow cytometry of homogenized lung tissue at day one after infection to 

determine whether impaired bacterial clearance after stroke correlated with changes in the 

pulmonal immune cell composition. Here we found a reduction in interstitial macrophages in Ŭ7 
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and Ŭ9/10 nAChRs KO mice and WT mice when compared to WT mice without stroke (Fig. 12B), 

while neutrophil and lymphocyte numbers were similar across all groups (Fig. 12A, C). 

 

Figure 12 

Impact of S. Pneumoniae Infection on the Pulmonary Immune Cell Repertoire in WT and nAChR 

KO Mice 

 

Note. Immune cells were isolated from lung tissue and quantified by flow cytometry one day after 
infection with S. pneumoniae, B) where WT MCAo mice and MCAo mice deficient of Ŭ7 and Ŭ9/10 
nAChRs showed a significant reduction in interstitial macrophages when compared to WT mice 
without MCAo surgery. A, C) The number of pulmonary neutrophils and lymphocytes did not differ 
between MCAo mice and naïve WT mice. The grey area represents numbers of leukocyte subsets 
in healthy mice (median with IQR). Data from 6 independent experiments are shown (n = 5ï15 
per group) as box plots compared to naïve WT mice as a reference group using the Kruskalï
Wallis test followed by Dunn´s test for multiple comparison. Gating: Neutrophils 
(CD45+/CD11bhi/Gr1hi) (CD45+/CD11bhi/Gr1hi); interstitial macrophages 
(CD45+/Gr1ī/SiglecFī/CD11bhi/F480+); lymphocytes (B cells: CD45+/CD11bī/CD19+; T cells: 
CD45+/CD11bī/CD3+; NK cells: CD45+/NK1.1+/CD3ī; NKT cells: CD45+/NK1.1+/CD3+). Adapted 
(Jagdmann et al., 2020). 

 

5. Results Publication 3: ñA Primeval Mechanism of Tolerance to Desiccation Based 

on Glycolic Acid Saves Neurons in Mammals from Ischemia by Reducing 

Intracellular Calcium-Mediated Excitotoxicityò 

5.1. Glycolic Acid Improves Functional Outcomes After Experimental Stroke 

Additionally, we investigated the neuroprotective properties of glycolic acid (GA) after stroke. Mice 

were subjected to MCAo or sham surgery and received GA injections i.p. immediately after stroke 

and on the following 3 days. Overall well-being of the animals, infarct progression and functional 

outcome were assessed by daily scoring, repeated MRI and behavioral testing until reaching the 

primary endpoint at day 14 after stroke (Fig. 13A). Survival did not differ between GA-treated and 

vehicle-treated control mice (Chovsepian et al., 2022). However, we observed that death only 

occurred in a subgroup of animals with large infarct volumes (>18% of ipsilateral hemisphere) 

(Fig. 13B-i). Within this subgroup mortality was significantly lower in GA-treated mice compared 

to control animals (Fig. 13B-ii). MRI infarct volumetry at day 1 after MCAo showed no difference 

in infarct lesions between GA-treated and vehicle-treated mice (data not shown) (Chovsepian et 
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al., 2022). An additional MRI at day 14 indicated that infarct lesions had decreased significantly 

after GA but not after vehicle treatment (Fig. 13C-E). Sensorimotor functions after stroke were 

analyzed with the corner test. Here, the laterality index (LI) of vehicle-treated animals was 

significantly higher compared to sham animals indicating a preference towards the non-affected 

side. In contrast, a similar LI in GA-treated animals and sham mice suggested that GA treatment 

alleviated stroke-induced sensorimotor dysfunction (Fig. 13G). We performed a gait analysis 

using the CatWalk system to further assess the effect of glycolic acid on motor functions after 

stroke. A camera recording each footprint on a transparent platform from underneath allowed for 

an analysis of various gait parameters, none of which showed any differences between GA-

treated and control animals however (Fig, 14A-F). Likewise, both GA-treated and vehicle-treated 

animals performed similarly in the pole test (Fig. 14 G-H). 
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Figure 13 

Glycolic Acid Improves Histological and Functional Outcomes After MCAo 
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Note. Caption Figure 13 (previous page) A) Experimental design. Day 0: MCAo or sham 
operation. Day 0-3: Glycolic acid (GA) treatment. Day 1: Infarct volumetry by MRI. Day 8: Pole 
test. Day 10: Gait analysis. Day 12: Corner test. Day 13: MRI. Day 14: Primary endpoint. B) Only 
animals with infarcts larger than 18% of hemispheric volume reached humane endpoints and 
were sacrificed before reaching the primary endpoint at day 14 (i). Early survival after stroke in 
mice with large infarcts (>18%) was improved after GA treatment (33% of vehicle-treated mice 
vs. 58.8% of GA-treated mice (MantelïCox survival test: Chi square = 6.215, p = 0.0447) (ii). C) 
Representative MRI images: Infarct maturation after GA treatment at day 1 (top) and day 13 
(bottom) after MCAo. D-E) Infarct volumes decreased significantly from day 1 to day 13 in GA-
treated mice (paired t-test, p = 0.0004, n = 17), whereas no difference was detected in vehicle 
treated animals (paired t-test, p = 0.091, n = 10. F) Stereological quantification of ischemic core 
volumes (sham vs. vehicle: p = 0.0243; sham vs. GA: p = 0.0638, unpaired t-test; nGA = 17, nveh 
= 10, and nsham = 5). G) The corner test was used to assess sensorimotor functions after stroke. 
Impaired animals show a preference for the non-affected limb when turning in the corner (high 
laterality index ï LI). When compared to sham animals, the LI was significantly increased in 
vehicle-treated mice (p = 0.0064) but not GA-treated animals (p = 0.1042; one-way ANOVA 
followed by Bonferroniôs multiple comparisons test; nGA = 17, nveh = 13, nsham = 6). H) The 
functional outcome after MCAO (LI index) was not correlated with the infarct size in either 
treatment group (GA-treated mice: Pearsonôs r = ī0.03202, p = 0.9; vehicle-treated mice: 
Pearsonôs r = 0.5086, p = 0.07; nGA = 17, nveh = 13, and nsham = 6). Data are presented as mean 
± SEM. Adapted (Chovsepian et al., 2022).  

 

Note. Caption Figure 14 (following page) A-F) Gait analysis using the Catwalk system revealed 
no significant differences in the tested parameters between baseline, sham animals and GA or 
vehicle treatment regarding A) run duration B) base of support (distance between right and left 
forelimb), C) print position (distance between the two limbs of the same side), D) diagonal phase 
dispersion (contact of the target paw in relation to step cycle of the anchor paw), E) non-diagonal 
phase dispersion (all other comparisons) and F) stride length (distance between two successive 
steps with the same paw). G-H) No significant changes in motor function after MCAo were 
detected between sham mice and vehicle or GA treatment by the pole test regarding G) time until 
mice turn downward and H) time until mice touch the floor. One-way ANOVA, followed by Tukeyôs 
multiple comparisonôs test; Data displayed as meanÑSEM; nbaseline=36 (CatWalk only), nGA=17, 
nveh=13, nsham=6. Adapted (Chovsepian et al., 2022). 
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Figure 14 

Glycolic Acid Does Not Improve the Performance on CatWalk or Pole Test 
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6. Discussion 

This thesis depicts various aspects that determine the functional outcome after experimental 

stroke. The main publication characterizes CD4+ T cells as key players that facilitate infiltration of 

autoreactive B cells to the brain which contribute to long-term cognitive decline after experimental 

stroke. Other papers that I contributed to demonstrate that an altered pulmonary immune cell 

repertoire after stroke may increase susceptibility to pneumonia independently of single nAChR-

subtype signaling and characterized glycolic acid as a novel neuroprotective substance that had 

beneficial effects on infarct remodeling and sensorimotor functions when administered during 

reperfusion. 

Early immune responses in the brain following stroke have been studied extensively while the 

role of adaptive responses in the chronic phase are only poorly understood. A previous study 

demonstrated that delayed B cell infiltration to the CNS and ELS formation contribute to cognitive 

decline following stroke (Doyle et al., 2015). The main finding of our study is that this process 

largely depends on CD4+ T cell-dependent mechanisms and therefore supports our primary 

hypothesis. Additionally, we provide evidence that lymphocyte infiltration following stroke is a 

protracted process lasting more than 28 days in mice. The observation of reduced B cell 

infiltration, ELS formation within the brain and improved cognitive function in mice that underwent 

CD4 depletion sets the ground for new therapeutic targets in stroke (Weitbrecht et al., 2021). 

The involvement of CD4+ T cells in early stroke pathology has been extensively investigated in 

various animal models in the past. Yet, the picture emerging from these studies is far from clear 

as divergent and even contradictory findings have been reported for certain T cell subsets. For 

instance, different kinetics of T cell infiltration have been reported (Gelderblom et al., 2009; 

Vindegaard et al., 2017). Overall, early T cell infiltration seems to increase infarct volumes by 

exacerbating neuroinflammation (Brait et al., 2010; Hurn et al., 2007; Kleinschnitz et al., 2010; 

Yilmaz et al., 2006), while regulatory T cells (Treg) may be harmful early after stroke and acquire 

protective functions later on (Liesz et al., 2015; Shi et al., 2021). 

It remains a controversial discussion whether T cells infiltrate the ischemic brain in a CNS antigen-

dependent manner. It has been argued that T cells may fulfill their detrimental function even when 

they were deprived of antigen recognition and co-stimulatory pathways by genetic modification 

(Kleinschnitz et al., 2010). On the other hand it was shown that inhibiting CNS-reactive T cell 

responses in mice by treating them with a recombinant T cell receptor ligand made up of partial 

major histocompatibility complex class II (MHC-II) molecules and CNS-specific myelin peptides 

inhibited immune cell infiltration and reduced infarct volumes (Subramanian et al., 2009). In 

addition, multiple studies have demonstrated that stroke outcomes can be altered by exposing 

the immune system to CNS-specific antigens before stroke, thereby inducing either immunologic 

tolerance or autoimmunity (Becker et al., 1997; Frenkel et al., 2003; Ren et al., 2012). Our study 
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provides additional evidence that CNS antigen-dependent lymphocyte infiltration exacerbates 

stroke outcomes as 2D2 mice with a pre-existing CNS autoreactive T cell repertoire showed a 

significant increase in lymphocyte infiltration, infarct volumes and mortality when compared to 

WT mice (Weitbrecht et al., 2021). 

Under physiological conditions, lymphocytes have restricted access to the CNS due to the blood-

brain barrier (Wilson et al., 2010). However, after stroke, multiple pathways may enable CNS 

antigen to reach peripheral lymphatic tissue and to be presented to lymphocytes by APCs. 

Inflammatory cytokines and the ischemic damage disrupt the blood-brain-barrier, allowing soluble 

antigens and APCs carrying phagocytosed antigen to enter the blood stream (Hochmeister et al., 

2008). Additionally, CNS antigen may be transported to cervical lymph nodes along the recently 

discovered glymphatic system and meningeal lymphatic vessels (Eide et al., 2018; Louveau et 

al., 2015). Accordingly, an analysis of post-mortem lymphatic tissue of stroke patients showed 

T cells in proximity to APCs carrying phagocytosed CNS antigen (Planas et al., 2012). Therefore, 

it seems likely that delayed CNS antigen-specific lymphocyte infiltration, which peaks around 

week 7 in several studies including ours, involves priming in cervical lymph nodes (Miró-Mur et 

al., 2020; Weitbrecht et al., 2021; Zbesko et al., 2021).  

Upon entering the brain, lymphocytes form ELS consisting of B cells and T cells surrounded by 

microglia, dendritic-like cells, and stromal cells (Doyle et al., 2015; Weitbrecht et al., 2021). We 

have demonstrated that lymphocyte-attracting cytokines are upregulated in the ischemic brain of 

2D2 mice (unpublished, Fig. 7), indicating that the underlying mechanisms of ELS induction may 

be similar to those reported in other systemic states of inflammation and autoimmunity (Corsiero 

et al., 2016). Differences in the local immune cell and stromal cell composition between the brain 

and peripheral organs, however, limit the possibility to draw conclusions on post-stroke ELS 

induction from other diseases. For example, it remains to be determined which cells produce ELS-

inducing cytokines in the ischemic brain, while this is well characterized for systemic autoimmunity 

(Corsiero et al., 2016). 

Nevertheless, ELS formation has also been reported in CNS pathologies such as multiple 

sclerosis (MS) and the mouse model for MS ï experimental autoimmune encephalitis (EAE) 

(Mitsdoerffer & Peters, 2016). Here, ELS are found in the perivascular spaces and meninges 

(Lucchinetti et al., 2011; Prineas, 1979; Serafini et al., 2004). Even though the mechanisms 

leading to ELS induction in MS are largely unknown (Negron et al., 2020), extensive research in 

this field may provide some insights in ELS functions during stroke pathology. As previously 

reported for MS and EAE (Lehmann-Horn et al., 2016; Serafini et al., 2004), our study provides 

first evidence that ELS in the ischemic brain host germinal centers where B cells undergo clonal 

expansion, IgG hypermutation and differentiate to antibody-producing plasma cells (Weitbrecht 

et al., 2021). Concordantly, oligoclonal bands and CNS-reactive autoantibodies were observed in 
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the cerebrospinal fluid (CSF) of MS and stroke patients repeatedly (Pruss et al., 2012; Reiber et 

al., 1998; Tsementzis et al., 1986). The efficacy of B cell depleting antibodies in the treatment of 

cognitive decline in a stroke model and relapsing-remitting MS suggests a fundamental role for 

B cells in both diseases (Doyle et al., 2015; Gelfand et al., 2017). For instance, it was found that 

the presence of antibodies directed against myelin in stroke patients is associated with cognitive 

decline (Becker et al., 2016) and that they contribute to demyelination in MS by complement-

dependent mechanisms (Liu et al., 2017). Additionally, B cells may exert functions beyond 

antibody production after stroke as they do in MS such as proinflammatory cytokine production 

and antigen presentation (Li et al., 2018). Contrary to their detrimental function during late immune 

responses, B cells also show beneficial properties in early neuroinflammation and regeneration 

following stroke which we discussed recently in our review ñFriend or foe? ï B cells in strokeò (Fig. 

15) (Berchtold&Weitbrecht et al., 2019).  

 

Figure 15 

Differential B Cell Functions in the CNS After Stroke 

 

Note. A) Early after stroke, different immune cell subsets, such as T cells (red), B cells (green), 
and myeloid cells (blue) infiltrate into the ischemic brain region. Amongst them, IL-10 producing 
regulatory B cells exert a beneficial role by inhibiting the inflammatory process. B) Due to the 
tissue damage, brain-specific antigens are released and drained towards the cervical lymph 
nodes. C) In the lymph node, the antigens can be presented to T cells by APCs or directly 
recognized by autoreactive B cell clones. D-E) The activated autoreactive B and T cells then 
infiltrate in a delayed manner into the ischemic brain region and start forming ELS.  
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F) Histological analysis of the mouse stroke brain 7 weeks after surgery. Left picture: Large B cell 
clusters (B220+, green) have formed in the infarct core and are surrounded by T cells (CD3+, red). 
Right picture: The B cells in the clusters express IgG (green) and surrounding the cluster IgG-
producing plasma cells (CD138 and IgG double-positive, red/green respectively) can be 
observed. G) The antibodies produced in the local immune reaction in the ischemic brain can bind 
to neuronal antigens and cause delayed cognitive decline.ò Reprinted (Berchtold&Weitbrecht et 
al., 2019). 

 

Using an anti-CD4 antibody we demonstrated that CD4+ T cells are essential in B cell infiltration 

and ELS formation in the delayed phase after stroke (Weitbrecht et al., 2021). Even though the 

underlying mechanisms remain unknown at this point, a recent study in MS patients suggests that 

CXCL13 and its corresponding receptor CXCR5, both expressed by CD4+ T cells, play a crucial 

role for B cell recruitment to the CNS and formation of ELS, similarly to our findings in 

experimental stroke (Harrer et al., 2021; Weitbrecht et al., 2021). During states of inflammation 

and autoimmunity, infiltrating antigen-specific CD4+ T cells may acquire functions of specialized 

follicular T helper cells, which are normally found in secondary lymphoid tissue (Vu Van et al., 

2016). By producing the B cell attracting chemokine CXCL13 and by cell-cell-interaction they 

facilitate B cell infiltration and orchestrate the ELS formation within inflamed tissues (Manzo et al., 

2008; Vu Van et al., 2016). Other studies have demonstrated that IL-17, which is mainly secreted 

by CD4+ T helper 17 cells, induces production of CXCL12 and CXCL13 in stromal cells and 

infiltrating monocytes (Carlsen et al., 2004; Fleige et al., 2014). Interestingly, our results suggest 

that CD4 depletion inhibits monocyte infiltration particularly in mice with large infarcts (Weitbrecht 

et al., 2021). Therefore, various pathways may explain the reduced infiltration of B cells after CD4 

depletion which have not been determined in our study. 

Several limitations need to be addressed in the context of this study. As described above, it is 

known that various CD4+ T cell subsets may exert functions over the course of post-stroke 

neuroinflammation which are contradictory in part (Cramer et al., 2019). Unspecific depletion of 

all CD4+ T cell subsets after stroke may therefore lead to distorted results. Importantly, CD4-

negative T cells, which were not addressed by our depletion protocol, also contribute to stroke 

pathology. For instance, it was shown that ɔŭ-T cells exacerbate outcomes after stroke and 

secrete IL-17, which may induce the production of lymphocyte-attracting cytokines (Shichita et 

al., 2012). Likewise, protective and detrimental functions have been shown for cytotoxic CD8+ T 

cells during chronic stroke pathology (Selvaraj et al., 2021; Xie et al., 2019). Intravenous infusions 

with a mixture of immunoglobulins from healthy donors represent a key treatment strategy in 

various autoinflammatory and autoimmune diseases. The mechanism of action for this therapy is 

not fully understood. However, it is assumed that the donor IgGs eliminate circulating 

autoantibodies by directly binding to them, by upregulation of inhibitory Fc receptors, by 

stimulation of the complement system or by reducing T cell-mediated microglial activation (Bayry 



 

 

39 

et al., 2003; Janke & Yong, 2006; Samuelsson et al., 2001). Therefore, administering anti-CD4 

antibody or isotype-control may have immunomodulatory effects that are unrelated to CD4+ T cell 

reduction even if this effect has not been investigated for monoclonal antibodies. In our study we 

used 2D2 mice which foster an increased potential for CNS-reactive lymphocyte responses due 

to their genetically modified TCR recognizing MOG (Bettelli et al., 2003). As a consequence, our 

study may have yielded results that do not necessarily represent the WT phenotype in which 

lower levels of neuroinflammation are expected. In addition, it is known that stroke susceptibility 

and the extend of ischemic damage varies between mouse strains due to differences in 

cerebrovascular anatomy, cytokine expression and glutamate-induced excitotoxicity (Barone et 

al., 1993; Lambertsen et al., 2002; Schauwecker & Steward, 1997). Therefore, we need to 

reproduce our observation of reduced B cell infiltration after CD4 depletion in WT mice and 

eventually in human stroke patients.  

We hypothesized that CNS-specific antibodies that are produced locally by infiltrated B cells 

following differentiation within ELS, lead to PSCI in stroke patients based on the finding that B cell 

depletion in experimental stroke alleviates cognitive decline (Doyle et al., 2015). Similarly we 

observed that CD4 depletion had beneficial effects on long-term cognitive functions in mice even 

if the reduction in B cell infiltration to the brain was only transient (Weitbrecht et al., 2021). A 

permanent CD4 depletion protocol may have yielded more pronounced effects, which needs to 

be addressed in future experiments. In addition, we are in the process of establishing more 

sensitive behavioral test as detecting cognitive dysfunction in mice has proven difficult in the past 

(Rosell et al., 2013). All taken together, clinical studies indicate a correlation between CNS-

reactive antibodies and cognitive decline, which preclinical studies suggest can be treated by 

immunomodulatory therapy (Becker et al., 2016; Doyle et al., 2015).  

Nevertheless, stroke outcomes are also determined by acute complications such as stroke-

associated pneumonia (SAP) (Rocco et al., 2012). Dysphagia and subsequent aspiration of gram-

negative pharyngeal bacteria facilitate the induction of SAP which triples stroke mortality (Katzan 

et al., 2003; Westendorp et al., 2011). Interestingly, stroke patients who suffered from pneumonia 

were more likely to develop autoreactive Th1 responses to CNS antigens such as MBP and glial 

fibrillary acidic protein. Moreover, it was shown that a CNS-reactive Th1 repertoire was associated 

with a poor long-term outcome according to the modified Rankin Scale (Becker et al., 2011).. 

Therefore, states of systemic inflammation including SAP during stroke seem to aggravate CNS 

inflammation and cognitive decline following stroke (Elkind, Boehme, et al., 2020; Tsai et al., 

2019) indicating that preventing SAP may also reduce stroke patientsô risk of dementia. 

Our research group had previously discovered in a mouse model that an overactivation of the 

sympathetic nervous system caused stroke-induced immunodepression syndrome (SIDS), a 

long-known phenomenon that contributes to post-stroke infection susceptibility (Prass et al., 
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2003). Immune responses are further suppressed by parasympathetic signaling and binding of 

acetylcholine to its receptor Ŭ7nAChR expressed on alveolar epithelial cells and tissue resident 

macrophages of the lung (Engel et al., 2015; Lafargue et al., 2012). Vagotomy and the genetic 

knock-out of Ŭ7nAChR reduced the pulmonary bacterial burden of Gram-negative pathogens in 

a model of spontaneous pneumonia after stroke (Engel et al., 2015). However, in an aspiration  

model of pneumonia with the Gram-positive pathogen S. pneumoniae these receptors were not 

involved (Jagdmann et al., 2020). This contradictory finding might be  due to differences in 

immune responses to gram-negative bacteria as observed in spontaneous SAP and the gram-

positive S. pneumoniae which were used in our study (Kumar, 2020). However, susceptibility to 

SAP may also depend on other factors such as housing conditions, microbiome and the individual 

mouse strains used in the experiments (Schulte-Herbruggen et al., 2006; Stanley et al., 2016). 

Prophylactic antibiotic treatment had shown promising results in experimental stroke (Meisel et 

al., 2004) but did not improve the functional outcome in clinical trials despite preventing SAP 

(Westendorp et al., 2015), emphasizing the lack of therapeutic strategies in post-stroke care. In 

theory, SAP susceptibility could be reduced by blocking excessive sympathetic and 

parasympathetic signaling, thereby inhibiting SIDS (Engel et al., 2015; Meisel & Meisel, 2011; 

Prass et al., 2003). However, it was propagated that peripheral immunosuppression may dampen 

CNS autoreactivity induced by stroke (Vogelgesang & Dressel, 2011). In fact, blocking SIDS with 

Propranolol and Mifepristone reduced early post-stroke pneumonia but increased CNS antigen 

specific T cell responses in 2D2 mice at a later time (Romer et al., 2015). Therefore, caution is 

advised when considering immunomodulatory therapy after stroke as neuroinflammation could 

be exacerbated by treating SIDS and vice versa (Meisel & Meisel, 2011). 

Upon cerebral ischemia danger associated molecular patterns (DAMPs) and reactive oxygen 

species are released from the damaged tissue which activates resident microglia and attracts 

innate immune cells from the periphery. Various cytokines are produced on-site to attract further 

immune cells and create an inflammatory environment exacerbating local tissue damage and 

attracting further immune cells from the innate and adaptive immune system (Chamorro et al., 

2012; Iadecola & Anrather, 2011). The concept of neuroprotection aims at reducing neuronal cell 

death and the consecutive outpour of DAMPs caused by acute ischemia therefore interrupting 

this vicious cycle from the beginning (Chamorro et al., 2016; Endres et al., 2022). Other targets 

of neuroprotective approaches are excitotoxicity and oxidative and nitrosative stress (Chamorro 

et al., 2016) 

Our recent research yields promising results for glycolic acid as a neuroprotective substance in 

stroke therapy. When injected into the left common carotid artery during reperfusion in mice that 

underwent global cerebral ischemia, glycolic acid significantly increased neuronal survival in the 

ipsilateral hippocampus compared to the contralateral side. When administered i.p. from day 0 to 
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day 3 after MCAo, glycolic acid enhanced infarct shrinkage over time in comparison to vehicle-

treated animals. In addition, mice that received glycolic acid performed better in behavioral tests 

(Chovsepian et al., 2022). Finally, we used a novel endovascular stroke model in swine to improve 

the resemblance of experimental stroke to the events during acute stroke in human patients 

(Golubczyk et al., 2020). Here, an intraarterial (i.a.) catheter was used to inject thrombin and 

thereby induce cerebral ischemia which lasted for 2 hours. Subsequently, reperfusion was 

initiated by i.a. thrombolysis with alteplase and a bolus of glycolic acid or NaCl was administered 

using the same catheter immediately afterwards. While the initial infarct volumes before 

reperfusion did not differ between treatment groups, infarct lesions were significantly smaller in 

swine treated with glycolic acid at later time-points as observed in MCAo mice. Our observation 

that glycolic acid inhibits Ca2+ influx into neuronal cells and thereby reduces glutamate-dependent 

excitotoxicity in an in vitro model of oxygen and glucose deprivation may explain the 

neuroprotective effects in our experiments (Chovsepian et al., 2022).  

Even if this preclinical study showed promising results for glycolic acid in stroke treatment, 

countless equally promising neuroprotective substances have failed to show benefits in 

randomized controlled trials (RCT). Since the 1980s countless phase 2 and 3 studies have 

attempted to implement neuroprotective substances into clinical practice, all of which have failed 

(Chamorro et al., 2016). Various problems in stroke research have been identified since then, 

among them flawed design of preclinical and clinical studies, differences in experimental stroke 

and stroke in humans, and publication bias (Chamorro et al., 2016; Endres et al., 2008; 

Mergenthaler & Meisel, 2012). Lately, the scientific community has made increasing efforts to 

overcome this translational roadblock, for instance by introducing reporting-guidelines in animal 

research (i.e., ARRIVE guideline) or by promoting publication of negative results. In fact, some 

substances are tested in preclinical multicentered RCTs for animals, before entering a clinical trial 

stage. Nevertheless, this does not guarantee success as demonstrated recently for Natalizumab, 

which failed to improve stroke patientsô outcome in an RCT after showing beneficial effects in 

multiple preclinical studies and a preclinical (Elkind, Veltkamp, et al., 2020; Llovera et al., 2015). 

Nevertheless, there is an urgent need for new therapeutics, as current treatment options are 

limited to thrombolysis and endovascular thrombectomy (Roaldsen et al., 2021). 

Altogether, our research suggests a critical role for infiltrating immune cells in the pathogenesis 

of dementia after stroke, which can be targeted by immunomodulatory therapy. To establish more 

specific therapeutic targets, the underlying cell-cell-interactions, cytokine signaling, and 

pathogenic properties of CNS-reactive autoantibodies need to be investigated in detail. Systemic 

immunodepression syndrome may represent an endogenous mechanism ameliorating 

neuroinflammation after stroke but increases the risk for fatal infections which in turn exacerbate 
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CNS-reactive immune responses. These complex interactions need to considered for the 

development of new therapeutic approaches.  
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