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1 Summary 

Stroke is a leading cause of death worldwide. Possible treatments that can be 

administered in the sub-acute phase and stimulate restorative mechanisms by 

enhancing vascular remodeling are clinically not available. Amitriptyline has been used 

for treatment of anxiety and depressive disorders for decades. In recent years, 

amitriptyline and other antidepressants have been demonstrated to functionally inhibit 

the activity of acid sphingomyelinase (human protein: ASM; murine protein: Asm) which 

catalyzes the production of the bioactive sphingolipid ceramide. Promising pre-clinical 

and clinical studies demonstrated that ASM inhibitors induce neuroprotection and 

ameliorate behavioral outcome after stroke. The underlying mechanism has not been 

identified.   

Herein, we studied the effect of amitriptyline on brain remodeling in a model of transient 

intraluminal middle cerebral artery occlusion (tMCAO). Treatment with amitriptyline was 

initiated 24 hours after stroke and continued for two weeks. By means of high-resolution 

light sheet fluorescence microscopy, we provide evidence that amitriptyline promotes 

angiogenesis in an Asm/ ceramide-dependent way in previously ischemic, reperfused 

brain tissue. In cerebral microvascular endothelial cells exposed to ischemia/ 

reperfusion injury, mimicked by oxygen-glucose deprivation (OGD) and subsequent 

reoxygenation/ glucose recultivation, ceramide accumulated in intracellular vesicles that 

were characterized as multivesicular bodies/ late endosomes. These vesicles were 

released from the cells in response to amitriptyline. Extracellular vesicles (EVs) derived 

from amitriptyline-treated cells induced angiogenesis and mimicked the effect of direct 
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amitriptyline administration in vitro. In vivo, the promotion of angiogenesis by 

amitriptyline was ensued by a robust surrogate of successful brain tissue remodeling, 

that is, increased blood-brain barrier integrity, reduced inflammation and enhanced 

neuronal survival. These data provide a rationale for the use of ASM inhibitors in the 

treatment of ischemic stroke. 
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2 Zusammenfassung 

Der Schlaganfall gehört weltweit zu den führenden Todesursachen. Klinisch gibt es 

keine therapeutischen Interventionsmöglichkeiten, die in der sub-akuten Phase nach 

einem ischämischen Schlaganfall eingesetzt werden können und durch Remodellierung 

des Gefäßsystems die regenerative Erholung fördern. Amitriptylin wird seit mehreren 

Dekaden für die Behandlung von Angststörungen und Depressionen eingesetzt. Vor 

einigen Jahren wurde gezeigt, dass Amitriptylin und eine Vielzahl weiterer 

Antidepressiva die saure Sphingomyelinase, welche die Bildung des bioaktiven 

Sphingolipids Ceramid katalysiert, funktionell inhibieren. Vielversprechende präklinische 

und klinische Studien haben dargelegt, dass Inhibitoren der sauren Sphingomyelinase 

Neuroprotektion induzieren und die funktionelle Erholung nach einem Schlaganfall 

fördern. Allerdings konnte der zugrundeliegende Mechanismus dafür bislang nicht 

identifiziert werden.    

In der vorliegenden Arbeit wurde der Effekt von Amitriptylin auf die 

Geweberemodellierung nach transienter Okklusion der A. cerebri media untersucht. Die 

Verabreichung von Amitriptylin begann 24 Stunden nach Induktion des Schlaganfalls 

und wurde für 14 Tage fortgeführt. Mittels hochauflösender Lichtblatt-

Fluoreszenzmikroskopie wurde nachgewiesen, dass Amitriptylin auf eine saure 

Sphingomyelinase/ Ceramid-abhängige Weise Angiogenese im zuvor ischämischen, 

reperfundiertem Hirngewebe induziert. In zerebralen Endothelzellen, die einem 

Ischämie/ Reperfusionsschaden ausgesetzt wurden, modelliert durch eine Sauerstoff-

Glukose Deprivation und anschließende Reoxygenierung/ Glukose-Rekultivierung, 
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reicherte sich Ceramid in intrazellulären Vesikeln an, die als multivesikuläre Körper/ 

späte Endosome charakterisiert wurden. Nach Gabe von Amitriptylin wurden diese 

Ceramidvesikel von der Zelle freigesetzt. Extrazelluläre Vesikel, die von Amitriptylin-

behandelten Zellen sekretiert wurden, stimulierten Angiogenese und hatten in vitro eine 

vergleichbare Wirkung wie die direkte Applikation von Amitriptylin. In vivo, war die 

Förderung von Angiogenese durch Amitriptylin gefolgt von einer Erhöhung der Blut-Hirn-

Schranken Integrität, einer Verringerung der Inflammation und einer Erhöhung des 

neuronalen Überlebens, wobei es sich hierbei um Surrogatmarker erfolgreicher 

Hirngewebe-Reorganisation handelt. Diese Daten liefern somit zusammenfassend eine 

starke Begründung für den Einsatz von Inhibitoren der sauren Sphingomyelinase in der 

Behandlung des ischämischen Schlaganfalls. 

 



12 
 

3 List of abbreviations 

A 

Acid ceramidase AC (human),  

Ac (murine) 

Acid sphingomyelinase ASM (human), 

Asm (murine) 

Adenosine triphosphate  ATP 

Adrenomedullin ADM 

Adult dentate gyrus-

derived neural precursor 

ADP 

Angiopoietin-1 Ang-1 

Apoptosis-linked gene-

2-interacting protein-X 

ALIX 

Apotosis-Inducing 

Factor 

AIF 

α-amino-3-hydroxy-5-

methyl-4-

isoxazolepropionic acid 

AMPA 

B 

Basic fibroblast growth 

factor 

bFGF 

B-cell lymphoma-2 Bcl-2 

  

Bcl-2-associated X 

protein 

Bax 

Bilateral carotid artery 

occlusion 

BCAO 

Bis in die b.i.d. 

Blood-brain barrier BBB 

Brain-derived 

neurotrophic factor 

BDNF 

Bromdesoxyuridin BrdU 

C 

Cathepsin B CTSB 

Ceramide kinase  CK 

Ceramide synthase  CS 

Ceramide-1-phosphate 

phosphatase 

C1PP 

Cerebral blood flow  CBF 

Cerebrosidase  CRS 

Ciliary neurotrophic 

factor 

CNTF 

Common carotid artery  

 

 

CCA 
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D 

Damage-associated 

molecular pattern  

DAMP 

Delta like ligand 4  DLL4 

Diacylglycerol  DAG 

Dihydroceramide 

desaturase 

DES 

Dimethyl sulfoxide  DMSO 

Dithiothreitol  DTT 

E 

Early Endosome 

Antigen  

EEA1 

Early growth response-1 Egr-1 

Endoplasmic reticulum ER 

Endosomal sorting 

complex responsible for 

transport 

ESCRT 

Ethyl cinnamate ECi 

Extracellular matrix ECM 

Extracellular signal-

regulated kinase 

ERK 

Extracellular vesicles EVs 

F 

Fetal Bovine Serum  FBS 

Food and Drug 

Administration 

FDA 

Functional Inhibitor of 

ASM 

FIASMA 

G 

Glial cell-derived 

neurotrophic factor 

GDNF 

Glucosylceramide 

synthase 

GCS 

Good manufacturing 

practice 

GMP 

Growth-associated 

protein 43 

GAP-43 

I 

Intercellular adhesion 

molecule-1  

ICAM-1 

Interleukin-1  IL-1 

Interleukin-1 β  IL-1 β 

Interleukin-6  IL-6 

Interleukin-2 IL-2 
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Internal carotid artery  ICA 

Intracerebral 

hemorrhages  

ICH 

Intraluminal vesicles  ILVs 

Intraperitoneal i.p. 

Intravenous i.v. 

Ischemia/ reperfusion  I/R 

L 

Laser doppler flowmetry  LDF 

Lightsheet fluorescence 

microscopy 

LSFM 

Lysosomal ASM  L-ASM 

Lysosomal-associated 

Membrane Protein-1 

LAMP-1 

M 

Matrix metalloproteinase  MMP 

Membrane type-1-matrix 

metalloproteinase  

MT1-MMP 

MicroRNA  miRNA 

Microtubule-associated 

protein light chain-3b 

LC3B 

  

Middle cerebral artery 

occlusion  

MCAO 

Monoamine oxidase 

inhibitors  

MAOI 

Multivesicular bodies  MVBs 

Myosin light-chain 

kinase  

MLCK 

Myosin regulatory light 

chain  

MLC 

N 

Natural killer cell NK-cell 

Nerve growth factor NGF 

N-ethylmaleimide-

sensitive factor 

attachment protein 

receptors  

SNARE 

Neuronal stem cell NSC 

Nicotinamide adenine 

dinucleotide phosphate  

NADPH 

N-methyl-D-aspartate  NMDA 

Notch intracellular 

domain  

NICD 
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O 

Oxygen-glucose 

deprivation  

OGD 

P 

Phorbol-12-myristat-13-

acetat 

PMA 

Phosphatidylcholine  PC 

Platelet-activating factor PAF 

Platelet-derived growth 

factor  

PDGF 

Primary cultured 

astrocytes 

PAC 

Protonated base BH+ 

R 

Reactive oxygen 

species  

ROS 

Recombinant tissue-

plasminogen activator 

rtPA 

Region of interest ROI 

S 

S1P phosphatase S1PP 

Secretory ASM  S-ASM 

Selective serotonin 

reuptake inhibitor 

SSRI 

Small extracellular 

vesicles 

sEVs 

Smooth muscles cells SMCs 

Sphingomyelin 

phosphodiesterase 1 

SMPD1 (human), 

Smpd1 (murine) 

Sphingomyelin synthase  SMS 

Sphingomyelinase  SMase 

Sphingosine kinase SK 

Sphingosine-1-

phosphate  

S1P 

Subarachnoid 

hemorrhage 

SAH 

Subcutaneously s.c. 

T 

Tetrahydrofuran  THF 

Tetraspanin-enriched 

microdomain 

TEM 

Thinlayer 

chromatography  

TLC 
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Transient receptor 

potential cation channel 

subfamily C member 6 

TRPC6 

Tricyclic antidepressant  TCA 

Tumor necrosis factor-α  TNF-α 

V 

Vascular endothelial 

growth factor  

VEGF 

Vascular endothelial 

growth receptor-2  

VEGFR-2 

Von Willebrand factor  vWF 

X 

X-linked inhibitor of 

apoptosis protein 

XIAP 
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5 Introduction 

5.1 Stroke 

 Background 

Stroke is a leading cause of death and acquired disability among adults worldwide 

(Katan and Luft 2018). It is defined as an acute neurological deficit caused by disruption 

of blood supply to the brain, either due to an ischemic event or a hemorrhage. 

Approximately 80% of all strokes are caused by a thromboembolic occlusion, whereas 

intracerebral hemorrhages (ICH) and subarachnoid hemorrhages (SAH) account for 

about 15% and 5%, respectively (Mayer 2002, Grasso et al. 2017). 

 

Figure 1: Global causes of death published by the World Health Organization. 

Stroke is the second leading cause of death worldwide (Global Health Estimates 2016: Disease burden by 

Cause, Age, Sex, by Country and by Region, 2000-2016. Geneva, World Health Organization; 2018). 



Introduction 

 

21 
 

Treatment possibilities for acute ischemic stroke are limited to the acute phase. The only 

available drug is recombinant tissue-plasminogen activator (rtPA) called alteplase which 

is delivered intravenously and was approved by the US Food and Drug Administration 

(FDA) in 1996 (National Institute of Neurological and Stroke rt 1995). RtPA cleaves 

plasminogen at its Arg561-Val562 peptide bond, forming the proteolytic enzyme plasmin 

(Robbins et al. 1967). Plasmin dissolves the blood clot by breaking the cross links of 

fibrin molecules (Reed and Nicolas 2018). The therapeutic time window for the 

administration of rtPA is 4.5 hours (Hacke et al. 2008). Its application beyond this time 

window can lead to deleterious consequences such as intracranial hemorrhages that 

have a high mortality rate (National Institute of Neurological and Stroke rt 1995, Clark et 

al. 2000). Further, the efficacy of thrombolysis depends on the occlusion site and the 

size of the blood clot. Recanalization is less likely to be induced with rtPA in case of 

terminal internal carotid artery occlusions (Saqqur et al. 2007). Due to the narrow 

therapeutic time window and the potential risk of intracranial hemorrhages only a 

minority of stroke patients are treated with rtPA (Reeves et al. 2005). 

Endovascular mechanical thrombectomy is utilized within 6 hours after stroke onset in 

case of proximal large vessel occlusions (Powers et al. 2018, Vidale et al. 2018). Around 

9% of the stroke patients are eligible for thrombectomy (Cohen et al. 2015). Potential 

risks related to the stent device used for mechanical thrombectomy are vessel 

perforation, vessel dissection and vasospasms (Balami et al. 2018). 
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 Pathophysiology of ischemic stroke 

Due to insufficient cerebral perfusion caused by an ischemic stroke, a necrotic core 

region is formed which is at risk for expansion (Hata et al. 2000). This ischemic core is 

depleted of adenosine triphosphate (ATP) and protein synthesis is strongly 

compromised (Hata et al. 2000). In the so called penumbra, which surrounds the lesion 

core, ATP supply is still maintained, however protein synthesis is reduced (Hata et al. 

2000). Brain tissue in this region is potentially salvageable and thus a target for 

neuroprotective and neuroregenerative approaches (Ramos-Cabrer et al. 2011). 

The early stage after focal cerebral ischemia is mainly characterized by excitotoxicity 

and peri-infarct depolarization, followed by inflammation and cell death which occurs 

even days after the initial ischemic event (Dirnagl et al. 1999).    

 

 

Figure 2: Time sequence of the pathological events in cerebral ischemia (Dirnagl et al. 1999).  

If brain tissue is not sufficiently perfused, ionic gradients cannot be maintained which 

leads to depolarization of neurons and glia cells (Anderson et al. 2005). Excitatory 

amino acids such as glutamate are released massively (Wu and Tymianski 2018). 
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Glutamate accumulates extracellularly because ATP-dependent synaptic uptake is 

impaired (Dirnagl et al. 1999). Consequently, α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptors and N-methyl-D-aspartate (NMDA) receptors 

are activated. NMDA receptors are calcium (Ca2+)-permeable and, in addition to voltage 

dependent channels, drive an intracellular increase of Ca2+ which activates 

phospholipases, nucleases and proteases (Kristian and Siesjo 1998). Ca2+ further 

induces superoxide production by activation of the nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase (Brennan et al. 2009). Oxidative stress is implicated in cell 

death and endothelial cell dysfunction, leading to disruption of the blood-brain barrier 

(BBB) integrity (Allen and Bayraktutan 2009). BBB permeability, possibly causing edema 

formation, is further aggravated by matrix-metalloproteases which degrade the 

extracellular matrix and tight junctions (Turner and Sharp 2016). Resident microglia are 

activated by damaged-associated molecular patterns (DAMPs) secreted from injured 

cells (Gulke et al. 2018). Proliferation of microglia is highest between day 2 and 3 post-

stroke but their activation can persist for weeks (Jin et al. 2010). Microglia release pro-

inflammatory cytokines such as interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-

α) (Jin et al. 2010). Moreover, peripheral leukocytes such as polymorphonuclear 

neutrophils invade into the brain. Neutrophil recruitment occurs within the first 24 hours 

post-stroke and is mediated by adhesion molecules, such as intercellular adhesion 

molecule-1 (ICAM-1), which are expressed on endothelial cells (Price et al. 2004, Yang 

et al. 2005). ICAM-1 expression is significantly increased after ischemic stroke, thereby 

potentiating neutrophil invasion (Ge et al. 2000). Neutrophils worsen brain injury by 

releasing reactive oxygen species (ROS), cytokines and chemokines (Jickling et al. 
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2015). Leukocytes can also occlude capillaries and thereby contribute to an 

exacerbation of damage (del Zoppo et al. 1991). 

 

Figure 3: Depiction of the ischemic cascade (Dirnagl et al. 1999).  

ATP depletion causes neuronal depolarization. Glutamate accumulates extracellularly and overactivates 

glutamate receptors. Intracellularly, calcium (Ca2+) and sodium (Na+) increase, whereas potassium (K+) 

diffuses into the extracellular space. Glutamate and K+ trigger peri-infarct depolariziations. Ca2+-influx 

induces mitochondrial damage and activates enzymes that contribute to membrane degradation and the 

production of free radicals. Resident microglia are activated and peripheral leukocytes infiltrate into the 

ischemic brain. 
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 Failed strategies for ischemic stroke treatment 

Extensive research has been conducted in the field of ischemic stroke, which is reflected 

by the high number of publications that reported beneficial effects of specific drugs in 

preclinical models (>1000) and the high number of randomized trials (>150) (Diener 

2013). However, translation of experimentally validated compounds into clinics has so 

far only been successful for rtPA and failed for the plethora of other agents.   

Neuroprotection was for instance targeted by NMDA antagonization or scavenging of 

free radicals. Selfotel (CGS-19755) is a selective NMDA receptor antagonist. Its 

administration 30 minutes after global ischemia in rats ameliorated functional deficits 

(Grotta et al. 1990). Selfotel also reduced the infarct size in rats if delivered 5 minutes 

before or 5 minutes after permanent MCAO (Simon and Shiraishi 1990). A single dose 

of 1.5 mg/kg was deemed safe in patients with ischemic stroke (Grotta et al. 1995). A 

clinical trial evaluating the efficacy of this drug if delivered within 6 hours after stroke 

onset was prematurely terminated because the mortality rate was higher than in the 

placebo group (Davis et al. 1997). Aptiganel hydrochlorid (CNS-1102) is another NMDA 

antagonist which was demonstrated to reduce the infarct size in rats that were treated 1 

hour after MCAO (Meadows et al. 1994). After positive data from a safety study, the 

Aptiganel Hydrochloride in Acute Ischemic Stroke trial investigated effects in ischemic 

stroke patients who received treatment within 6 hours after stroke onset (Albers et al. 

2001). Aptiganel hydrochlorid did not confer neuroprotection and was associated with 

the occurrence of adverse effects such as cerebral edema and ventricular arrythmia 

(Albers et al. 2001). Similarly, other NMDA antagonists were not successful in clinical 
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trials (Xu and Pan 2013). Tirilazad (U-74006F) is a free radical scavenger which 

reduced the infarct volume in rats if delivered 10 minutes after external carotid artery 

embolization (Meden et al. 1996). A safety study indicated that doses up to 6 mg/kg can 

be tolerated by elderly patients (Putman et al. 1994). The effect of Tirilazad was tested 

in ischemic stroke patients who were treated within 6 hours (Ranttas Investigators 

1996). Tirilazad had no effect on functional outcome (Ranttas Investigators 1996).  

Since post-stroke inflammation aggravates injury, antibodies have been administered to 

reduce leukocyte infiltration. The anti-ICAM-1 antibody Enlimomab (1A29) which was 

delivered to rats 1 hour after MCAO reduced the ischemic lesion volume (Zhang et al. 

1995). Further, ICAM-1 knockout mice subjected to MCAO exhibited a decreased infarct 

volume, less neurological deficits, a reduced mortality rate and an ameliorated cerebral 

perfusion (Connolly et al. 1996). These findings provided a rationale for the application 

of an anti-ICAM-1 antibody in ischemic stroke patients. Doses between 140 to 480 mg 

were not associated with an increased risk of adverse events (Schneider et al. 1998). 

Enlimomab was administered to stroke patients within 6 hours (Enlimomab Acute Stroke 

Trial 2001). The antibody did not protect from ischemia-reperfusion injury, and raised 

safety concerns as it increased the mortality rate and the occurrence of infections 

(Enlimomab Acute Stroke Trial 2001). Preclinical data for ICAM-1 studies were later 

questioned by observations that the mice were not completely deficient for ICAM-1 as 

soluble forms of this adhesion molecule were still found in the serum (Enzmann et al. 

2018). ICAM-1null mice that have neither membrane-bound ICAM-1 nor soluble ICAM-1 

were not protected from ischemia-reperfusion injury (Enzmann et al. 2018). Another 
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antibody called leukarrest (Hu23F2G) was developed, targeting the CD18 subunit of the 

lymphocyte function–associated antigen-1 (LFA-1) and the macrophage-1 antigen (Mac-

1) (Becker 2002). Both LFA-1 and Mac-1 bind to ICAM-1 and are expressed on 

neutrophils (Diamond et al. 1991, Li et al. 2013). In rabbits treated with leukarrest 20 

minutes after focal cerebral ischemia, neutrophil infiltration and neuronal damage were 

reduced (Yenari et al. 1998). The safety study indicated no serious concerns (Becker 

2002). The efficacy trial testing leukarrest in ischemic stroke patients who received 

treatment within 12 hours was prematurely suspended due to lack of benefits (Becker 

2002).   

Numerous other treatments have been investigated that focused on different elements 

of the ischemic cascade, e.g., calcium antagonists, γ-aminobutyric acid (GABA) 

agonists, nitric oxide inhibitors or sodium channel blockers, but clinical translation was 

not achieved (Xu and Pan 2013).   

Considering the unmet need of novel stroke treatment strategies, the question arises 

how the translational roadblock can be overcome. Retrospectively, preclinical stroke 

models did not sufficiently predict the efficacy of a drug presumably because 

comorbidities such as hyperlipidemia or hypertension, sex and age differences were not 

considered in most studies (Mergenthaler and Meisel 2012), thereby neglecting the 

heterogeneity and clinical background of ischemic stroke patients. Further, adapting 

multi-center and placebo-controlled preclinical studies might aid the translational 

process (Mergenthaler and Meisel 2012).  
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5.2 Acid sphingomyelinase/ ceramide system 

 Structure and synthesis of the acid sphingomyelinase  

Acid sphingomyelinase (human: ASM, murine: Asm) is a highly conserved lysosomal 

phosphodiesterase which is distinguished into a lysosomal and secretory form, both 

deriving from the sphingomyelin phosphodiesterase gene 1 (human: SMPD1, murine: 

Smpd1)  (Newrzella and Stoffel 1996, Kornhuber et al. 2015). 

Structurally, ASM consists of a catalytic domain at the C-terminus and a saposin domain 

at the N-terminus, which are connected by a prolin-rich linker (Gorelik et al. 2016, Xiong 

et al. 2016). ASM attachment to membrane surfaces is imperative for enzymatic activity 

and only occurs at an acidic pH (Gorelik et al. 2016, Xiong et al. 2016). If ASM is bound 

to membranes, the saposin domain forms a hydrophobic interface with the catalytic 

domain (Gorelik et al. 2016).  

The ASM polypeptide is trafficked to the endoplasmic reticulum (ER) where it is subject 

to proteolytic processing (Hurwitz et al. 1994). ASM is then glycosylated in the Golgi 

apparatus (Newrzella and Stoffel 1996). Three N-linked oligosaccharides have been 

identified that are important for the enzyme’s catalytic activity and two N-linked 

oligosaccharides which are necessary for conformational stability and preventing ASM 

degradation (Newrzella and Stoffel 1996). Glycosylation defects reduce ASM activity 

(Newrzella and Stoffel 1996). Lysosomal ASM (L-ASM) and secretory ASM (S-ASM) 

differ in their glycosylation pattern (Newrzella and Stoffel 1996). L-ASM is characterized 

by mannose-rich oligosaccharides (Schissel et al. 1998). S-ASM has complex N-linked 

oligosaccharides (Schissel et al. 1998). Following glycosylation, L-ASM and S-ASM 
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undergo differential trafficking routes (Schissel et al. 1998). Both ASM forms depend on 

zinc (Schissel et al. 1998). L-ASM is transported to the endolysosomal system and 

acquires zinc ions (Zn2+) during trafficking (Schissel et al. 1998). S-ASM is released from 

the cell via the Golgi secretory pathway and binds Zn2+ in the extracellular space 

(Schissel et al. 1998).   

  

 Structure and synthesis of ceramide  

Ceramide is a bioactive sphingolipid that consists of sphingosine and a fatty acid which 

are linked through an amide bond.  

Ceramide can be generated by distinct pathways. The hydrolysis of sphingomyelin to 

ceramide and phosphorylcholine is catalyzed by neutral, acid or alkaline 

sphingomyelinase (Barnholz et al. 1966, Schneider and Kennedy 1967, Nilsson 1969, 

Gatt 1976). Further, dephosphorylation of ceramide-1 phosphate by the ceramide-1 

phosphate phosphatase (C1PP) results in formation of ceramide (Shinghal et al. 1993). 

In the de novo synthesis pathway serine palmitoyl transferase (SPT) catalyzes 

condensation of L-serine and palmitoyl-CoA to form 3-ketosphinganine, which is the 

rate-limiting step of this pathway (Merrill 1983). 3-ketosphinganine is reduced by 3-

ketosphinganine reductase to sphinganine, which is acylated by ceramide synthases 

yielding dihydroceramide (Sribney 1966, Snell et al. 1970). Finally, dihydroceramide 

desaturase (DES) converts dihydroceramide to ceramide by introducing a trans-4,5 

double bond (Michel et al. 1997). Ceramide can further be generated from recycling of 

complex sphingolipids. Breakdown of these sphingolipids leads to formation of 
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glucosylceramide or galactosylceramide, which are metabolized to ceramide by 

glucocerobrosidases or galactosidases (Kobayashi et al. 1985, Kitatani et al. 2009). 

Reacylation of sphingosine by ceramide synthases to generate ceramide is referred to 

as the salvage pathway (Kitatani et al. 2008). 

.  

Figure 4: Synthesis of ceramide (Ogretmen and Hannun 2004).  

Ceramide can be generated by the hydrolysis of sphingomyelin and de novo synthesis. Ceramide can 

also be produced by the dephosphorylation of ceramide-1 phosphate, during degradation of complex 

sphingolipids and the salvage pathway. Abbreviations: ceramidase (CDase), ceramide kinase (CK), 

ceramide synthase (CS), ceramide-1 phosphate phosphatase (C1PP), cerebrosidase (CRS), 

diacylglycerol (DAG), dihydroceramide desaturase (DES), glucosylceramide synthase (GCS), 

phosphatidylcholine (PC), S1P phosphatase (S1PP), serine palmitoyl transferase (SPT), sphingomyelin 

synthase (SMS), sphingosine kinase (SK), sphingomyelinase (SMase). 
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 Functional inhibitors of ASM  

Functional inhibitors of ASM (FIASMAs) comprise a large group of structurally 

heterogeneous, but lipophilic and cationic compounds that reduce ASM activity 

(Kornhuber et al. 2010). FIASMAs passively pass the lysosomal membrane, become 

protonated and accumulate in lysosomes where they disrupt ASM attachment to lipid 

bilayers (Hurwitz et al. 1994, Daniel and Wojcikowski 1997, Kolzer et al. 2004). 

Consequently, ASM is proteolytically degraded (Hurwitz et al. 1994, Kolzer et al. 2004). 

Based on their mechanisms of action, it could be presumed that FIASMAs generally 

target lysosomal hydrolases, however so far only acid ceramidase, acid lipase and 

phospholipase A and C are known to be functionally inhibited by FIASMAs (Kornhuber 

et al. 2010). It is not clear yet, whether different FIASMAs exert a preferential inhibition 

on specific hydrolases (Kornhuber et al. 2010). FIASMAs are further characterized by 

their ability to pass the BBB (Kornhuber et al. 2011).  
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Figure 5: FIASMA mechanism of action (Kornhuber et al. 2008) 

As weak bases (B) FIASMAs can passively enter the lysosomes where they become charged protonated 

bases (BH+) (Kornhuber et al. 2008). FIASMAs are then trapped in the lysosomes since the membrane is 

less permeable for BH+ and interfere with the attachment of ASM to the inner lysosomal membrane 

(Kornhuber et al. 2008). ASM is then proteolytically degraded (Kolzer et al. 2004).  

Strikingly, many antidepressants act as FIASMAs (Kornhuber et al. 2010). First 

evidence was obtained with the observation that desipramine and imipramine induce 

ASM inhibition in fibroblasts and neuroblastoma cells (Albouz et al. 1981). ASM activity 

was further found to be increased in patients with major depression compared to healthy 

individuals (Kornhuber et al. 2005). In a murine depression model, the antidepressants 

fluoxetine and amitriptyline besides lowering Asm activity and ceramide concentrations, 

enhanced neurogenesis in the hippocampus and ameliorated depression-like behavior, 

however these effects did not occur in mice deficient for Asm (Gulbins et al. 2013). 

These findings delineated Asm inhibition as target for antidepressants (Gulbins et al. 

2013).  
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 Acid sphingomyelinase/ ceramide signaling in ischemic stroke 

Acid sphingomyelinase/ ceramide signaling is activated in response to cellular stress 

(Jenkins et al. 2009). Several factors have been identified that activate this pathway e.g. 

radiation (Pena et al. 2000), bacterial infections (Grassme et al. 1997) or heat damage 

(Chung et al. 2003). ASM is translocated from lysosomes to cholesterol- and 

sphingolipid-enriched domains of the plasma membrane where it hydrolyzes 

sphingomyelin, generating ceramide and phosphorylcholine (Grassme et al. 2001). 

Ceramide self-aggregates to large membrane platforms which reorganize and cluster 

molecules, thereby amplifying their signaling responses (Zhang et al. 2009). Ceramide 

platforms are critically implicated in apoptosis induction for instance via clustering of 

CD95 (Grassme et al. 2001).  

 

Figure 6: Ceramide platform formation (Grassme et al. 2007).  

Activation of death receptors by a death ligand can trigger the activation of ASM which then translocates 

to the outer cell membrane leaflet and produces ceramide. Ceramide microdomains fuse into large 

platforms that serve as a platform for receptor clustering. 
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The Asm/ ceramide pathway is crucially involved in ischemic stroke pathology as 

demonstrated by experimental studies. Middle cerebral artery occlusion (MCAO) in mice 

for 60 minutes resulted in strongly elevated Asm activity and increased ceramide 

expression 6 hours post-stroke (Yu et al. 2000). Pharmacological Asm inhibition by 

xanthogenate tricyclodecan-9-yl (D609) which was delivered to mice 

intracerebroventricularly 30 minutes before and 2 hours after MCAO, reduced the infarct 

volume, ameliorated neurological deficits and dampened inflammatory responses (Yu et 

al. 2000). Similarly, genetic Asm deficiency protected from ischemia-reperfusion (I/R) 

injury (Yu et al. 2000). Asm knockout mice exhibited a reduced infarct size, an improved 

functional outcome and an attenuated gene expression for pro-inflammatory cytokines 

e.g. TNF-α and IL-1β (Yu et al. 2000). Moreover, primary neurons isolated from the 

cortex of Asm knockout mice were less susceptible to hypoxia- or excitotoxicity-induced 

damage (Yu et al. 2000). In mice subjected to MCAO, ceramide was only elevated after 

reperfusion but not after permanent MCAO, suggesting that secondary reperfusion injury 

is causative for ceramide upregulation (Yu et al. 2007). In this study, the ceramide 

precursor dihydroceramide was increased, whereas sphingomyelin concentration was 

not changed, indicating that ceramide was produced by de novo synthesis and not Asm-

mediated sphingomyelin hydrolysis (Yu et al. 2007). In gerbils exposed to 5 minutes 

bilateral carotid artery occlusion (BCAO) ceramide was elevated after 30 minutes and 24 

hours reperfusion (Nakane et al. 2000). Ceramide was produced from hydrolyzed 

sphingomyelin (Nakane et al. 2000). Ceramide content was not altered after 2 minutes 

BCAO (Nakane et al. 2000), suggesting that sublethal ischemia does not activate Asm 

signaling. After BCAO in rats, ceramide alterations were analyzed in regions comprising 
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the frontal cortex, corpus callosum, internal capsule and globus pallidus (Ohtani et al. 

2004). Ceramide was generated via Asm-induced sphingomyelin hydrolysis and 

increased at day 3, 7 and 14 (Ohtani et al. 2004). In rats subjected to MCAO for 90 

minutes ceramide was increased in the ischemic brain tissue after 6 hours reperfusion 

(Herr et al. 1999). Exogenous supplementation of synthetic C2-ceramide to 

neuroblastoma cells induced necrosis and apoptosis (Herr et al. 1999), emphasizing the 

deleterious role of ceramide. The immunosuppressant FK506 impeded ceramide 

production and cell death in neuroblastoma cells subjected to oxygen-glucose 

deprivation (OGD) (Herr et al. 1999). In vivo, administration of FK506 5 minutes after 

MCAO prevented ceramide increase (Herr et al. 1999). Previous studies demonstrated 

that FK506 decreases neuronal damage post-stroke (Miyazawa et al. 2000, Arii et al. 

2001). However, due to its broad mode of action the protective effect of FK506 on the 

ischemic brain cannot be specifically attributed to its effect on ceramide.  

Experimental studies were further conducted to assess if administration of the FIASMA 

fluoxetine provides an efficacious treatment strategy for ischemic stroke. Fluoxetine was 

delivered intravenously (i.v.) to rats after 60 minutes MCAO (Lim et al. 2009). Infarct 

volume and motor deficits were reduced if fluoxetine was administered at a dose of 10 

mg/kg at 30 minutes, 6 hours or 9 hours post-stroke but failed to confer neuroprotection 

if treatment was initiated at a later time point (Lim et al. 2009). Intravenous delivery of 1 

mg/kg fluoxetine only protected from I/R injury if administered at 30 minutes post-stroke 

(Lim et al. 2009). Further, fluoxetine at doses of 5 mg/kg and 10 mg/kg reduced 

inflammation at day 2 in rats treated 6 hours post-stroke as assessed by the reduced 
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number of infiltrating neutrophils and activated microglia (Lim et al. 2009). 

Myeloperoxidase was utilized as a neutrophil marker and Mac2 was stained as a marker 

for activated microglia (Lim et al. 2009). Activation of the transcription factor nuclear 

factor kappa-light-chain-enhancer of activated B-cells (NF-κB) is suppressed by binding 

of IκB (Liu et al. 2017). Proteasomal degradation of IκB is a prerequisite for nuclear 

translocation of NF-κB, which promotes expression of pro-inflammatory genes (Liu et al. 

2017). IκB degradation was prevented in the ischemic brain tissue at day 1 in rats 

treated with fluoxetine at 5 mg/kg or 10 mg/kg which was delivered 6 hours post-stroke 

(Lim et al. 2009). Consequently, expression of pro-inflammatory cytokines e.g. TNF-α 

and Il-1β was downregulated (Lim et al. 2009). Gerbils were pre-treated with 

intraperitoneally (i.p.) administered fluoxetine at doses of 10 mg/kg, 20 mg/kg and 

40 mg/kg and subjected to 5 minutes of transient forebrain ischemia (Kim et al. 2007). 

Fluoxetine (40 mg/kg) induced neuroprotection and increased expression of brain-

derived neurotrophic factor (BNDF) in the hippocampus (Kim et al. 2007). Furthermore, 

post-ischemic hyperactivity was inhibited by fluoxetine (10 mg/kg, 20 mg/kg and 

40 mg/kg) (Kim et al. 2007). Rats were subjected to photothrombotic stroke and 

fluoxetine was delivered via drinking water from day 3 to day 28 post-stroke at a 

concentration of 120 mg/l (Brunkhorst et al. 2015). No alterations of Asm activity 

occurred in the peri-infarct tissue, which structurally resembles the penumbra 

(Brunkhorst et al. 2015). Ceramide was increased at day 3 and day 7 and was 

generated by de novo synthesis. Treatment with fluoxetine reduced the infarct area, 

whereas functional outcome was not affected (Brunkhorst et al. 2015). Fluoxetine was 

delivered i.p. to aged rats at a dose of 5 mg/kg for 7 days before focal cortical 
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photothrombosis and treatment was continued for 28 days after stroke (Zhao et al. 

2005). Fluoxetine did not alter sensorimotor performance nor infarct volume (Zhao et al. 

2005). In another study, rats were subjected to focal ischemia and received fluoxetine at 

a dose of 10 mg/kg via s.c. implanted miniosmotic pumps for 2 weeks or 4 weeks 

starting on day 7 (Windle and Corbett 2005). Treatment was combined with 

rehabilitation but did not result in improved functional recovery or reduced infarct volume 

(Windle and Corbett 2005). 

 

 ASM inhibitors in ischemic stroke trials 

The utility of FIASMAs e.g., fluoxetine, nortriptyline and amitriptyline has furthermore 

been investigated in clinical stroke trials. In patients with hemiparesis a single injection 

of fluoxetine (20 mg) 14 days after stroke ameliorated motor skills of the affected arm 

(Pariente et al. 2001). Treatment was not associated with any adverse effects (Pariente 

et al. 2001). In stroke patients with hemiplegia or hemiparesis, treatment with fluoxetine 

(20 mg/day) was initiated between day 5 and day 10 (Chollet et al. 2011). In 

combination with physiotherapy for 3 months, motor recovery was improved and the 

occurrence of depressive symptoms was lowered (Chollet et al. 2011). Furthermore, 

fluoxetine (10 mg/day gradually increasing to 40 mg/day) and nortriptyline (25 mg/day 

gradually increasing to 100 mg/day) which were administered for 12 weeks reduced 

post-stroke mortality in depressed and non-depressed patients (Jorge et al. 2003). In 

selected non-depressed patients, application of amitriptyline (25 mg gradually increasing 

to 75 mg) for 4 weeks reduced central post-stroke pain (Leijon and Boivie 1989). Other 
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studies however reported that stroke patients do not benefit from FIASMAs. Fluoxetine 

(20 mg) administered for 6 months starting on day 2 to day 15 did not improve stroke-

related disabilities or increase survival rate (Collaboration 2019). Moreover, it was 

associated with a higher frequency of bone fractures (Collaboration 2019). Delivery of 

fluoxetine (10 mg/day gradually increased to 40 mg/day) or nortriptyline (25 mg/day 

gradually increased to 100 mg/day) for 12 weeks did not aid the recovery of cognitive 

function in patients that had a stroke within 6 months (Robinson et al. 2000).  
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5.3 Angiogenesis and its implication for ischemic stroke 

Angiogenesis describes the formation of vessels by means of endothelial sprouting from 

pre-existing vessels (Hayashi et al. 2003). Hypoxia stimulates the release of the 

vascular endothelial growth factor-A (VEGF-A) which binds to the VEGF receptor-2 

(VEGFR-2) on endothelial cells (Stone et al. 1995, Barleon et al. 1997, Lin et al. 2004). 

The endothelial cell that is activated by VEGF is referred to as the tip cell (Gerhardt et 

al. 2003). It expresses membrane type-1-matrix metalloproteinase (MT1-MMP) which 

degrades components of the surrounding extracellular matrix (ECM), a necessary step 

to allow sprouting (Galvez et al. 2001). The tip cell strongly expresses VEGFR-2, 

extends filopodia along a VEGF-gradient and increases the expression for delta-like 

ligand 4 (DLL4) (Gerhardt et al. 2003, Hellstrom et al. 2007, Lobov et al. 2007). DLL4 

binds to the notch receptor of an adjacent cell, which then converts into the so called 

stalk cell (Hellstrom et al. 2007). The notch receptor is cleaved, the notch intracellular 

domain (NICD) translocates to the nucleus and activates the transcription of notch target 

genes Hes and Hey (Jarriault et al. 1995, Maier and Gessler 2000). Notch signaling 

induces the expression of the VEGFR-1, which acts a decoy receptor since it has a high 

affinity for VEGF-A but a low kinase activity and thus limits the signaling capacity of 

VEGF-A in the stalk cell (Park et al. 1994, Waltenberger et al. 1994). Stalk cells 

proliferate and form the vascular lumen (Gerhardt et al. 2003). Finally, the tip cells fuse 

during a process called anastomosis which leads to the formation of a vascular loop 

(Blum et al. 2008). Endothelial cells release platelet-derived growth factor-BB (PDGF-

BB), thereby recruiting mural cell precursors which differentiate to pericytes/ smooth 

muscles cells (SMCs) (Lindahl et al. 1997, Hirschi et al. 1999, Hellstrom et al. 2007). 
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Pericytes/ SMCs produce angiopoietin-1 (Ang-1) which binds to the receptor tyrosine 

kinase Tie-2 on endothelial cells (Davis et al. 1996). Genetic deficiency of Tie-2 or Ang-1 

leads to severe angiogenic abnormalities that cause embryonic lethality since Tie-2-

Ang-1 signaling is crucial for vessel stabilization and endothelial survival (Dumont et al. 

1994, Sato et al. 1995, Suri et al. 1996, Kwak et al. 1999, Jones et al. 2001).   

After stroke, there is an increase in the expression of pro-angiogenic growth factors, 

e.g., basic fibroblast growth factor (bFGF), platelet-derived growth factor (PDGF) and 

VEGF (Krupinski et al. 1997, Slevin et al. 2000, Nakamura et al. 2016). The number of 

proliferating endothelial cells is elevated after one day and the number of newly formed 

vessels starts to increase after three days (Hayashi et al. 2003). Therapeutic 

angiogenesis aims to revascularize the ischemic brain and thus induce neuronal 

plasticity and enhance functional outcome. Delayed intravenous or intraventricular 

administration of VEGF in rodents after stroke induces angiogenesis, provides 

neuroprotection and promotes functional recovery (Zhang et al. 2000, Sun et al. 2003). 

Intracerebroventricularly administered VEGF three days after stroke in mice enhances 

corticorubral plasticity, functionally improves motor grip strength and coordination and 

further has anti-inflammatory effects (Herz et al. 2012). However, antagonism of VEGF 

30 minutes before ischemia onset was found to reduce brain edema and injury in mice 

(van Bruggen et al. 1999). Further, VEGF delivery in the acute phase post-stroke 

increases the incidence of hemorrhages, exacerbates BBB leakage and causes larger 

ischemic lesions in rats (Zhang et al. 2000). Studies in which delivery of VEGF had 

deleterious effects, applied VEGF before stroke or in the acute phase after stroke 
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(Hermann and Zechariah 2009). VEGF-induced permeability has impeded its 

therapeutic use in ischemic stroke (Hermann and Zechariah 2009). The potential use of 

other growth factors e.g., platelet-derived growth factor (PDGF) or basic fibroblast 

growth factor (bFGF) that are relevant for angiogenesis has also been investigated in 

the context of stroke. Deficiency of the PDGF receptor-β (PDGFR-β) in mice leads to 

severe brain edema after MCAO suggesting that PDGF signaling is important for the 

integrity of the BBB (Shen et al. 2018). Intraventricular injection of active PDGF in non-

ischemic mice however increases cerebrovascular permeability and it was proposed that 

the occurrence of intracerebral hemorrhages after rtPA treatment is mediated by PDGF 

signaling (Su et al. 2008). Clinically, in rtPA-treated patients, elevated PDGF levels in 

the serum at the time point of admission and after 24 hours were associated with 

hemorrhagic transformation (Rodriguez-Gonzalez et al. 2013). Biweekly intracisternal 

bFGF treatment of rats which started one day after MCAO and was continued for four 

weeks induced neuronal sprouting and improved functional recovery as assessed by 

forelimb and handlimb placing tests (Kawamata et al. 1996). Further, also intravenously 

delivered bFGF two hours after MCAO enhanced sensorimotor function in rats (Li and 

Stephenson 2002). In an acute stroke trial however a recombinant form of bFGF did not 

lead to a more favorable outcome than the placebo (Paciaroni and Bogousslavsky 

2011). 
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5.4 Extracellular vesicles  

 Formation of extracellular vesicles 

Extracellular vesicles (EVs) are heterogeneous cell-derived vesicles that comprise 

exosomes, microvesicles and apoptotic bodies which can be distinguished based on 

size and release mechanism.  

Exosomes have a diameter of up to 150 nm and are secreted by exocytosis upon fusion 

of multivesicular bodies (MVBs) containing intraluminal vesicles (ILVs) with the cell 

membrane (Pan et al. 1985, Johnstone et al. 1987). The initial step of the biogenesis of 

exosomes is cargo clustering at microdomains of endosomes followed by inward 

budding and membrane fission of these domains which leads to the release of ILVs into 

the MVB lumen (Harding et al. 1983). Generation of ILVs is controlled by endosomal 

sorting complex responsible for transport (ESCRT)-dependent mechanisms and the 

ESCRT-associated apoptosis-linked gene-2-interacting protein-X (ALIX) which interacts 

with syntenin (Katzmann et al. 2001, Babst et al. 2002, Babst et al. 2002, Baietti et al. 

2012). Formation of ILVs can also be mediated by ESCRT-independent processes, 

which require neutral sphingomyelinase-derived ceramide that induces inward budding 

of vesicles into the lumen of MVBs (Trajkovic et al. 2008). MVBs are then transported to 

the cell membrane along the cytoskeleton (Mittelbrunn et al. 2011, Hoshino et al. 2013). 

Several Rab GTPases, namely Rab27a, Rab27b, Rab11 and Rab35, have been 

implicated in the intracellular transport of MVBs, the docking process and exosome 

release (Savina et al. 2005, Hsu et al. 2010, Ostrowski et al. 2010). Fusion of MVBs with 

the membrane is controlled by N-ethylmaleimide-sensitive factor attachment protein 



Introduction 

 

43 
 

receptors (SNARE) and the Ras-related GTPase Ral-1 (Fader et al. 2009, Hyenne et al. 

2015).  

Microvesicles have a diameter of up to 1 μm. Recruitment and clustering of their cargo 

occurs at distinct microdomains of the cellular membrane, which is followed by 

subsequent outward budding and fission of vesicles (Kobayashi et al. 1984, Dolo et al. 

2000, MacKenzie et al. 2001). For microvesicle biogenesis, members of the ESCRT-I 

and ESCRT-III complex are recruited from endosomes to the plasma membrane 

(Nabhan et al. 2012, Xu et al. 2017). Secretion of microvesicles requires a reduction in 

membrane stiffness (Tissot et al. 2013). Calcium influx drives activation of the 

phospholipid scramblase and inhibition of the amninophospholipid translocase which 

leads to a loss of phospholipid asymmetry in the outer and inner membrane (Comfurius 

et al. 1990, Wolfs et al. 2005). Further, calcium-dependent proteases e.g., calpains are 

activated that cleave the membrane cytoskeleton (Pasquet et al. 1996). Fission of 

vesicles from the membrane further necessitates induction of a signaling cascade that is 

initiated with activation of the GTP-binding protein ADP-ribosylation factor-6 (ARF-6) 

(Muralidharan-Chari et al. 2009). ARF-6 in turn activates phospholipase-D which leads 

to recruitment of extracellular signal-regulated kinase (ERK) that phosphorylates the 

myosin light-chain kinase (MLCK) (Muralidharan-Chari et al. 2009). 
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Figure 7: Formation of exosomes and microvesicles (van Niel et al. 2018).  

Generation of exosomes and microvesicles is initiated with cargo clustering and sorting at distinct sites, 

either at the membrane of late endosomes, that mature into MVBs once ILVs have been incorporated into 

their lumen, or at the plasma membrane. MVBs fuse with the plasma membrane and ILVs are secreted as 

exosomes, whereas microvesicles bud off from the plasma membrane directly. 

 

Apoptotic bodies with a diameter of up to 5 μm engulf cellular components as the 

apoptotic cell disassembles and becomes fragmented. The initial step of apoptotic 

membrane blebbing depends on contraction of the actin-myosin network which is 

controlled by phosphorylation of the myosin regulatory light chain (MLC) (Mills et al. 

1998, Coleman et al. 2001). Thin microtubule-rich membrane protusions called 
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apoptodia are then extended from the cell followed by the fragmentation of membrane-

coated apoptotic bodies (Moss et al. 2006, Atkin-Smith et al. 2015). 

 

 Relevance of small extracellular vesicles (sEVs) in ischemic stroke 

Small extracellular vesicles (sEVs), namely exosomes with a diameter of 70 - 150 nm, 

are enclosed by a lipid bilayer membrane and are important vehicles of intercellular 

communication by transporting proteins and microRNA (miRNA) to recipient cells 

(Laulagnier et al. 2004, Valadi et al. 2007, Xin et al. 2012, Hosseinkhani et al. 2018, 

Miyazaki et al. 2018).  

Tetraspanins like CD9 and CD81 which form tetraspanin-enriched microdomains (TEMs) 

are found to be enriched in sEVs, serving as membrane organizers (Rubinstein et al. 

1996, Crescitelli et al. 2013). sEVs further express cell adhesion molecules e.g. integrins 

that interact with the extracellular matrix (Clayton et al. 2004). Depending on their 

cellular origin, sEVs carry specific proteins and have distinct functions. sEVs derived 

from platelets for instance have pro-coagulant activities, whereas dendritic-cell derived 

sEVs are involved in activation of CD4+ T cells (Thery et al. 2002, Larssen et al. 2017, 

Tripisciano et al. 2017). 

In light of the potential dangers of cell transplantation, i.e., tumorigenicity or immune 

rejection of the cells, several studies have investigated the possible utility of sEVs for 

stroke treatment. Strikingly, most systemically delivered mesenchymal stem cells 

(MSCs) are trapped in the lung and do not reach the damaged target organ, suggesting 
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that cell therapy effects are rather mediated in a paracrine manner, presumably via 

secretion of biologically active sEVs (Gnecchi et al. 2005, Lee et al. 2009, Reis et al. 

2012). Furthermore, sEVs can pass the BBB (Alvarez-Erviti et al. 2011). Delivery of 

sEVs derived from MSCs (MSC-EVs) to rats 24 hours after 2 hours of MCAO induced 

neurogenesis and angiogenesis as assessed by an increase in axonal density, the area 

covered by synapthophysin and the elevated number of Bromdesoxyuridin (BrdU)-

doublecortin-positive and BrdU-von Willebrand factor (vWF)-positive cells (Xin et al. 

2013). In rats subjected to 2 hours MCAO, miRNA-133b was decreased and restored 

upon administration of MSCs 24 hours post-stroke, which promoted functional recovery, 

axonal plasticity and neurite remodeling (Xin et al. 2012, Xin et al. 2013). MSC-sEVs 

were identified as the critical vehicles that transferred miRNA-133b to primary cultured 

neurons and thereby elevated neurite branch number and total neurite length (Xin et al. 

2012). In rats exposed to 2 hours MCAO, treatment with miRNA-17-92 cluster-enriched 

MSC-sEVs 24 hours after stroke improved functional recovery, induced neuronal 

remodeling and neuronal plasticity (Xin et al. 2017). In mice subjected to 30 minutes 

MCAO, infusion of MSC-sEVs on day 1, 3 and 5 post-stroke improved motor 

coordination, activated neurogenesis and angiogenesis, indicated by an increase in 

neuronal density, number of BrdU-NeuN-positive cells and BrdU-CD31-positive cells 

(Doeppner et al. 2015). Though MSC-sEVs did not affect immune cell infiltration into the 

ischemic brain, they counteracted post-ischemic immunosuppression in the peripheral 

blood (Doeppner et al. 2015). This study also highlighted the non-inferiority of MSC-EVs 

to MSCs, since the beneficial outcome achieved with EVs was similar to the effects of 

direct MSC transplantation (Doeppner et al. 2015). Further, MSC-sEVs administered to 
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rats 3 hours after 50 minutes of MCAO decreased infarct size, improved neurological 

impairments, reduced inflammation and production of reactive oxygen species (ROS) 

(Chen et al. 2016).   
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5.5 Aim of the study 

Ischemic stroke is a major cause of death and disability worldwide but only limited 

treatment possibilities are available.  

The Asm/ ceramide system controls crucial cell signaling pathways e.g. apoptosis, cell 

senescence or proliferation and is involved in numerous diseases. Though some studies 

point towards a role of this system in stroke pathology and on stroke outcome, 

mechanistic insights into the functionality of Asm and ceramide in regulating brain 

remodeling after ischemic stroke are not available. 

This study aims to elucidate the implication of the Asm/ ceramide system in cerebral 

ischemia by investigating whether a manipulation of this system in the sub-acute phase 

alters stroke outcome. In vivo, transient middle cerebral artery occlusion (tMCAO) was 

applied to model ischemic stroke and the FIASMA amitriptyline was administered post-

stroke to investigate whether Asm inhibition effects brain remodeling. In vitro, I/R was 

modelled in human brain microvascular endothelial cells (hCMEC/D3) by oxygen-

glucose-deprivation (OGD) with subsequent reoxygenation/ glucose recultivation and 

the effect of ASM inhibition on angiogenesis was analyzed.  
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6 Materials  

6.1 Chemicals  

Amitriptyline hydrochloride Sigma-Aldrich, Hamburg, Germany 

Bepanthen Bayer, Leverkusen, Germany 

BODIPY FL C12-Sphingomyelin Thermo Fisher Scientific, Waltham, MA, 

U.S.A. 

Bovine serum albumin (BSA)  Sigma-Aldrich, Hamburg, Germany 

Carprofen Bayer, Leverkusen, Germany 

Chloroform Sigma-Aldrich, Hamburg, Germany 

Cutasept F Bode Chemie, Hamburg, Germany 

Dimethyl sulfoxide (DMSO)  Sigma-Aldrich, Hamburg, Germany 

Dithiothreitol (DTT) AppliChem, Darmstadt, Germany 

Ethanol Merck Millipore, Burlington, MA, U.S.A. 

Ethyl cinnamate (ECi) Sigma-Aldrich, Hamburg, Germany 

FITC-Albumin Sigma-Aldrich, Hamburg, Germany  

Fluoromount-G Southern Biotech, Birmingham, AL, 

U.S.A. 
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FORENE (Isoflurane) Abbvie, North Chicago, IL, U.S.A. 

Gelatin Sigma-Aldrich, Hamburg, Germany 

Heparin Ratiopharm, Ulm, Germany 

Matrigel Corning, NY, U.S.A. 

Methanol PanReac AppliChem, Chicago, Illinois, 

U.S.A. 

Microscopy entellan Merck, Darmstadt, Germany 

Nitrogen Air Liquide, Paris, France  

NP-40 Fluka BioChemika, Morristown, NJ, 

U.S.A. 

Oxygen Air Liquide, Paris, France 

Paraformaldehyde (PFA) Sigma-Aldrich, Hamburg, Germany 

Phosphotungstate acid  Electron Microscopy Science, Hatfield, 

PA, U.S.A. 

Polyethylene glycol (PEG) 6000 Sigma-Aldrich, Hamburg, Germany 

Skim milk powder Sigma-Aldrich, Hamburg, Germany 

Sodium acetate Merck Millipore, Burlington, MA, U.S.A. 
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Sodium chloride (NaCl) Sigma-Aldrich, Hamburg, Germany 

Temgesic (Buprenorphin) Reckitt Benckiser, Slough, UK 

Tetrahydrofuran (THF) Sigma-Aldrich, Hamburg, Germany 

Tris Sigma-Aldrich, Hamburg, Germany 

Triton X-100 Sigma-Aldrich, Hamburg, Germany 

Tween-20 Sigma-Aldrich, Hamburg, Germany 

 

6.2 Antibodies 

Alexa Fluor 488-, 594-conjugated antibodies Thermo Fisher Scientific, Waltham, 

MA, U.S.A.  

CD63-APC (MEM-259) Exbio, Vestec, Czech Republic 

CD9-PE (MEM-61) Exbio, Vestec, Czech Republic 

Cy3 Thermo Fisher Scientific, Waltham, 

MA, U.S.A. 

goat anti-mouse IgG (A-11001) Thermo Fisher Scientific, Waltham, 

MA, U.S.A. 

Hoechst 33342 Thermo Fisher Scientific, Waltham, 

MA, U.S.A. 

horseradish peroxidase-conjugated 

antibodies 

Santa Cruz, Heidelberg, Germany 
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mouse anti-CD9 (VJ1/20.3.1)  

 

Provided by Francisco Sánchez, 

Madrid, Spain 

mouse anti-ceramide (S58-9) Glycobiotech, Kükels, Germany 

mouse anti-NeuN (A60) Merck Millipore, Burlington, MA, U.S.A. 

rabbit anti-apoptosis-inducing factor (AIF; 

D39D2) 

Cell Signaling Technology, Danvers, 

MA, U.S.A. 

rabbit anti-calnexin (ab10286) Abcam, Cambridge, U.K. 

rabbit anti-caveolin (3238S) Cell Signaling Technology, Danvers, 

MA, U.S.A. 

rabbit anti-CD63 (LS-C204227) Lifespan Biosciences, Seattle, WA, 

U.S.A. 

rabbit anti-early endosome antigen-1 

(EEA1; C45B10) 

Cell Signaling Technology, Danvers, 

MA, U.S.A. 

rabbit anti-lysosomal-associated membrane 

protein-1 (LAMP-1; 1D4B) 

Abcam, Cambridge, U.K. 

rabbit anti-microtubule-associated protein 

light chain-3b (LC3b; 2775) 

Cell Signaling Technology, Danvers, 

MA, U.S.A. 

rabbit anti-Rab7 (D95F2) Cell Signaling Technology, Danvers, 

MA, U.S.A. 

rabbit anti-syntenin (EPR8102) Abcam, Cambridge, U.K. 

rat anti-CD45 (30-F11) BD Biosciences, Franklin Lakes, NJ, 

U.S.A. 
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6.3 Kits 

BCA Assay Kit  Pierce, Rockford, IL, U.S.A. 

DCTM Protein Assay Kit  Bio-Rad, Hercules, CA, U.S.A. 

Prime Western Blotting Detection Reagent 

Kit 

GE Healthcare Life Sciences, Freiburg, 

Germany 

Vectastain Elite Kit Standard Vector Laboratories, Burlingame, CA, 

U.S.A. 

VEGF Enzyme-linked Immunosorbent 

Assay (ELISA) Kit 

 

R&D Biosystems, Minnneapolis, MN, 

U.S.A. 

6.4 Other consumables 

15 ml falcon tube Sarstedt, Nümbrecht, Germany 

24-well plate Sarstedt, Nümbrecht, Germany 

24-well plate Corning, NY, U.S.A. 

50 ml falcon tube Sarstedt, Nümbrecht, Germany 

6-well plate Sarstedt, Nümbrecht, Germany 

96-well plate Sarstedt, Nümbrecht, Germany 

cell culture inserts Corning, NY, U.S.A. 
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cell culture tripleflask Thermo Fisher Scientific, Waltham, MA, 

U.S.A. 

copper grids Plano, Wetzlar, Germany 

coverslips Thermo Fisher Scientific, Waltham, MA, 

U.S.A. 

filter Sartorius, Göttingen, Germany 

filter paper  GE Whatman, Dassel, Germany 

low retention microcentrifuge tubes Kisker Biotech, Steinfurt, Germany 

microscope slides Engelbrecht, Edermünde, Germany 

pipette tips  Sarstedt, Nümbrecht, Germany 

polyvinylidene fluoride membranes (PVDF) Millipore, Darmstadt, Germany 

safe-Lock tube 1,5 ml Sarstedt, Nümbrecht, Germany 

safe-Lock tube 2 ml Sarstedt, Nümbrecht, Germany 

T-25 cell culture flask Sarstedt, Nümbrecht, Germany 

T-75 cell culture flask Sarstedt, Nümbrecht, Germany 

thin layer chromatography plates 

ALUGRAM Xtra SIL G  

Macherey Nagel, Düren, Germany 
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ultra-clear centrifuge bottles Beckmann Coulter, Brea, CA, U.S.A. 

 

6.5 Equipment 

Centrifuges: 

 2-16PK Sigma-Aldrich, Hamburg, Germany 

 5810R Eppendorf, Hamburg, Germany 

 Avanti J-26 XP  Beckmann Coulter, Brea, CA, U.S.A. 

 MiniSpin Eppendorf, Hamburg, Germany 

 Optima L7-65 Beckmann Coulter, Brea, CA, U.S.A. 

 vacuum centrifuge SPC111V Thermo Fisher Scientific, Waltham, MA, 

U.S.A. 

 

Freezers and refrigerators: 

 - 20 °C freezer Liebherr, Biberach, Germany 

 - 80 °C freezer Thermo Fisher Scientific, Waltham, MA, 

U.S.A. 

 4 °C refrigerator Liebherr, Biberach, Germany 
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Galaxy 170S Incubator Eppendorf, Hamburg, Germany 

heating block Eppendorf, Hamburg, Germany 

HI 2215 pH-Meter Hanna Instruments, Vöhringen, 

Germany 

hypoxia chamber Toepffer Lab Systems, Göppingen, 

Germany 

IKAMAG magnetic stirrer IKA, Staufen, Germany 

Microscopes: 

 Axio Observer.Z1 Carl Zeiss, Oberkochen, Germany  

 Axiovert 40C Carl Zeiss, Oberkochen, Germany  

 BX51 microscope Olympus, Tokia, Japan 

 EVOS digital microscope Advanced Microscopy Group, Bothell 

WA, U.S.A. 

 ImageStreamX MkII instrument Merck Millipore, Burlington, MA, U.S.A. 

 JEM 1400Plus electron microscope JEOL, Tokyo, Japan 

  



Materials 

 

57 
 

 Lightsheet microscope 

(Ultramicroscope II) 

 

LaVision BioTec, Göttingen, Germany 

Neubauer counting chamber  LO Laboroptik, Friedrichsdorf, Germany 

Scales: 

 analysis scale ABS 80-4 Kern, Balingen-Frommern, Germany 

 EMB scale 200-2 Kern, Balingen-Frommern, Germany 

 EW scale 4200-2NM Kern, Balingen-Frommern, Germany 

 

Sterile banks: 

 HERASAFE KS Thermo Fisher Scientific, Waltham, MA, 

U.S.A. 

 SAFE 2020 Thermo Fisher Scientific, Waltham, MA, 

U.S.A. 

 

Surgery equipment for middle cerebral artery occlusion (MCAO): 

 Dumont #4 Tweezer Fine Science Tools, Heidelberg, 

Germany 
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 Dumont #7 Tweezer Fine Science Tools, Heidelberg, 

Germany 

 Dumont #7b Tweezer Fine Science Tools, Heidelberg, 

Germany 

 FE691 Vesselclip Aesculap, Tuttlingen, Germany 

 Fluovac System Harvard Apparatus, Holliston, MA, 

U.S.A. 

 Halsted-Mosquito hemostats Fine Science Tools, Heidelberg, 

Germany 

 heating plate HI 1220 Leica, Wetzlar, Germany 

 homeothermic monitoring system Harvard Apparatus, Holliston, MA, 

U.S.A. 

 inhalation - anesthesia device Trajan 

808 

Dräger, Lübeck, Germany 

 O2 -Sensor Oxydig Dräger, Lübeck, Germany 

 PeriFlux System 5000 Perimed AB, Järfälla, Schweden 

 Spring Scissor (8mm) Fine Science Tools, Heidelberg, 

Germany 
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 surgical monofilaments  Doccol, Sharon, MA, U.S.A. 

 surgical microscope OPMI F-170 Carl Zeiss, Oberkochen, Germany 

 Tungsten-Carbide Iris scissor Fine Science Tools, Heidelberg, 

Germany 

 Vannas Spring scissor (3 mm) Fine Science Tools, Heidelberg, 

Germany 

 

thin layer chromatography chamber 

Multiplak 

Thermo Fisher Scientific, Waltham, MA, 

U.S.A. 

Typhoon FLA 9500 GE Healthcare Life Sciences, Freiburg, 

Germany 

Ultrasonic Cleaner Model B200 Branson, Dietzenbach, Germany 

Ultrasonic Homogenisator SONOPLUS Bandelin, Berlin, Germany 

vortexing machine IKA, Staufen, Germany 

ZetaView  Particle Metrix, Meerbusch, Germany 

 

6.6 Media and additives 

0,25 % trypsin/ ethylenediamine tetra-acetic 

acid (EDTA) 

Life Technologies, Carlsbad, CA, 

U.S.A. 
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ascorbic acid Sigma-Aldrich, Hamburg, Germany 

basic fibroblast growth factor (bFGF) Sigma-Aldrich, Hamburg, Germany 

Chemically Defined Lipid Concentrate Life Technologies, Carlsbad, CA, 

U.S.A. 

CultrexR Rat Collagen I R&D Biosystems, Minnneapolis, MN, 

U.S.A. 

distilled water Life Technologies, Carlsbad, CA, 

U.S.A. 

Dulbecco's Modified Eagle's medium 

(DMEM) 

Life Technologies, Carlsbad, CA, 

U.S.A. 

Dulbecco's Phosphate Buffered Saline 

(PBS) 

Life Technologies, Carlsbad, CA, 

U.S.A. 

Endothelial Basal Medium-2 (EBM-2) Lonza, Basel, Switzerland 

fetal bovine serum (FBS) Life Technologies, Carlsbad, CA, 

U.S.A. 

HEPES Life Technologies, Carlsbad, CA, 

U.S.A. 

hydrocortisone  Sigma-Aldrich, Hamburg, Germany 
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penicillin-streptomycin Life Technologies, Carlsbad, CA, 

U.S.A. 

6.7 Software 

Amnis IDEAS software  Merck Millipore, Burlington, MA, U.S.A. 

Cell Profiler Broad Institute 

EMMENU  TVIPS, Gauting, Germany 

Image J Fiji National Institutes of Health (NIH), 

Bethesda, MD, U.S.A. 

Image Quant GE Healthcare Life Sciences, Freiburg, 

Germany 

Imaris Bitplane, Zürich, Switzerland 

Mass Hunter software Agilent Technologies, Waldbronn, 

Germany  

Microplate Manager Software 6 (MPM 6) Bio-Rad, Hercules, CA, U.S.A. 

Zen blue Carl Zeiss, Oberkochen, Germany 

ZetaView analysis software Particle Metrix, Meerbusch, Germany 
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7 Methods 

7.1 Legal issues, animal husbandry and randomization 

Experiments were conducted with local government approval (Bezirksregierung 

Düsseldorf) in accordance to E.U. guidelines (Directive 2010/63/EU) for the care and 

use of laboratory animals and Animal Research: Reporting of In Vivo Experiments 

(ARRIVE) guidelines. All mice used for the experimental studies were housed in the 

vivarium of the University Hospital Essen, Germany in a regular 12h:12h light/dark cycle 

in groups of 5 animals/ cage and continuously had free access to food and water. 

Experiments were strictly randomized and blinded at all stages until completion of the 

data analysis. 

 

7.2 Middle cerebral artery occlusion (MCAO) 

Focal cerebral ischemia was induced by 20 min left-sided intraluminal middle cerebral 

artery occlusion (MCAO) in male C57BL/6j wildtype mice (8-10 weeks; 22-25 g; Envigo, 

Horst, Netherlands) or Smpd1-/- mice and their Smpd1+/+ littermates. Mice were 

anesthetized with 1 - 1.5% isoflurane (30% O2, remainder N2O). Body temperature was 

controlled by a feedback heating system and maintained at 36.5 - 37°C throughout the 

procedure. Cerebral blood flow (CBF) was monitored by laser Doppler flow (LDF) 

measurement using a flexible 0.5 mm fiberoptic probe which was attached to the 

animals’ skull above the core of the middle cerebral artery territory. A midline neck 

incision was made to isolate and ligate the left common and external carotid arteries. 
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The internal carotid artery (ICA) was temporally clipped. For induction of MCAO, a 

silicon-coated nylon monofilament (0.21 mm tip diameter) was introduced via a small 

incision into the common carotid artery (CCA) and advanced to the carotid bifurcation, 

leading to a reduction of CBF in the MCA territory by ≥ 80%. Reperfusion was initiated 

after 20 minutes by monofilament removal and CBF returned to baseline values. 

Wounds were carefully sutured. Anesthesia was discontinued and animals were placed 

back in cages that were put on a heating plate (37°C) to avoid post-operative 

hypothermia. The opioid buprenorphine (0.1 mg/kg) was subcutaneously (s.c.) 

administered before surgery, and the antiphlogistic carprofen (4 mg/kg) was s.c. 

administered daily for up to three days after surgery. Starting immediately after 

reperfusion onset (animal sacrifice after 24 hours) or 24 hours after reperfusion (animal 

sacrifice after 14 days), vehicle or amitriptyline (2 or 12 mg/kg b.w., b.i.d.) were 

intraperitoneally administered b.i.d. over up to 14 days. At the indicated time-points, 

animals were deeply anesthetized with isoflurane and transcardially perfused with 40 ml 

0.1 M phosphate-buffered saline (PBS) (animals used for immunohistochemistry/ 

immunofluorescence, activity assays and mass spectrometry) or with 40 ml 0.1 M PBS 

supplemented with heparin (50 U/ml) followed by 40 ml 4% paraformaldehyde (PFA) in 

0.1 M PBS (animals used for light sheet microscopy). 

 

7.3 Hydrogel perfusion, dehydration and clearing of brains 

After PBS (+ 50U/ml Heparin) and PFA perfusion, 10 ml of a gelatin-based hydrogel 

containing FITC-coupled albumin was transcardially administered to label all blood 
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vessels. The hydrogel was prepared by first dissolving 2% gelatin in PBS (w/v) at 60°C. 

The solution was cooled down to 40°C and FITC-conjugated albumin was added at a 

final concentration of 0.1% (w/v). The hydrogel was filtered using Whatmann filter paper 

and protected from light. Brains were subsequently removed, post-fixed overnight at 4°C 

in 4% PFA and dehydrated with a tetrahydrofuran (THF) gradient of 30%, 60%, 80% and 

100%. The final dehydration step in 100% THF was performed twice. Tissue clearing 

was achieved by the refractive index-matching organic compound ethyl cinnamate (ECi). 

Brains were kept in each solution (THF and ECi) for 12 hours at room temperature in 

light-protected bottles under constant agitation. 

 

7.4 Light sheet fluorescence microscopy (LSFM) and microvasculature 

analysis 

The FITC-albumin labeled vasculature of cleared brains was scanned by a light sheet 

microscope (Ultramicroscope II). Horizontal overview images were acquired at 0.8x 

magnification. Serial images of each hemisphere covering the striatum and cortex were 

taken at 2 µm steps in ventro-dorsal direction at 6.4x magnification. In each animal, two 

regions of interest (ROI) measuring 500 µm x 500 µm x 1000 µm (in the X, Y and Z 

planes, respectively) were analyzed. The ROIs were selected by drawing an orthogonal 

guideline in the overview picture which crosses the center of the connection of the left 

and right lateral ventricles with the third ventricle. The ROIs were located alongside this 

line in the lateral striatum of both hemispheres adjacent to the external capsule (Fig. 8).  
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Figure 8: Light sheet fluorescence microscopy 

(LSFM) of microvascular networks in C57BL/6j 

wildtype mice exposed to transient MCAO.  

Regions of interest (ROI), in which microvascular 

network characteristics were evaluated, are depicted in 

a horizontal section. 

The acquired image stacks were pre-processed by rolling ball background subtraction 

(radius = 20 μm) in Image J and by applying the multiscale Hessian-based frangi 

vesselness filter (Vascular Modelling Toolkit, VMTK). Detailed vascular analyses were 

performed with Imaris software and 3D rendering package. 

 

7.5 Cultivation of hCMEC/D3  

For in vitro studies, human brain microvascular endothelial cells (hCMEC/D3) were 

used. hCMEC/D3 were isolated from temporal lobe microvessels of human tissue and 

were later immortalized by lentiviral vector transduction (Weksler et al. 2013). Due to 

their endothelial phenotypic characteristics (monolayer formation, expression of 

adherens junction proteins and tight junction proteins, expression of influx and efflux 

transporters), hCMEC/D3 are routinely used as a model of the blood-brain barrier 

(Weksler et al. 2013). hCMEC/D3 were cultivated in endothelial basal medium (EBM-2) 

which was supplemented with 5% fetal bovine serum, 100 U/ml penicillin/ streptomycin, 

1.4 µM hydrocortisone, 5 µg/ml ascorbic acid, 1% chemically defined lipid concentrate, 

10 mM HEPES and 1 ng/ml basic fibroblast growth factor (bFGF). hCMEC/D3 were 
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seeded on 150 µg/ml collagen pre-coated cell culture flasks and kept at 37°C at 5% 

CO2. 

7.6 Oxygen-glucose deprivation (OGD) 

In vitro, I/R injury was modelled by oxygen-glucose deprivation (OGD) followed by 

reoxygenation/ glucose recultivation. For OGD, cells were seeded in glucose-free 

medium and kept in a hypoxia chamber with an oxygen concentration of 1%. During the 

following reoxygenation/ glucose recultivation period, cells were incubated at 21% O2 

and received glucose-containing medium.  

 

7.7 Tube formation assay 

hCMEC/D3 form capillary-like tubular structures when seeded on a matrigel which 

contains growth factors and is enriched with extracellular matrix proteins such as 

laminin, collagen IV and heparan sulfate. 60 µl of the matrigel was pipetted into each 

well of a 96-well plate. The gel solidified at 37°C for 30 minutes. 3x104 cells were seeded 

into the matrigel-containing wells and were treated with vehicle, amitriptyline or sEVs. 

Cells were maintained in the incubator at 37°C and 5% CO2 for 20 hours. 

Photomicrographs of the tubes were taken at 2x magnification using the EVOS digital 

inverted microscope. All closed tubes, the number of branching points and the mean 

length of each segment between two branching points were counted with Image J. 

Samples were analyzed in triplicates, of which mean values were formed. 
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7.8 Transwell migration assay 

Cell migration was assessed in a modified Boyden chamber. Porous polycarbonate 

membrane inserts (8.0 μm pores) were placed in 24-well plates. 3x104 cells were 

seeded in serum-reduced medium (1.25% FBS) in the upper compartment of the 

membrane inserts. Vehicle, amitriptyline or sEVs were administered into the lower 

compartment into the medium that was supplemented with 5% FBS. At the surface top 

of the membrane inserts, cells that did not migrate were removed after 24 hours. 

Migrated cells, which attached to the bottom side of the membrane were fixed with 4% 

PFA and stained with Hoechst 33342 to label all nuclei. Photomicrographs were taken at 

20x magnification using the EVOS digital inverted microscope. In 8 randomly selected 

ROIs, migrated cells were counted using Image J. Samples were analyzed in duplicates, 

of which mean values were formed. 

 

7.9 Enzyme-linked immunosorbent assay (ELISA) 

The release of vascular endothelial growth factor (VEGF) into the supernatant of 

hCMEC/D3 was quantified by enzyme-linked immunosorbent assay (ELISA). Cellular 

supernatants or standard samples with defined VEGF concentrations were pipetted into 

VEGF-antibody pre-coated microplate wells. During an incubation period of 2 hours, 

VEGF in the supernatants or standard samples could bind to the immobilized antibody. 

Unbound substances were removed by three washing steps. An enzyme-linked specific 

human VEGF polyclonal antibody was thereafter pipetted into the wells. After 2 hours, 

excessive antibody solution was removed by three washing steps and a substrate 
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solution was added which reacts with the enzyme linked to the VEGF antibody. The 

reaction was terminated after 20 minutes and the optical density was measured at 570 

nm on a microplate reader (iMark Detection). 

 

7.10 Immunohistochemistry/ immunofluorescence 

Coronal brain sections (20 µm thickness) obtained from the level of the midstriatum 

(bregma 0.0 mm; which is the core of the middle cerebral artery territory) or hCMEC/D3 

seeded on sterile coverslips were fixed with 4% PFA in 0.1 M PBS and subsequently 

permeabilized in 0.1 M PBS containing 0.1% Triton X-100. Unspecific binding was 

blocked by 5% normal donkey serum or 10% normal goat serum and 1 or 2.5% bovine 

serum albumin (BSA). Samples were incubated overnight at 4°C with mouse anti-NeuN, 

rat anti-CD45, goat anti-mouse IgG, mouse anti-ceramide, rabbit anti-apoptosis-inducing 

factor (AIF), rabbit anti-early endosome antigen-1 (EEA1), rabbit anti-lysosomal-

associated membrane protein-1 (LAMP1), rabbit anti-microtubule-associated protein 

light chain-3b (LC3b), rabbit anti-caveolin, rabbit anti-CD63 or rabbit anti-Rab7 

antibodies. Samples were washed with PBS and labeled with appropriate secondary 

Alexa Fluor-594, Alexa Fluor-488, Cy3 or biotinylated antibodies. Nuclei were labeled 

with Hoechst 33342 in sections stained with fluorescent antibodies. Sections stained 

with biotinylated antibody were revealed by 3,3’-diaminobenzidine (DAB) staining using 

an avidin-biotin complex (ABC) peroxidase kit (Vectastain Elite Kit Standard). Sections 

were scanned with an inverted microscope equipped with apotome optical sectioning 

(Axio Observer.Z1). In vivo, brain leukocyte infiltration and neuronal density were 
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analyzed by counting the number of cells (CD45, NeuN) in the non-ischemic control 

striatum and previously ischemic, reperfused striatum. IgG immunohistochemistry was 

examined by densitometry in the non-ischemic control striatum and previously ischemic, 

reperfused striatum to evaluate blood-brain barrier permeability in vivo. Ceramide 

vesicles in vitro were analyzed in 8 ROIs with each ROI measuring 135 x 135 µm. Cell 

Profiler was used to quantify ceramide vesicles.  

 

7.11 Acid sphingomyelinase activity assay 

Brain samples obtained from the non-ischemic control striatum and previously ischemic, 

reperfused striatum or hCMEC/D3 samples were lysed in 250 mM sodium acetate (pH 

5.0) and 1% NP-40 detergent. Cell membrane integrity was disrupted by sonification. 

Supernatants were collected after centrifugation for 5 minutes at 300 g (Minispin 

centrifuge) at 4°C. The protein concentrations of tissue or cell lysates were measured 

using the colorimetric DCTM Protein Assay according to the manufacturer’s instructions. 

Brain or cell lysates were adjusted to specific protein concentrations. BODIPY-labeled 

sphingomyelin was diluted in in 250 mM sodium acetate (pH 5.0) and 0.1% NP-40. 

Samples and BODIPY-labeled sphingomyelin were separately sonicated in an ultrasonic 

bath (Ultrasonic Cleaner Model B200) for 10 minutes which leads to micelle formation. 

100 pmol BODIPY-labeled sphingomyelin was added to the samples. After an 

incubation period of 1 hour at 37°C in a heating block, chloroform:methanol (2:1, v/v) 

was used to terminate the reaction. Samples were vortexed for 30 seconds and 

centrifuged for 5 minutes at 15000 g (2-16PK centrifuge). The lower phase was 
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collected and dried in a vacuum concentrator (SPC111V) for 45 minutes at 37°C. Lipids 

were dissolved in 20 µl chloroform:methanol (2:1, v/v), spotted onto thinlayer 

chromatography (TLC) plates and separated by a TLC run with chloroform:methanol 

(80:20, v/v). TLC plates were dried and analyzed with a Typhoon FLA 9500 scanner. 

Lipid spots were quantified with Image Quant. 

 

7.12 Liquid chromatography/ mass spectrometry (LC/ MS) 

Sphingolipids were kindly measured by Dr. Fabian Schumacher and Dr. Lukasz Japtok 

(Institute of Nutritional Science, Potsdam) by rapid resolution liquid chromatography/ 

mass spectrometry (LC/MS) with a quadrupole time-of-flight 6530 mass spectrometer 

6530 in positive electrospray ionization mode (ESI). Mass Hunter software was utilized 

for the analysis. Sphingolipids were normalized to the protein content of the tissue or 

sEV homogenates used for lipid extraction.  

 

7.13 Isolation of small extracellular vesicles (sEVs) 

hCMEC/D3 were cultivated in triple flasks with a surface area of 500 cm2 to increase the 

supernatant yield. Cell supernatants were centrifuged at 2000 g for 15 minutes at 4°C 

(5810R centrifuge) to deplete cell debris, followed by centrifugation at 10000 g for 45 

minutes at 4°C (5810R centrifuge) to remove larger particles. Supernatants were filtered 

through a 0.22 µm filter and subsequently incubated with 1% NaCl (3.75 M) and 10% 

polyethylene glycol-6000 (PEG-6000) for 16 hours at 4°C. sEVs were precipitated at 
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1500 g for 30 minutes at 4°C (Avanti J-26 XP centrifuge), resuspended in 0.9 % NaCl 

and transferred to ultra-clear centrifuge bottles. sEVs were concentrated by 

ultracentrifugation at 110000 g for 130 minutes at 4°C (Optima L7-65 ultracentrifuge), 

resuspended in 10 mM HEPES in NaCl and stored at -80°C in low retention 

microcentrifuge tubes in which adhesion of sEVs to sample tubes is minimized. 

 

7.14 Amnis Imagestream flow cytometry of sEVs 

The cell supernatants were first centrifuged at 900 g for 5 min at 10°C (2-16PK 

centrifuge), followed by centrifugation at 2000 g for 15 min at 4°C (2-16PK centrifuge) to 

remove cell debris and larger particles. For each measurement 40 µl of supernatants 

were required. CD9-PE and CD63-APC antibodies were used to label sEVs. The 

antibodies were centrifuged for 10 min at 17000 g (2-16PK centrifuge) before adding to 

the samples. In order to detect single sEVs and to avoid false-positive detection caused 

by swarm detection or coincidence events, all samples were further diluted in PBS. 

sEVs were measured with the ImageStreamX MkII instrument. Data were analyzed with 

the Amnis IDEAS software (version 6.1). Samples were analyzed in duplicates, of which 

mean values were formed. 

 

7.15 Nanoparticle tracking analysis (NTA)  

The size of sEVs was evaluated by nanoparticle tracking analysis (NTA) using the 

ZetaView platform which can determine the size of vesicles ranging from 10 - 1000 nm. 
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Following instrument calibration, sEVs were appropriately diluted in 0.9% NaCl. The sEV 

suspension was illuminated by a laser beam and light scattering was captured by a 

camera. Videos were recorded at 11 positions. For data analysis the ZetaView analysis 

software (Version 8.03.08.02) was used. 

 

7.16 Western blot analysis 

The protein concentrations of sEVs were determined by a standardized bicinchoninic 

acid (BCA) assay according the manufacturer’s instructions. The protein samples (30 

µg) were solubilised with Laemmli buffer containing dithiothreitol (DTT). Proteins were 

separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

and subsequently transferred to polyvinylidene fluoride membranes (PVDF). Non-

specific binding was blocked with 5% skim milk powder in 0.1 M Tris-buffered saline 

(TBS) (w/v) containing 0.1% Tween-20 for 1 hour at room temperature. Membranes 

were incubated with rabbit anti-syntenin, rabbit anti-calnexin or mouse anti-CD9 

antibodies overnight at 4 °C. Membranes were washed and incubated with appropriate 

horseradish peroxidase (HRP)-peroxidase-conjugated secondary antibodies for 1 hour 

at room temperature. After washing the membranes, signal detection by enhanced 

chemiluminescence was performed with the Prime Western Blotting Detection Reagent 

Kit. 
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7.17 Transmission electron microscopy (TEM) 

sEVs were visualized by transmission electron microscopy (TEM). Copper grids with 200 

meshes were physically charged by a glow discharge procedure which enhances the 

adherence of sEVs to the EM grid. The sEV suspension (4.5 µl) was added to the grid 

surface and dried at room temperature for 10 minutes. In order to remove salts that 

could possibly interfere with the staining or visibility of particles, EM grids were 

successively transferred on three droplets of deionized water. Samples were stained 

with 1,5 % phosphotungstate acid, which provides contrast to detect morphological sEV 

features. TEM images were acquired with a JEM 1400Plus electron microscope which 

was operating at 120 kV and was equipped with a 4096x4096 pixel CMOS camera 

(TemCam-F416; TVIPS). The image acquisition software EMMENU (Version 4.09.83) 

was used to take images (16 bit) and image post-processing was performed with Image 

J. 

 

7.18 Statistical analysis 

Data are expressed as mean ± standard deviation. Statistical evaluation of multiple 

group comparisons was conducted with one-way analysis of variance (ANOVA) or two-

way ANOVA in case of multiple group comparisons with two independent variables, 

followed by least significant difference (LSD) tests as post-hoc tests. P values ≤0.05 

were defined to indicate statistical significance. 

 

  

https://en.wikipedia.org/wiki/Analysis_of_variance
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8 Results 

8.1 I/R increases cerebral Asm activity and ceramide in vivo, which is 

reduced by the FIASMA amitriptyline  

In mice subjected to 20 minutes transient intraluminal middle cerebral artery occlusion 

(MCAO), Asm activity was assessed after 24 hours and after 14 days post ischemia 

reperfusion (I/R) in the striatum, which is the core of the middle cerebral artery territory. 

Asm activity increased in vehicle-treated mice after 24 hours, but not after 14 days (Fig. 

9A, B). At both time points the ASM inhibitor and antidepressant amitriptyline, delivered 

at 2 or 12 mg/kg (b.i.d.) dose-dependently reduced Asm activity (Fig. 9A, B).  

 

Figure 9: Ischemia/ reperfusion (I/R) injury increases Asm activity in vivo and is reduced by the 

FIASMA amitriptyline. 

Asm activities in the contralateral non-ischemic control striatum (C) and reperfused ischemic striatum (I/R) 

were measured using BODIPY-labeled sphingomyelin as substrate in C57BL/6j mice exposed to transient 

intraluminal middle cerebral artery occlusion (MCAO), which were intraperitoneally treated with vehicle or 

amitriptyline (2 or 12 mg/kg b.w., b.i.d.) (A) immediately after MCAO or (B) with 24 hours delay, followed 

by animal sacrifice after 24 hours [in (A)] or 14 days [in (B)]. Data are means ± SD values. *p≤0.05 

compared with corresponding non-ischemic control striatum (C); †p≤0.05 or ††p≤0.01 compared with 

corresponding vehicle (n=4-6 animals/ group [in (A)]; n=5-7 animals/ group [in (B)]. 
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In order to evaluate if the upregulation of Asm also translated to an increased ceramide 

expression, ceramide levels were assessed in the striatum by liquid chromatography/ 

mass spectrometry (LC/MS). Ceramide can be distinguished into different ceramide 

species which differ in their acyl chain length. The most abundant species in the brain is 

C18 ceramide (Filippov et al. 2012). LC/MS of striatal tissue revealed that short-chain 

(C16), intermediate-chain (C18, C20) and long-chain (C22, C24:1) ceramides were 

elevated upon I/R (Fig. 10A-F), indicating that this is due to the involvement of Asm and 

not caused by activation of a specific ceramide synthase because ceramide synthases 

preferentially produce distinct ceramide species (Levy and Futerman 2010). Ceramide 

synthase-1 for instance, which is strongly expressed in the brain, produces C18 

ceramide (Levy and Futerman 2010). Ceramide abundance post I/R was reduced by 

amitriptyline (Fig. 10A, B, D). 
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Figure 10: Ceramide increases after I/R in vivo and is reversed to baseline by the FIASMA 

amitriptyline.  

(A) Total ceramide, (B) C16 ceramide, (C) C18 ceramide, (D) C20 ceramide, (E) C22 ceramide and (F) 

C24:1 ceramide content in the contralateral control striatum (C) and reperfused ischemic striatum (I/R), 

measured by rapid resolution liquid chromatography/ mass spectrometry (LC/ MS), in C57BL/6j mice 

exposed to transient MCAO, which were intraperitoneally treated with vehicle or amitriptyline (2 or 12 

mg/kg b.w., b.i.d.) starting 24 hours after MCAO, followed by animal sacrifice after 14 days. Data are 

means ± SD values. *p≤0.05, **p≤0.01 or ***p≤0.001 compared with corresponding non-ischemic control 

striatum (C); †p≤0.05 compared with corresponding vehicle (n=7-9 animals/ group). 
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LC/MS data were confirmed by immunofluorescence studies, showing an accumulation 

of ceramide in CD31-positive brain microvessels of vehicle- but not amitriptyline-treated 

mice after I/R (Fig. 11).  

 

Figure 11: Ceramide accumulates in brain microvessels of vehicle-treated mice after I/R in vivo.  

Immunofluorescence for ceramide (in green) and CD31 (in magenta) in the contralateral non-ischemic 

control striatum (C) (A-C) and reperfused ischemic striatum (I/R) (D-F) of C57BL/6j mice exposed to 

transient MCAO, which were intraperitoneally treated with vehicle or amitriptyline (2 mg/kg or 12 mg/kg 

b.w., b.i.d.) with 24 hours delay, followed by animal sacrifice after 14 days. Scale bar, 20 µm.   

The total content of the ceramide precursor sphingomyelin was not altered after I/R or 

administration of amitriptyline (Fig. 12A). However, an increase of C16-, C22 and C24:1 

sphingomyelin occurred after I/R at the expense of C18 sphingomyelin, which is the 

most abundant sphingomyelin species in the brain (Fig. 12B-F). 
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Figure 12: The FIASMA amitriptyline does not change cerebral sphingomyelin levels after I/R in 

vivo.  

(A) Total sphingomyelin, (B) C16 sphingomyelin, (C) C18 sphingomyelin, (D) C20 sphingomyelin, (E) C22 

sphingomyelin and (F) C24:1 sphingomyelin content in the contralateral control striatum (C) and the 

reperfused ischemic striatum (I/R), measured by rapid resolution liquid chromatography/ mass 

spectrometry (LC/ MS), in C57BL/6j mice exposed to transient MCAO, which were intraperitoneally treated 

with vehicle or amitriptyline (2 or 12 mg/kg b.w., b.i.d.) starting 24 hours after MCAO, followed by animal 

sacrifice after 14 days. Data are means ± SD values. *p≤0.05 or **p≤0.01 compared with corresponding 

contralateral non-ischemic control striatum (C) (n=7-9 animals/ group).   
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8.2 Asm inhibition by amitriptyline induces brain remodeling after I/R in 

vivo 

We next investigated the consequences of Asm activity inhibition and subsequent 

ceramide reduction on neurovascular remodeling. High-resolution light sheet 

fluorescence microscopy (LSFM) was utilized to analyze changes in the cerebral 

microvasculature. Following transcardial administration of a microvascular tracer (FITC 

albumin), brains were dehydrated with tetrahydrofuran (THF) and subjected to optical 

clearing with ethyl cinnamate (Fig. 13). LSFM of cleared brains allows the assessment 

of the vascular architecture in the intact whole brain (Fig. 14). Thus, this method 

surpasses the limitations of conventional vessel stainings performed on 2D sections as it 

does not require serial histological sectioning and allows a proper analysis of vascular 

circuits (Lugo-Hernandez et al. 2017, Merz et al. 2019).  

  

Figure 13: Representative brain subjected to dehydration and optical clearing. 

After transcardiac PFA fixation and FITC-albumin delivery, brains were dehydrated with THF and cleared 

with ECi (A, B). Brain shrinkage due to the dehydration process is accounted for in the analysis. Scale 

bar, 2.5 mm. 
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Figure 14: Representative brain light sheet fluorescence imaging. 

After dehydration and optical clearing, the whole brain was scanned with a light sheet microscope. The 

vasculature was visualized based on the FITC-albumin labeling (B, C, E, F). The autofluorescence signal 

of the brain was utilized to identify endogenous brain structures (A, D). The cerebellum, cortex, 

hippocampus, lateral ventricle and striatum are depicted (D). Scale bars, 1000 µm (in (A, B)). 

A detailed vessel analysis of vehicle- or amitriptyline-treated mice after I/R was performed 

by using a filament tracer model (Imaris 3D software package). Delivery of amitriptyline 

induced angiogenesis in the reperfused ischemic striatum, as depicted by an increase in 

total microvascular length, an increase in the number of branching points and a 

reduction in the mean branch length between two branching points (Fig. 15, 16).  
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Figure 15: The FIASMA amitriptyline induces angiogenesis after I/R in vivo.  

Representative maximum projection images (100 µm stacks) of microvessels in the contralateral non-

ischemic control striatum (C)  and reperfused ischemic striatum (I/R) of C57BL/6j wildtype mice exposed 

to transient MCAO, which were intraperitoneally treated with vehicle or amitriptyline (2 or 12 mg/kg b.w., 

b.i.d.) starting 24 hours after MCAO, followed by animal sacrifice after 14 days. Scale bar, 50 µm.   

 

Figure 16: The FIASMA amitriptyline induces angiogenesis after I/R in vivo.  

(A) Total microvascular length, (B) the density of branching points and (C) mean microvascular branch 

length between two branching points were evaluated in the contralateral control striatum (C) and 

reperfused ischemic striatum (I/R) of C57BL/6j wildtype mice exposed to transient MCAO, which were 

intraperitoneally treated with vehicle or amitriptyline (2 or 12 mg/kg b.w., b.i.d.) starting 24 hours after 

MCAO, followed by animal sacrifice after 14 days. Data are means ± SD values. *p≤0.05 or ***p≤0.001 

compared with corresponding non-ischemic control striatum (C); †p≤0.05 or ††p≤0.01 compared with 

corresponding vehicle (n=7-8 animals/ group).  
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We investigated if amitriptyline induces angiogenesis specifically via the Asm, because 

beyond its inhibitory effect on Asm, amitriptyline is known to act as a non-selective 

monoamine reuptake inhibitor and is further characterized by its anticholinergic and 

antihistaminergic properties (Kornhuber et al., 2014). To study the mode of action, Asm 

deficient (Smpd1-/-) mice or wildtype littermates (Smpd1+/+) were subjected to MCAO 

and treated with either vehicle or amitriptyline. In Smpd1+/+ mice, amitriptyline increased 

microvascular density and the number of branching points, whereas these effects were 

abolished in Smpd1-/- mice (Fig. 17), showing that amitriptyline induces angiogenesis 

specifically via the Asm.   

 

Figure 17: Amitriptyline induces angiogenesis after I/R in vivo specifically via the Asm.  

(A) Total microvascular length, (B) the density of branching points and (C) mean microvascular branch 

length between two branching points were evaluated in the contralateral control striatum (C) and 

reperfused ischemic striatum (I/R) of Smpd1+/+ (wildtype) mice and Smpd1-/- (Asm deficient) mice exposed 

to transient MCAO, which were subcutaneously treated with vehicle or amitriptyline (12 mg/kg b.w., b.i.d.) 

starting 24 hours after MCAO, followed by animal sacrifice after 14 days. Data are means ± SD values. 

*p≤0.05, **p≤0.01 or ***p≤0.001 compared with corresponding non-ischemic control striatum (C); 

††p≤0.01 or †††p≤0.001 compared with corresponding vehicle; ‡p≤0.05, ‡‡p≤0.01 or ‡‡‡p≤0.001 compared 

with corresponding Smpd1+/+ mice (n=5-7 animals/ group).  
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Furthermore, Asm inhibition by amitriptyline reduced IgG extravasation, reduced 

infiltration of CD45+ leukocytes and increased neuronal survival (Fig. 18). Reduction of 

blood-brain barrier permeability, dampening of inflammatory signaling and an 

amelioration of neuronal survival are key features of successful tissue recovery after I/R 

and in summary provide evidence that angiogenesis mediated by Asm inhibition leads to 

brain parenchymal remodeling.   

 

Figure 18: The FIASMA amitriptyline promotes post-ischemic brain remodeling after I/R in vivo 

when administered with 24 hours delay. 

(A) Serum IgG extravasation into brain parenchyma, (B) infiltrating CD45+ leukocytes and (C) surviving 

NeuN+ neurons, evaluated by immunohistochemistry/ immunofluorescence, in the reperfused ischemic 

striatum of C57BL/6j mice exposed to MCAO, which were intraperitoneally treated with vehicle or 

amitriptyline (2 or 12 mg/kg b.w., b.i.d.) starting 24 hours after MCAO, followed by animal sacrifice after 14 

days. Representative photographs are shown. Data are means ± SD values. *p≤0.05 or **p≤0.01 

compared with corresponding vehicle (n=6-8 animals/ group). Scale bars, 1000 µm (in (A)); 100 µm (in 

(B)); 200 µm (in (C)).  
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8.3 Amitriptyline reduces ASM activity in vitro and decreases intracellular 

ceramide+ microvesicles that are formed upon I/R 

Consequences of ASM inhibition were further evaluated in human cerebral 

microvascular endothelial cells (hCMEC/D3) that were subjected to non-ischemic control 

condition (C), oxygen-glucose deprivation (OGD), as in vitro model of ischemia (I), or 

OGD followed by reoxygenation/ glucose recultivation, as in vitro model of I/R. In vitro, 

ASM activity was reduced after 24 hours OGD (I) or 24 hours OGD followed by 3 or 

24 hours reoxygenation/ glucose recultivation (I/R) (Fig. 19A, B). Upon I/R, ceramide 

accumulated within intracellular vesicles (Fig. 20). The number of intracellular ceramide+ 

vesicles reached its maximum values at 3 hours post-I/R and declined thereafter, 

reaching baseline levels (Fig. 21A). Intracellular ceramide+ vesicles in all conditions 

typically had a diameter of approximately 200 nm (Fig. 21B). Treatment with 

amitriptyline strongly reduced ASM activity (Fig. 19A, B) and the number of intracellular 

ceramide+ vesicles (Fig. 21C). 
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Figure 19: Amitriptyline reduces ASM activity in vitro.  

ASM activity, analyzed using BODIPY-labeled sphingomyelin as substrate, in hCMEC/D3 exposed to (A) 

3 hours non-ischemic control condition (C), 3 hours oxygen-glucose deprivation (OGD) or 24 hours OGD 

followed by 3 hours reoxygenation/ glucose recultivation, or to (B) 24 hours non-ischemic control condition 

(C), 24 hours OGD (I) or 24 hours OGD followed by 24 hours reoxygenation/ glucose recultivation (I/R), 

which were treated with vehicle or amitriptyline (50 µM) during 3 hours (in (A)) or 24 hours (in (B)) before 

analysis. ***p≤0.001 compared with corresponding vehicle; †p≤0.05 or ††p≤0.01 compared with 

corresponding non-ischemic control condition (C); ‡p≤0.05 compared with corresponding OGD (I) (n=4-5 

independent samples/ group [in (A)]; n=4 independent samples/ group [in (B)]. 

 

Figure 20: Intracellular ceramide+ vesicles are formed upon I/R in vitro.  

Immunofluorescence for ceramide (in green) in hCMEC/D3 exposed to 24 hours non-ischemic control 

condition (C), 24 hours OGD (I) or 24 hours OGD followed 3 hours reoxygenation/ glucose recultivation 

(I/R), which were treated with vehicle or amitriptyline (50 µM).  
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Figure 21: The FIASMA amitriptyline reduces intracellular ceramide+ vesicles that are formed upon 

I/R in vitro.  

(A, B) Number and diameter of intracellular ceramide+ vesicles in hCMEC/D3 exposed to 24 hours non-

ischemic control condition (C), 24 hours OGD (I) or 24 hours OGD (I) followed by different durations of 

reoxygenation/ glucose recultivation (R) evaluated by Cell Profiler. (C) Number of intracellular ceramide+ 

microvesicles in hCMEC/D3 exposed to 24 hours non-ischemic control condition (C), 24 hours OGD (I) or 

OGD followed by 3 hours reoxygenation/ glucose recultivation (I/R), which were treated with vehicle or 

amitriptyline (50 µM), evaluated by Cell Profiler. Data are means ± SD values. ***p≤0.001 compared with 

corresponding vehicle; †††p≤0.001 compared with corresponding non-ischemic control condition (C); 

‡‡‡p≤0.001 compared with corresponding OGD (I) (n=3-8 independent samples/ group [in (A)]; n=3-4 

independent samples/ group [in (B)]; n=3-4 independent samples/ group [in (C)]). 

 

8.4 Intracellular ceramide+ microvesicles express markers of late 

endosomes and multivesicular bodies 

Since the localization of ceramide+ vesicles can provide information on their function, it 

was investigated by immunofluorescence co-localization studies. Ceramide did not co-

localize with markers of mitochondria (AIF), early endosomes (EEA1), lysosomes 

(LAMP1), autophagosomes (LC3b) or caveolae (caveolin) (Fig. 22).  
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Figure 22: Intracellular ceramide+ microvesicles do not express mitochondrial, early endosome, 

lysosome, autophagosome and caveolae markers.  

Immunofluorescence for ceramide (in green) and (A) the mitochondrial marker apoptosis-inducing factor 

(AIF), (B) the early endosome marker early endosome antigen-1 (EEA1), (C) the lysosome marker 

lysosomal-associated membrane protein-1 (LAMP1), (D) the autophagosome marker microtubule-

associated protein light chain-3b (LC3b) and (E) the caveolae marker caveolin (in magenta) of hCMEC/D3 

exposed to 24 hours OGD followed by 3 hours reoxygenation/ glucose recultivation (I/R). Scale bar, 5 µm. 
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Intracellular ceramide+ vesicles partially co-localized with markers of MVBs (CD63) (Fig. 

23A) and late endosomes (Rab7) (Fig. 23B). MVBs are generated from late endosomes 

and contain intraluminal vesicles which are referred to as exosomes, when released into 

the extracellular space (Thery et al. 2002). 

 

Figure 23: Intracellular ceramide+ microvesicles express markers of late endosomes and 

multivesicular bodies.  

Immunofluorescence for (A) ceramide (in green) and the multivesicular body marker CD63 (in magenta) 

and (B) ceramide (in green) and the late endosome marker Rab7 (in magenta) of hCMEC/D3 exposed to 

24 hours OGD followed by 3 hours reoxygenation/ glucose recultivation (I/R). In the merged photographs, 

double labeled cells are shown in white (selected cells labeled with arrow). Scale bar in overview 

photograph, 10 µm; in magnification, 5 µm. 
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8.5 ASM inhibition induces the release of small extracellular vesicles 

(sEVs) by endothelial cells, which have bona fide characteristics of 

exosomes 

Since ASM inhibition caused a strong reduction in the number of intracellular ceramide+ 

microvesicles, that expressed markers of MVBs and late endosomes, we speculated 

that ASM inhibition may have influenced EV secretion. In order to address this 

hypothesis, we quantified the number of sEVs released into the supernatants of 

hCMEC/D3 which were exposed to non-ischemic control conditions (C), OGD (I) or OGD 

followed by reoxygenation/ glucose recultivation (I/R) and which were treated with 

amitriptyline for 3 or 24 hours. Upon I/R, the secretion of tetraspanin CD9+ and CD63+ 

sEVs was enhanced and was further potentiated by amitriptyline (Fig. 24). In non-

ischemic control conditions (C) and OGD (I) sEV secretion was elevated after 24 hours 

treatment with amitriptyline (Fig. 24C, D). These data indicate that ASM inhibition did 

not interfere with the synthesis of intracellular ceramide+ microvesicles but stimulated 

their secretion into the supernatant. 
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Figure 24: The FIASMA amitriptyline induces the release of small extracellular vesicles (sEVs).  

Particle concentration of (A, C) CD9+ and (B, D) CD63+ sEVs in the supernatant of hCMEC/D3 exposed to 

3 hours non-ischemic control condition (C), 3 hours OGD (I) or 24 hours OGD followed by 3 hours 

reoxygenation/ glucose recultivation (I/R) (in (A, B)) or 24 hours non-ischemic control condition (C), 24 

hours OGD (I) or 24 hours OGD followed by 24 hours reoxygenation/ glucose recultivation (I/R) (in (C, D)), 

which were treated with vehicle or amitriptyline (50 µM) during 3 hours (in (A, B)) or 24 hours (in (C, D)). 

Particle concentration was evaluated by AMNIS image flow cytometry in supernatants of hCMEC/D3. Data 

are means ± SD values. *p≤0.05 or **p≤0.01 compared with corresponding vehicle; †p≤0.05, ††p≤0.01 or 

†††p≤0.001 compared with corresponding non-ischemic control condition (C); ‡p≤0.05 or ‡‡‡p≤0.001 

compared with corresponding OGD (I) (n=5 independent samples/ group [in (A)]; n=4-5 independent 

samples/ group [in (B)]; n=7-9 independent samples/ group [in (C)]; n=6-9 independent samples/ group [in 

(D)]. 
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Next, sEVs were isolated from the supernatants to analyze their content. In compliance 

with EV guidelines published by the International Society for Extracellular Vesicles 

(Thery et al. 2018), sEVs were first characterized for size by nanoparticle tracking 

analysis (NTA) and for expression of specific EV markers. Further, single EVs were 

imaged by transmission electron microscopy (TEM). NTA revealed that the isolated 

sEVs of all conditions approximately had a size of 100 nm, which corresponds to the 

size of exosomes (Fig. 25A). As shown in western blots, sEVs expressed the exosome 

markers syntenin and CD9 (Fig. 25B, C). As a cellular contamination marker the 

endoplasmic reticulum protein calnexin was used. Calnexin was not expressed in sEVs 

(Fig. 25D). By TEM, we demonstrated that single sEVs had the typical size of exosomes 

(Fig. 26), which confirms the NTA results. 
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Figure 25: sEVs released from hCMEC/D3 have the physicochemical properties and protein 

expression characteristics of exosomes.  

(A) Particle size, evaluated by nanoparticle tracking analysis (NTA), of sEVs obtained from hCMEC/D3 

exposed to non-ischemic control condition (C), OGD (I) or reoxygenation/ glucose recultivation after OGD 

(I/R) which were treated with vehicle or amitriptyline (Ami, 50 µM). Western blots for (B, C) the exosomal 

markers syntenin and CD9 and (D) the cellular contamination marker calnexin using protein samples 

obtained from (1) hCMEC/D3 cell lysates, (2) sEVs from vehicle-treated non-ischemic control hCMEC/D3, 

(3) sEVs from amitriptyline-treated non-ischemic control hCMEC/D3, (4) sEVs from vehicle-treated 

hCMEC/D3 exposed to OGD (5) sEVs from amitriptyline-treated hCMEC/D3 exposed to OGD, (6) sEVs 

from vehicle-treated hCMEC/D3 exposed to OGD followed by reoxygenation/ glucose recultivation and (7) 

sEVs from amitriptyline-treated hCMEC/D3 exposed to OGD followed by reoxygenation/ glucose 

recultivation. Data are means ± SD values. No significant differences were noted between groups (n=3 

independent samples/ group [in (A)]).  
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Figure 26: sEVs released from hCMEC/D3 have the electron microscopic size and appearance of 

exosomes.  

Transmission electron microscopy (TEM) showing representative sEVs obtained from hCMEC/D3 

exposed to non-ischemic control condition (C), OGD (I) or reoxygenation/ glucose recultivation after OGD 

(I/R), which had been treated with vehicle or amitriptyline (Ami, 50 µM). Scale bar, 100 nm. 
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LC/ MS studies of sEVs revealed that their ceramide content was reduced by I/R (Fig. 

27). Following amitriptyline treatment, short-chain C16 ceramide and long-chain C22 

and C24:1 ceramides, which are highly abundant in cerebral endothelial cells (Legros et 

al. 2017), were enriched in sEVs (Fig. 27B-D). Other ceramide species were below 

detection threshold and are thus not included. Sphingomyelin content of sEVs was not 

changed by I or I/R, nor by amitriptyline (Fig. 28).  
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Figure 27: The FIASMA amitriptyline induces the release of small extracellular vesicles (sEVs), 

which are enriched with ceramide.  

(A) Total ceramide, (B) C16 ceramide, (C) C22 ceramide and (D) C24:1 ceramide content of sEV samples 

obtained from hCMEC/D3 exposed to non-ischemic control condition (C), OGD (I) or OGD followed by 3 

hours reoxygenation/ glucose recultivation (I/R), which were treated with vehicle or amitriptyline (50 µM). 

Ceramide levels were measured by rapid resolution LC/ MS. sEV samples were isolated by polyethylene 

glycol (PEG) precipitation and ultracentrifugation. Data are means ± SD values. *p≤0.05, **p≤0.01 or 

***p≤0.001 compared with corresponding vehicle; †p≤0.05 or †††p≤0.001 compared with corresponding 

non-ischemic control condition (C); ‡p≤0.05 compared with corresponding OGD (I) (n=3-5 independent 

samples/ group). 
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Figure 28: The FIASMA amitriptyline does not change sphingomyelin levels in sEVs released from 

hCMEC/D3 in vitro.  

(A) Total sphingomyelin, (B) C16 sphingomyelin, (C) C22 sphingomyelin and (D) C24:1 sphingomyelin 

content of sEV samples obtained from hCMEC/D3 exposed to non-ischemic control condition (C), OGD (I) 

or reoxygenation/ glucose recultivation after OGD (I/R), which were treated with vehicle or amitriptyline 

(50 µM). Sphingomyelin levels were measured by rapid resolution LC/ MS. sEV samples were isolated by 

PEG precipitation and ultracentrifugation. Data are means ± SD values. No significant differences were 

noted between groups (n=3-5 independent samples/ group). 
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8.6 sEVs secreted after ASM inhibition have angiogenic activity that resembles 

sEVs released during I/R  

sEVs have a critical role in cellular communication. sEVs derived from endothelial 

progenitor cells for instance stimulate endothelial proliferation, migration and further 

induce an increase of angiogenesis-related markers (Li et al. 2016). Similarly, MSC-

sEVs have been shown to promote tube formation and migration of endothelial cells 

(Zhang et al. 2015). After I/R, sEVs were also shown to promote neurological recovery 

and brain remodeling (Xin et al. 2013, Doeppner et al. 2015). To investigate if the 

enhanced secretion of sEVs by amitriptyline is causative for its angiogenic effects, 

hCMEC/D3 were treated with vehicle, amitriptyline or sEVs isolated from supernatants of 

hCMEC/D3, which had been exposed to non-ischemic control conditions (C), OGD (I) or 

OGD followed by reoxygenation/ glucose recultivation (I/R) and which had been treated 

with vehicle or amitriptyline. Amitriptyline increased the number of closed tubes, 

branching point number, reduced the mean branch length, elevated the number of 

migrating cells and VEGF secretion of hCMEC/D3 (Fig. 29; Fig. 30), confirming the in 

vivo results. sEVs isolated from control hCMEC/D3 did not affect hCMEC/D3 tube 

formation, migration or VEGF secretion, whereas sEVs from amitriptyline treated control 

hCMEC/D3 increased the number of closed tubes, branching point number, reduced the 

mean branch length, increased the number of migrating cells and VEGF secretion of 

hCMEC/D3, similar to sEVs isolated from hCMEC/D3 subjected to I or I/R (Fig. 29; Fig. 

30). sEVs derived from cells exposed to I or I/R had angiogenic effects even without 

treatment of I or I/R cells with amitriptyline (Fig. 29; Fig. 30), presumably because 

exposure of parent cells to hypoxia is known to alter the content and function of sEVs. 
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Hypoxic tumor cells for example release EVs that induce microvascular sprouting and 

cell migration, and have an increased expression of hypoxia-related proteins e.g. 

adrenomedullin (ADM) (Kucharzewska et al. 2013). Similarly, other studies 

demonstrated that hypoxic EVs activate angiogenesis (Salomon et al. 2013, Umezu et 

al. 2014, Mao et al. 2019). Importantly, effects of sEVs from I or I/R cells were not 

further increased after treatment with amitriptyline, suggesting that amitriptyline 

mimicked the effect of I or I/R without further potentiating it. 
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Figure 29: sEVs obtained from supernatants of endothelial cells exposed to the FIASMA 

amitriptyline have angiogenic activity that resembles sEVs released by endothelial cells during I/R.  

(A) Number of closed tubes in matrigel-based tube formation, (B) number of branching points in matrigel-

based tube formation, (C) mean branch length of tubes in matrigel-based tube formation, (D) transwell 

migration and (E) VEGF release of hCMEC/D3, which were treated with vehicle, amitriptyline (Ami, 50 µM) 

or sEVs (25 µg protein/ ml) isolated from the supernatants of hCMEC/D3 that had been cultured in non-

ischemic control condition (C), OGD (I) or reoxygenation/ glucose recultivation after OGD (I/R) and had 

been treated with vehicle or amitriptyline (50 µM). VEGF release was determined by ELISA. Data are 

means ± SD values. *p≤0.05 or **p≤0.01 compared with corresponding vehicle (n=4 independent 

samples/ group [in (A-C)]; n=3 independent samples/ group [in (D)]; n=3-4 independent samples/ group [in 

(E)]). 
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Figure 30: sEVs obtained from supernatants of endothelial cells exposed to the FIASMA 

amitriptyline have angiogenic activity that resembles sEVs released by endothelial cells during I/R.  

Representative photographs of (A) matrigel-based tube formation and (B) transwell migration assays of 

hCMEC/D3, which were treated with vehicle, amitriptyline (Ami, 50 µM) or sEVs (25 µg protein/ ml) 

isolated from the supernatants of hCMEC/D3 that had been cultured in non-ischemic control condition (C), 

OGD (I) or reoxygenation/ glucose recultivation after OGD (I/R) and had been treated with vehicle or 

amitriptyline (50 µM). Scale bar, 100 µm in (A); 20 µm in (B).  
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9 Discussion 

9.1 Asm inhibition induces angiogenesis and brain remodeling in vivo post 

I/R 

Ischemic stroke is a devastating disease with only limited treatment options. Both, 

systemic thrombolysis and endovascular thrombectomy are constrained by a narrow 

time window and carry the potential risk of deleterious side effects. Thus, there is an 

urgent need for safe therapeutic interventions which improve recovery and can be 

delivered at later time points in particular to the large number of patients that are 

ineligible for acute treatments. We demonstrated that the tricyclic antidepressant 

amitriptyline potently induces angiogenesis which was evaluated in vivo, in C57BL/6 

mice subjected to transient intraluminal MCAO and in vitro, in cerebral microvascular 

endothelial cells where we analyzed tube formation, migration and VEGF secretion. 

LSFM was applied to investigate microvascular network characteristics at a capillary 

resolution after delivery of a fluorescent vascular tracer, followed by brain dehydration 

and optical clearing. The Imaris-based filament-tracing algorithm, which was used for 

the analysis, allowed us to extract a set of variables that comprehensively describe the 

microvascular network. The mode of action was studied in Smpd1-/- mice. Complete Asm 

deficiency leads to sphingomyelin accumulation and subsequently Niemann-Pick 

disease which is characterized by progressive neurodegeneration (Horinouchi et al. 

1995). The development of Smpd1-/- mice is not impaired between the age of 8 to 10 

weeks (Otterbach and Stoffel 1995). Lethargy is manifested after 12 to 16 weeks and 

severe ataxia has been reported to occur after 4 months (Horinouchi et al. 1995). Life 
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expectancy of Smpd1-/- mice is between 6 and 8 months (Horinouchi et al. 1995). In our 

experiments, we can exclude that stroke outcome in Smpd1-/- mice is impacted by 

clinical manifestations of the Niemann-Pick disease, because only mice that did not 

reach the age of disease onset were selected for the experiments, which allowed us to 

study the effect of Asm deficiency without any Niemann-Pick disease-related 

confounders. Amitriptyline’s angiogenic effects were abolished in Smpd1-/- mice. A 

similar observation was made by our group after siRNA-mediated knockdown of SMPD1 

in hCMEC/D3. These in vivo and in vitro data confirmed that amitriptyline induced 

angiogenesis in an ASM-dependent manner. Moreover, our group also observed 

angiogenic effects of the antidepressants sertraline, fluoxetine and desipramine in 

hCMEC/D3 (data not shown). These drugs have previously also been identified as 

potent ASM inhibitors (Kornhuber et al. 2011). 

Induction of angiogenesis has far reaching implications for post-ischemic brain tissue 

remodeling (Hermann and Chopp 2012). A higher number of microvessels correlates 

with a longer survival time of stroke patients (Krupinski et al. 1994). Further, a positive 

linear correlation has been described between microvessel density and the number of 

macrophages after stroke (Yu et al. 2007). The “clean-up-hypothesis” suggests that 

newly formed transient vessels allow macrophage infiltration that phagocytose necrotic 

cells (Manoonkitiwongsa et al. 2001, Yu et al. 2007). Moreover vessel formation has 

been shown to augment long-term functional outcome after ischemic stroke (Gertz et al. 

2006). Voluntary physical activity of mice for 3 weeks before being subjected to MCAO 

induced neovascularization, increased serum VEGF and reduced sensory-motor deficits 



Discussion 

 

103 
 

(Gertz et al. 2006). Mice that were treated with the anti-angiogenic drug endostatin did 

not benefit from physical activity, suggesting that the protective effects are specifically 

attributed to angiogenesis (Gertz et al. 2006). Angiogenesis is also linked to 

neurogenesis. In the adult central nervous system neurogenesis occurs in the 

subventricular zone (SVZ) of the lateral ventricle and the hippocampal subgranular zone 

of the dentate gyrus (Taupin 2006). In the hippocampus, neurons are generated within 

an angiogenic niche (Palmer et al. 2000). Stem cells of the SVZ have been identified in 

close proximity to blood vessels that contribute to their proliferation and regeneration 

(Shen et al. 2008, Tavazoie et al. 2008). After stroke, neuronal stem cells (NSCs) from 

the SVZ differentiate to neuroblasts which migrate towards the ischemic striatum along 

blood vessels that serve as a scaffold (Zhang et al. 2004, Kojima et al. 2010). Co-culture 

experiments with endothelial cells in the upper compartment and neural stem cells from 

the mouse cerebral cortex in the lower compartment of a transwell system showed that 

endothelial cells release soluble factors that induce self-renewal of neural stem cells and 

induce the generation of neurons (Shen et al. 2004). Experimental studies have 

demonstrated that delivery of FIASMAs activates neurogenesis. Fluoxetine treatment for 

14 days, but not for 1 day or 5 days, increased neurogenesis in the hippocampus of rats 

(Malberg et al. 2000). In a depression model induced by bilateral olfactory bulbectomy in 

rats, treatment with imipramine for 15 days induced cell proliferation in the hippocampus 

and SVZ (Keilhoff et al. 2006). In a stress-induced model of depression in mice, 

amitriptyline and fluoxetine induced neurogenesis in the hippocampus and ameliorated 

behavioral outcome via the acid sphingomyelinase/ ceramide system (Gulbins et al. 

2013). Opposing effects were caused by overexpression of Asm in Asm transgenic 
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mice, reduction of the ceramide degrading enzyme acid ceramidase in heterozygous 

Asah1-mice or by injection of C16 ceramide into the hippocampus of wildtype mice 

which reduced neurogenesis and aggravated behavior even without stress induction 

(Gulbins et al. 2013). Since Asm activation and ceramide overexpression are implicated 

in the pathogenesis of both major depressive disorder and I/R, it is worth exploring to 

which degree disturbances of microvascular integrity are involved in the pathogenesis of 

major depression and whether the promotion of microvascular integrity, as we observed 

with amitriptyline possibly contributes to the mood-stabilizing effects of antidepressants. 

FIASMAs have further been shown to enhance neuroplasticity. Amitriptyline increased 

the expression of the synaptic marker axon growth-associated protein 43 (GAP-43) in 

the hippocampus of mice in a stress-induced depression model (Sanna et al. 2015). 

Overexpression of GAP-43 has been shown to stimulate neurite outgrowth (Yankner et 

al. 1990), emphasizing the importance of GAP-43 in neuronal plasticity. In rat C6 glioma 

cells amitriptyline induced the gene expression of the transcription factor early growth 

response-1 (Egr-1) (Chung et al. 2007). Egr-1 is critical in the control of synaptic 

plasticity genes implicated in presynaptic vesicular trafficking, neurotransmitter 

metabolism or synapse formation (Duclot and Kabbaj 2015, Duclot and Kabbaj 2017). 

Gene expression analysis in the hippocampus of rats receiving amitriptyline for 14 days 

revealed that genes that are important for synapse formation and function such as 

synaptophysin, synaptotagamin I, synaptotagmin V, amphiphysin, amphiphysin II and 

neogenin were upregulated (Drigues et al. 2003). Amitriptyline has also been proposed 

as an agonist for Trk receptors which normally bind neurotrophins including brain-

derived neurotrophic factor (BDNF) and NGF. Amitriptyline activated Trk receptors and 
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stimulated neurite outgrowth in PC12 cells in a dose-dependent manner, similarly to 

direct NGF administration (Jang et al. 2009). Indeed, in our studies we found that 

treatment with amitriptyline enabled blood-brain barrier tightening, decreased 

inflammation, and enhanced neuronal density, which are observations that are indicative 

for successful tissue recovery. 

Asm has previously been shown to be involved in the modulation of the vasculature in 

other disease models as well. In a model of lung edema induced by platelet-activating 

factor (PAF), Asm was activated which led to recruitment of transient receptor potential 

cation channel subfamily C member 6 (TRPC6) to specific membrane domains of lung 

endothelial cells, followed by an intracellular calcium influx in conjunction with vascular 

permeability defects. In this context, Asm inhibition by the geminal 

aminobisphosphonate ARC39 or the FIASMA imipramine prevented cellular calcium 

entry (Samapati et al. 2012). In diabetic retinopathy, bone-marrow derived pro-

inflammatory monocytes are known to contribute to vascular defects (Chakravarthy et al. 

2016). Retinal vascular damage was prevented in a murine model of diabetic 

retinopathy after bone-marrow transplantation from Asm deficient mice (Chakravarthy et 

al. 2016). Bone marrow chimeric mice exhibited less vascular permeability and a higher 

number of capillaries (Chakravarthy et al. 2016). Further, ASM activity was shown to be 

upregulated at an advanced age in plasma of both humans and mice and in the brain of 

mice, specifically in cerebral endothelial cells (Park et al. 2018). Increased Asm activity 

led to neurodegeneration and brain endothelial apoptosis (Park et al. 2018). Endothelial 



Discussion 

 

106 
 

specific knockdown of Asm in aged mice, increased neuronal density and vessel density 

which was reflected in an amelioration of behavioral outcome (Park et al. 2018).  

Several studies have demonstrated an increase of Asm activity and ceramide 

expression in the rat or mouse brain tissue post I/R (Herr et al. 1999, Yu et al. 2000, 

Ohtani et al. 2004). In mice exposed to permanent or transient MCAO, C18 ceramide 

was increased in the ischemic brain (Nielsen et al. 2016, Abe et al. 2018). Short-chain 

ceramide species were elevated after photothrombotic stroke (Brunckhorst et al. 2015). 

Similar to our observations, another study found an upregulation of short-chain (C16), 

intermediate-chain (C18, C20) and long-chain (C22, C24:1) ceramide species in the 

ischemic brain tissue after transient MCAO (Chao et al. 2019). Based on 

immunofluorescent studies, we showed that ceramide in the ischemic brain was highly 

abundant in cerebral microvessels. Ceramide expression was signifianctly reduced by 

amitriptyline. 

To the best of our knowledge, the angiogenic effects of antidepressants have never 

been shown before neither after ischemic stroke nor in any other conditions and may 

offer an explanation for the recovery-promoting effects of fluoxetine or nortriptyline in 

ischemic stroke patients, which ameliorated motor recovery (Pariente et al. 2001, 

Chollet et al. 2011), increased primary motor cortex activation (Pariente et al. 2001, 

Jorge et al. 2003, Chollet et al. 2011) and the survival rate of stroke patients (Robinson 

et al. 2000, Jorge et al. 2003). Furthermore, activation of angiogenesis after treatment 

with Asm-inhibiting antidepressants could explain the neuroprotective and anti-

inflammatory effects of fluoxetine, sertraline and nortriptyline which were observed in 
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ischemic stroke models in rodents (Zhang et al. 2008, Li et al. 2009, Lim et al. 2009, 

Shin et al. 2009, Brunkhorst et al. 2015). 
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9.2 ASM inhibition induces release of angiogenic sEVs in vitro  

Upon I/R, human cerebral microvascular endothelial cells formed ceramide+ MVBs/ late 

endosomes, which were released after ASM inhibition as small vesicles (103 ± 35 nm). 

By means of NTA, TEM and protein marker characterization these vesicles fulfilled bona 

fide characteristics of sEVs. Similarly to direct amitriptyline administration, ceramide-

enriched sEVs induced angiogenesis.  

Ceramide-rich plasma membrane microdomains which coalesce into larger platforms 

have distinct biophysical properties and enable shedding of vesicles from the 

membrane, as such MVBs and endosomes derive from ceramide platforms (Nurminen 

et al. 2002). Trajkovic et al. reported the first evidence for a neutral sphingomyelinase-/ 

ceramide-dependent and ESCRT-independent release of exosomes from 

oligodendroglial precursor cells (Trajkovic et al. 2008). Ceramide platforms controlled 

sorting of cargo into MVBs (Trajkovic et al. 2008). Ceramide was also enriched in 

released exosomes that were formed via this pathway (Trajkovic et al. 2008). Moreover, 

a negative membrane curvature is thought to be caused by the cone-shaped structure of 

ceramide, which facilitates membrane budding (Trajkovic et al. 2008). The neutral 

sphingomyelinase inhibitor GW4869 and siRNA-mediated NSM knockdown prevented 

exosome release (Trajkovic et al. 2008, Menck et al. 2017). GW4869 has however also 

been shown to increase microvesicle secretion in human SKBR3 breast cancer cells 

and murine L-cells (Menck et al. 2017). 

The role of ceramide accumulation in EVs seems to further depend on the condition that 

the EV-releasing cell was exposed to. TNF-α and IFN-γ treated human 
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oligodendroglioma cells released EVs that contain higher amounts of ceramide 

(Podbielska et al. 2016). Co-treatment of oligodendroglioma cells with these EVs in 

addition to IFN-γ reduced cell viability more than treatment with IFN-γ alone (Podbielska 

et al. 2016). Stimulation of astrocytes with amyloid peptide which is crucially involved in 

the pathogenesis of Alzheimer’s disease led to apoptosis and the secretion of C18-

enriched vesicles (Wang et al. 2012). These ceramide vesicles were internalized by 

astrocytes and were pro-apoptotic even when cells were not additionally treated with 

amyloid peptide (Wang et al. 2012). C24:1 ceramide was particularly enriched in serum 

vesicles of human donors who were between 75 and 90 years old in comparison to 

serum vesicles obtained from donors between 25 and 40 years (Khayrullin et al. 2019). 

C24:1 loaded EVs were taken up by primary bone-derived MSCs and induced cell 

senescence (Khayrullin et al. 2019). After glucocorticosterone-mediated stress, 

ceramide has been observed in hippocampal endothelial cells and was released into the 

extracellular space (Gulbins et al. 2016). In vitro, neuronal proliferation was reduced by 

ceramide enriched-microvesicles released from PC12 pheochromocytoma cells after 

exposure to glucocorticosterone (Gulbins et al. 2016). Lipotoxic hepatocytes secreted 

C16 ceramide-enriched vesicles which stimulated migration of macrophages (Kakazu et 

al. 2016). 

Since ceramide can induce endocytosis and shedding of vesicles (Lopez-Montero et al. 

2007), it is also conceivable that the accumulation of ceramide within EVs serves the 

purpose of mediating vesicle budding and that pro-angiogenic processes that we 

observed in our studies are then activated by other sEV components. sEVs contain a 
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wide range of proteins, miRNAs and lipids and induce cell signaling processes by 

delivering their cargo to recipient cells. EVs isolated from the medium of esophageal 

squamous carcinoma cell were shown to be internalized by endothelial cells and 

activated endothelial angiogenesis by modulation of the endothelial transcriptome (Mao 

et al. 2019). As components of EVs, specific miRNAs have been ascribed a critical role 

in EV-mediated angiogenesis. EVs from adipose MSCs promoted angiogenesis by 

transferring miR-125a to endothelial cells which increased the number of tip cells (Liang 

et al. 2016). However, EVs can also induce angiogenesis if their cellular uptake is 

blocked (Ko et al. 2019). EVs derived from cancer cells expressed VEGF on their 

surface which was sufficient to stimulate the VEGF-pathway on recipient endothelial 

cells and activate tube formation (Ko et al. 2019).  

FIASMAs have previously been shown to modulate the expression of growth factors. 

Administration of desipramine and sertraline for 21 days but not for 1 day increased 

BDNF expression in the rat hippocampus (Nibuya et al. 1995). Fluoxetine and 

desipramine treatment for 21 days also increased the expression of bFGF in the cortex 

and hippocampus (Mallei et al. 2002). Single injection of these antidepressants only 

affected bFGF expression in the entorhinal cortex (Mallei et al. 2002). Furthermore, 

fluoxetine and desipramine induced an upregulation of VEGF expression in the 

hippocampus of rats after 14 days of treatment but not after 5 days (Warner-Schmidt 

and Duman 2007). After 14 days fluoxetine further enhanced proliferation of endothelial 

cells in the subgranular zone, as assessed by the number of cells positive for BrdU and 

the endothelial marker RECA (Warner-Schmidt and Duman 2007). As expected 
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desipramine treatment for 21 days ameliorated behavior in a depression model in rats 

(Warner-Schmidt and Duman 2007). Interestingly, these effects were mediated by 

VEGF signaling via the receptor tyrosine kinase Flk-1 because inhibition of Flk-1 by 

SU5416 impeded fluoxetine-induced endothelial cell proliferation and desipramine-

induced improvement of behavior (Warner-Schmidt and Duman 2007). Similar 

observations regarding the modulation of growth factors by FIASMAs have also been 

made in vitro. In phorbol-12-myristat-13-acetat (PMA) treated SH-SY5Y cells which then 

develop a neuron-like phenotype (Zogovic et al. 2015), amitriptyline and fluoxetine 

induced gene expression of bFGF and ciliary neurotrophic factor (CNTF) (Henkel et al. 

2008). In primary cultured astrocytes (PCAs) amitriptyline enhanced the expression of 

VEGF, BDNF, bFGF, glial cell-derived neurotrophic factor (GDNF) but not in neurons 

and stimulated the secretion of bFGF from astrocytes (Kajitani et al. 2012, Boku et al. 

2013). Notably, in response to treatment with amitriptyline, PCAs released factors into 

the medium that increased the proliferation of cultured adult rat dentate gyrus-derived 

neural precursors (ADPs), whereas direct treatment of ADPs with amitriptyline had no 

effect (Boku et al. 2013). Proliferation of ADPs induced by conditioned medium from 

amitriptyline-treated PCAs was inhibited by an anti-bFGF antibody (Boku et al. 2013), 

suggesting that bFGF is the decisive factor released into the medium that stimulates 

proliferation. The fact that conditioned medium of amitriptyline-treated astrocytes 

enhanced neuronal proliferation suggests that this effect is mediated by an amitriptyline-

induced release of signaling EVs from astrocytes which possibly contain bFGF. A 

different study demonstrated that in response to ATP-stimulation of astrocytes and 

microglia, Asm activation occurred which was required for shedding of IL-1β-containing 
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microparticles (Bianco et al. 2009). This process was inhibited by imipramine (Bianco et 

al. 2009).  

Since we observed beneficial effects of sEVs deriving from amitriptyline-treated cells, 

the question arises whether delivery of these sEVs after ischemic stroke can be a 

substitute for direct amitriptyline injection to ameliorate stroke outcome. The utilized 

technique for the isolation of EVs by PEG and ultracentrifugation does not alter the 

functionality of EVs (Ludwig et al. 2018), but necessitates the collection of a large 

supernatant volume, especially because EV yield from endothelial cells is lower than 

from other cell types such as MSCs. In order to use EVs as therapeutics, compliance 

with good manufacturing practice (GMP) needs to be ensured. Further, EVs represent a 

very heterogeneous vesicle population (Giebel 2017), which emphasizes the importance 

of a precise characterization. EVs derived from different MSC preparations for instance 

do not elicit the same functional activity in ischemic stroke (Wang et al. 2020). Screening 

techniques of EVs for specific markers that predict suitability prior to EV delivery are not 

available yet. Future studies will be needed to elucidate proteomics, the miRNA profile 

and lipidomics of EVs released from cells treated with amitriptyline or vehicle and 

exposed to C, I or I/R to delineate the specific factors that mediate angiogenesis. 

However, if all prerequisites concerning GMP compliance and identification of active 

components are fulfilled, application of EVs derived from amitriptyline-treated cells may 

offer a more direct way of stimulating angiogenesis and thus reduce FIASMA-associated 

side effects after stroke. 
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9.3 Outlook 

We provide solid evidence that Asm inhibition by amitriptyline promotes angiogenesis 

after ischemic stroke via release of sEVs. To the best of our knowledge, that pro-

angiogenic effect of amitriptyline in the ischemic brain has not been demonstrated 

before. Vessels formed after VEGF stimulation have been associated with permeability 

defects (Alfranca 2009). Further analysis will be needed to assess the functionality of 

vessels formed after Asm inhibition and if these vessels sufficiently restore cerebral 

perfusion. Moreover, future studies may elucidate if the effect on angiogenesis persists 

even when amitriptyline-treatment has been terminated or if chronic treatment is 

required. In our study we investigated the effect of Asm inhibition in mice without any 

comorbidities. For translational purposes, it is of importance to analyze if similar 

beneficial effects can be achieved in mice that have stroke-relevant comorbidities, e.g., 

hyperlipidemia.  
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11.3 Permission 

Permission has been granted to illustrate the following figures: 

Figure 2: “Time sequence of the pathological events in cerebral ischemia” (obtained 

from: Dirnagl, U., C. Iadecola and M. A. Moskowitz (1999). "Pathobiology of ischaemic 

stroke: an integrated view." Trends Neurosci 22(9): 391-397.) 

Figure 3: “Depiction of the ischemic cascade” (obtained from: Dirnagl, U., C. Iadecola 

and M. A. Moskowitz (1999). "Pathobiology of ischaemic stroke: an integrated view." 

Trends Neurosci 22(9): 391-397.) 

Figure 4: “Synthesis of ceramide” (obtained from: Ogretmen, B. and Y. A. Hannun 

(2004). "Biologically active sphingolipids in cancer pathogenesis and treatment." Nat 
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