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Abstract 
Inhaled nitric oxide (iNO) reduces ischemic brain damage by increasing collateral blood flow to 

the ischemic penumbra. Next to its vasoactive activity, NO is also known to reduce vascular 

inflammation. The adhesion of leukocytes to cerebral vessels is recognized to contribute to ischemic 

brain injury. However, the underlying mechanisms are unclear. Therefore, the current thesis aimed 

to investigate whether iNO may protect the brain by inhibiting post-ischemic leukocyte adhesion 

through anti-inflammatory properties. 

To answer this question, mice underwent middle cerebral artery occlusion (MCAo; 1 hour) and 

received 50 ppm NO by inhalation upon reperfusion. Leukocyte-endothelial interaction was 

visualized in vivo by 2-photon microscopy. Plasma and tissue samples were collected five hours after 

reperfusion. Pro-inflammatory cytokines, adhesion molecules, leukocyte numbers, nitric oxide 

synthases, and NO metabolites were analyzed by qPCR, western blot, ELISA, or chemiluminescence. 

Cerebral ischemia reduced the number of circulating monocytes and neutrophils by 18% and 

increased the expression of endothelial NOS (eNOS) by 50%. Cortical IL-1β, IL-6, and TNF-α were 

upregulated by 15-20-fold, while adhesion molecules such as E/P-selectin, ICAM-1, and VCAM-1 

were upregulated five-fold in the ischemic cortex. Consequently, rolling and adhesion to venous and 

capillary endothelium increased by 80%. iNO elevated NO-related metabolites such as nitrite and 

nitrate in plasma four-fold and reduced leukocyte rolling and adhesion by 75% and 98%, 

respectively. Moreover, iNO exhibited beneficial effects through lowering cytokine and ICAM-1 

expression by 60% and 75%, respectively. Additionally, iNO normalized the number of circulating 

leukocytes and the expression of eNOS. 

The current study results indicate that iNO treatment blunted leukocyte adhesion and reduced 

inflammatory signaling in cerebral vessels and cortex after focal cerebral ischemia. Hence, reducing 

neuroinflammation may represent a novel mechanism by which iNO protects the brain after stroke. 

These findings further support the clinical evaluation of iNO as a potential therapeutic approach for 

ischemic stroke.  
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Zusammenfassung 
Inhaliertes Stickstoffmonoxid (iNO) reduziert den ischämischen Hirnschaden indem es die 

kollaterale Durchblutung zur ischämischen Penumbra erhöht. Neben seiner vasoaktiven Wirkung ist 

NO auch dafür bekannt, dass es die Gefäßentzündung reduziert. Es ist bekannt, dass die Adhäsion 

von Leukozyten an den Hirngefäßen zu einer ischämischen Hirnschädigung beiträgt, die 

zugrundeliegenden Mechanismen sind jedoch unklar. Das Ziel der vorliegenden Arbeit war daher zu 

untersuchen, ob iNO das Gehirn schützen kann, indem es die postischämische Leukozytenadhäsion 

durch entzündungshemmende Eigenschaften hemmt. 

Um diese Frage zu beantworten, wurden Mäuse einem Verschluss der mittleren Hirnarterie 

(MCAo; 1 Stunde) unterzogen und erhielten nach der Reperfusion 50 ppm NO durch Inhalation. Die 

Leukozyten- Endothelium Interaktion wurde in vivo mit Hilfe der 2-Photonen-Mikroskopie 

visualisiert. Plasma- und Gewebeproben wurden fünf Stunden nach der Reperfusion entnommen, 

und pro-inflammatorische Zytokine, Adhäsionsmoleküle, Leukozytenzahlen, Stickstoffmonoxid-

Synthasen und NO-Metaboliten wurden mittels qPCR, Western Blot, ELISA oder Chemilumineszenz 

analysiert. 

Die zerebrale Ischämie verringerte die Zahl der zirkulierenden Monozyten und Neutrophilen um 

18 % und erhöhte die Expression der endothelialen NOS (eNOS) um 50 %. Kortikales IL-1β, IL-6 und 

TNF-α waren um das 15-20-fache erhöht, während Adhäsionsmoleküle wie E/P-Selektin, ICAM-1 

und VCAM-1 im ischämischen Kortex um das Fünffache erhöht waren. Folglich nahmen das Rollen 

und die Adhäsion am Venen- und Kapillarendothel um 80 % zu. iNO erhöhte die NO-verwandten 

Metaboliten wie Nitrit und Nitrat im Plasma um das Vierfache und verringerte das Rollen und die 

Adhäsion der Leukozyten um 75 % bzw. 98 %. Darüber hinaus zeigte iNO positive Auswirkungen, 

indem es die Expression von Zytokinen und ICAM-1 um 60 % bzw. 75 % verringerte. Darüber hinaus 

normalisierte iNO die Anzahl der zirkulierenden Leukozyten und die Expression von eNOS. 

Die Ergebnisse der aktuellen Studie zeigen, dass eine iNO-Behandlung die Adhäsion von 

Leukozyten und die Entzündungssignale in den Hirngefäßen und der Hirnrinde nach einer fokalen 

zerebralen Ischämie reduziert. Die Verringerung der Neuroinflammation könnte daher ein neuer 

Mechanismus sein, durch den iNO das Gehirn nach einem Schlaganfall schützt. Diese Ergebnisse 

unterstützen die klinische Bewertung von iNO als potenziellen therapeutischen Ansatz für 

ischämische Schlaganfälle. 
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I. Introduction 
Stroke affects 15 million people worldwide every year. With a mortality rate of 30%, stroke is the 

second leading cause of death and the leading cause of severe and long-term disability.1 Stroke 

causes an immediate deprivation of oxygen and nutrients in the brain due to a sudden loss of blood 

flow caused by blockage (ischemic stroke) or rupture (hemorrhagic stroke) of a cerebral artery 

provoking tissue infarction.2,3 Common known risk factors for stroke are advanced age and lifestyle-

related factors such as hypertension, smoking, diet, and physical inactivity.4 The ischemic brain 

tissue can be divided into two regions: an ischemic core, with rapid, severe unrecoverable damage, 

and a salvageable ischemic penumbra, where damage develops rather slowly due to the blood 

supply via collaterals.5  

 
Figure 1: Overview of stroke epidemiology, causes, impacts, and therapeutic approaches. Insufficient supply of the 

brain with blood either by a blocked (ischemic) or disrupted (hemorrhagic) vessel causes a medical condition named 

stroke. Stroke is one of the most prevalent and devastating diseases globally. Advanced age and lifestyle-related factors 

are among the common know risk factors for stroke. Medical thrombectomy and thrombolysis (tPA) are the first treat-

ment choices, however, with a small therapeutic window (4.5 hrs.) and less than 15% of eligible patients. (created with 

BioRender.com) 
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Ischemic stroke represents 80% of all stroke cases.1 Therapeutic approach encompasses the 

intravenous application of tissue-type plasminogen activator (tPA) and endovascular thrombectomy 

to recanalize the occluded vessel. Intravenous tPA is the only approved pharmacological treatment 

with clinical benefit.6 Yet, the therapeutic window of only 4.5 hours and other contraindications 6,7 

limit the number of eligible patients to less than 15% of all affected individuals.8-14 After acute 

treatment, multiple approaches such as anti-platelet drugs, statins, and anticoagulants are available 

to reduce recurrent ischemic events. Nevertheless, the overall prognosis of stroke patients remains 

poor and stresses the urgent need for novel therapeutic options.15 

1. Inflammation cascade in ischemic stroke 

Cerebral ischemia initiates metabolic, neurologic, and immunologic reactions that subsequently 

cause irreversible tissue injury within minutes after its onset.16 Successful restoration of cerebral 

blood flow to limit brain injury causes reperfusion damage. Besides activation of transcriptional 

processes and programmed cell death, this also causes the no-reflow phenomenon. In essence, this 

refers to the observation that recanalization of a large cerebral blood vessel does not necessarily 

restore perfusion to the microvasculature, thereby hindering recovery after stroke.17 At the same 

time, stroke elicits a strong inflammatory response from acute vascular events to parenchymal 

processes. Thereby, the immunologically privileged brain tissue becomes prone to local and 

peripheral production of various mediators such as cytokines, chemokines, reactive oxygen species, 

and secondary messengers by resident inflammatory brain cells (microglia), endothelial cells, and 

lymphoid organs. These elements contribute to blood-brain barrier (BBB) damage and enable 

peripheral immune cells to invade the brain parenchyma.18,19 The breakdown of the BBB further 

allows locally generated inflammatory mediators to enter the systemic circulation, thereby inducing 

a systemic immune response that manifests itself in peripheral immunodepression resulting in 

pulmonary, urinary, cardiovascular, gastrointestinal, musculoskeletal, and endocrine system 

dysfunction.20-22 In essence, intravascular and parenchymal immune components communicate 

with each other to promote the inflammatory response contributing to the local and systemic stroke 

pathology promoting mortality and long-term disability. Therefore, neuroinflammation has been 

identified as a major pathomechanism contributing to brain injury besides its beneficial effect of 

restoring tissue homeostasis following an ischemic stroke. Thus, it appears that there is a driving 

need to fill the knowledge gaps regarding the inflammatory response and consider bidirectional 

interactions between the brain and the rest of the body after stroke to develop effective 

immunomodulatory therapeutic strategies beyond the restoration of blood flow to the brain.23,24 
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1.1 Intravascular events initiating inflammation after stroke 

Immediately after arterial occlusion, inflammatory signaling begins in the vascular compartment. 

Inflammation induces the recruitment of leukocytes from the circulation to the wall of post-capillary 

cerebral venules.23 This process consists of three significant, fine-regulated steps, namely, rolling, 

adhesion, and transmigration. All these steps are mediated by the expression of adhesion molecules 

located on the cerebral endothelium.25  

Rolling, the initial step of the leukocyte adhesion cascade, is mediated by transmembrane 

glycoproteins known as selectins. The selectin family consists of three members, namely L- 

(leukocyte), P- (platelet), and E- (endothelial) selectin. In response to an ischemic insult, P-selectin 

appears to be the leading player in the rolling step since it is stored in Weibel-Palade bodies in the 

cytoplasm of endothelial cells (and platelets) and can be immediately translocated to the 

endothelial membrane. Once E-selectin is expressed and translocates to the luminal surface of 

endothelial cells, both selectins interact with carbohydrate (sialyl LeX) moieties or P-selectin 

glycoprotein ligand-1 (PSGL-1) on circulating immune cells. This low-affinity interaction is easily 

disrupted by shear stress resulting in repetitive detachment, binding, and rolling leukocytes along 

the endothelial surface.26-28 Several studies demonstrated the involvement of P-selectin release and 

E-selectin upregulation along with an increased inflammatory response to be involved in ischemic 

brain injury.29,30  

Adhesion is initiated by the interaction between ß2-integrins on leukocytes and immunoglobulin 

superfamily proteins on endothelial cells. Integrins are heterodimeric transmembrane glycoproteins 

consisting of an α- and a β-subunit. The most prominent members of the integrin family are 

lymphocyte function-associated antigen 1 (LFA-1: CD18/CD11a), macrophage-1 antigen (Mac-1: 

CD18/CD11b) and very late antigen-4 (VLA-4: CD49d/CD29).28,31,32 Evaluation of post-ischemic 

animal brains and blood samples from stroke patients showed an accumulation of LFA-1- and Mac-

1-expressing leukocytes on the endothelium of cerebral venules.33-35 Endothelial cell-derived 

chemokines bind to chemokine receptors on rolling leukocytes, thereby initiating clustering and 

activation of integrins through a conformational change, allowing them to bind their ligands on the 

endothelial surface.36 The most important integrin ligands on the vascular endothelium are 

intercellular adhesion molecule 1 (ICAM-1), the counterpart for LFA-1 and Mac-1, and vascular cell 

adhesion molecule 1 (VCAM-1), the binding partner of VLA-4. ICAM-1 and VCAM-1 have been 

documented to be increased in the human and animal vasculature, blood, and cortico-spinal fluid 

after stroke, and expression was shown to correlate with the severity of neurological deficits.37,38  
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Transmigration is the last step in the leukocyte recruitment cascade and may occur either 

between adjacent endothelial cells (paracellular) or through endothelial cells (transcellular). Tight 

junctions (cadherins, junctional adhesion molecule (JAM) family, occludin, and claudins) which 

connect adjacent endothelial cells and form the BBB are believed to regulate transendothelial 

migration of leukocytes.38,39  

 
Figure 2: Leukocyte recruitment cascade. At sites of inflammation, cytokines activate endothelial cells to produce 

selectins, integrin ligands, and chemokines. This process results in rolling, adhesion, and transmigration of leukocytes. 

(adapted from Shiata et al. 2016) 

In addition to the vascular route, some leukocyte populations, e.g., lymphocytes, may enter the 

central nervous system (CNS) by alternative ways, such as the choroid plexus (blood-CSF-barrier) or 

the meninges (blood-meningeal barrier).41-43 

1.2 Cerebral leukocyte migration time course after stroke  

Peripheral immune cells invade the tissue through the aforementioned sequential steps via 

different routes upon inflammatory stimuli. Moreover, brain invasion occurs in an orchestrated 

manner following various stages of stroke progression, namely, acute, sub-acute, and chronic 

phases. 44-47 These stages are discussed in detail in the following sections. 

Immune response in the acute phase 

The acute phase of cerebral ischemia starts within minutes after the occlusion. In this period, 

resident phagocytic cells clear dead cells. The innate immune system, rapidly activated due to its 

low-affinity interactions, allows neutrophils and monocytes/macrophages to invade the tissue.25 

Neutrophils 

Early adhesion following reperfusion is attributed to blood-borne neutrophils that arrive at the 

injury site within the first hour after cerebral ischemia.48 However, up to now, there is no direct 
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evidence that neutrophils invade the ischemic tissue before the onset of neuronal death.45 In fact, 

neutrophils have been shown to exert their effects already by interacting with the vessel wall. 

Further, neutrophils are involved in the no-reflow phenomenon by plugging capillaries.49 

 Neutrophils have also been localized in perivascular areas and leptomeningeal spaces in the 

ischemic rodent brain.50 A massive accumulation of neutrophils in the perivascular spaces following 

experimental stroke has been observed.51 On the other hand, neutrophils remain in the tissue over 

a month after stroke. However, their presence is masked after three days due to the over-activation 

of microglia/macrophages in the inflammatory area.48 This has been confirmed by analyzing 

postmortem brain samples of ischemic stroke patients in which neutrophils could be found in the 

leptomeninges and perivascular spaces but scarcely in the infarcted parenchyma. 52 Very recently, 

an elegant study using microcatheter aspiration to collect blood during the acute occlusion phase 

investigated a high elevation of neutrophils distal to the clot.53 Furthermore, an increase in 

circulating blood neutrophils was seen at six hours and continues to be present up to 72 hours in 

stroke patients.54,55 Patient studies indicated a negative correlation between high neutrophil count 

in the blood and infarct volume.56 Furthermore, clinical studies suggested that the 

neutrophil/lymphocyte ratio appears to be a prognostic marker in stroke patients.57 This is 

important because neutrophils pave the way for further immune cell migration to the brain by 

releasing cytokines/chemokines, proteolytic enzymes that obstruct endothelial cells, and 

extracellular matrix. Besides, they secrete neutrophil extracellular traps (NETs) containing DNA, 

histones, and proteolytic enzymes that activate platelets and contribute to the thrombotic process, 

which also increased in patients with stroke.52 

Monocyte/ Macrophage 

Peripheral monocytes, which can maturate to macrophages, are also attracted to the injured 

brain tissue within the first 24 hours post-ischemia, where they persist for weeks.55,58-60 Based on 

similar morphology and gene expression, it is challenging to differentiate invading monocytes from 

brain resident microglia. However, with evolving techniques, peripheral monocytes could be shown 

to infiltrate the ischemic brain to potentiate stroke damage by acquiring morphological and 

functional properties of tissue macrophages.60 Around two hours following ischemia, blood-borne 

and activated brain resident macrophages can be detected in the brain and remain detectable for 

up to one week.61 Depending on the tissue environment, macrophages either have a pro- or anti-

inflammatory phenotype. Investigation of human ischemic infarcts led to the result that 

macrophages initially showed pro-inflammatory properties that switched to an anti-inflammatory 

feature with the maturation of the lesion.62  



Introduction 

 24 

Immune response in the sub-acute/chronic phase 

The inflammatory response following cerebral ischemia continues for days to a month after the 

insult.47 During this sub-acute/chronic phase, the adaptive immune system, which is based on 

specific antigen recognition by lymphocytes and antigen-presenting cells, is dominant in this late 

stage.23  

Dendritic cells (DCs) 

DCs build the bridge between innate and adaptive immunity due to their crucial antigen-

presentation capability and importance in facilitating a T-cell response. In rodent models of acute 

cerebral injury, an increasing number of infiltrating DCs into the brain was determined.63,64 In a 

murine stroke model, DCs accumulated as early as 24 hours post-stroke in the border region of the 

infarct and were identified as brain resident DCs. In contrast, peripheral DCs populated the infarct 

core starting 72 hours after the insult.64 Patients showed a decrease in circulating DCs post-stroke 

that normalized within a few days. Computer tomography scans show a correlation of low DC levels 

in the circulation with larger infarct size. This was further supported by analysis of post-mortem 

brain tissue where patients with more significant infarct sizes had more DC-T-cell clusters located 

near intracerebral vessels, suggesting that upon cerebral injury, DCs rapidly infiltrate the CNS to 

interact with other immune cells.65  

Lymphocytes 

The adaptive immune response is based on lymphocytes, classified into T-cells, B-cells, and 

natural killer cells (NK).25  

T-cells play a crucial role in amplifying inflammation in the later stages after ischemia. Their 

numbers increase three days after stroke onset, with a peak around one week after that and a 

decline in the later stages.66 First, cytotoxic T-cells (CD8+) are recruited, followed by CD4+ T-cells and 

NK cells.67 T-cells have been found to infiltrate the ischemic lesion from pial and cortical vessels and 

through the choroid plexus.67-69 Cytotoxic T-cells were observed in human ischemic infarcts, and 

increased T-cell counts in the blood were reported to be associated with stroke severity. Overall, 

evidence supports that T-cells exert adaptive functions that could affect stroke outcomes in the long 

term.62,70 

B cells are thought to have a protective role following stroke. Animal studies investigated larger 

infarct volumes, worse functional outcomes, and higher mortality if B-cells were deleted.71,72 On the 

contrary, other studies failed to show improvements or neuroprotection and even suggest that B 

cells have harmful effects in post-stroke recovery.73,74 Furthermore, aggregation of B cell and 
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immunoglobulin synthesis in the infarct region four to seven weeks post-stroke correlated with 

cognitive deficits.75 The synthesis of immunoglobulin was also detected in the cerebrospinal fluid of 

stroke patients for months.76 As opposed to the beneficial role of B-cells for neuroprotection, these 

cells may play a detrimental role in post-stroke long-term cognitive impairment. However, further 

studies are needed to clarify their role in ischemic stroke.75 

In the ischemic brain, NK lymphocytes show a rapid and transient increase.55 There are conflicting 

reports regarding their post-stroke effects. One study showed no benefit of depleting NK cells in a 

murine stroke model, whereas another suggested a pathogenic action promoting inflammation and 

neuronal cytotoxicity.77,78 This was seen in ischemic human and mouse brain tissue where NK cell 

numbers peaked three hours following stroke and then declined.78 Nicotinic acetylcholine receptors 

were involved in the NK cell decline. Interference with the receptor had no impact on the lesion size 

but increased systemic interferon γ, protecting from bacterial infection and enhancing post-stroke 

survival. However, more studies are required to better understand and validate the pathogenic role 

of NK cells in ischemic stroke.79 

Taken together, there is general agreement that leukocytes accumulate in the brain following an 

ischemic insult in a time-dependent manner. However, the role of leukocytes in tissue damage is 

still unclear. In most of the studies mentioned above, the leukocyte accumulation after stroke was 

studied using static, histopathological techniques that restrict the knowledge about this dynamic 

process. 45,51,80 Furthermore, the time point in most concepts was chosen unfavorable either too 

early, when the neuronal injury was not yet present, or later after the ischemic injury had 

occurred.49,81  A recent study of our group showed that leukocytes start to invade the ischemic tissue 

around three hours after the onset of neuronal cell death already occurred. Hence, the late and low 

numbers of leukocytes can only be responsible for the ischemic injury to a certain extend. In the 

same study hindering leukocyte adhesion to pial venules increased the number of surviving neurons. 

Suggesting that already the interaction of leukocytes with the endothelium triggers post-ischemic 

neuronal cell death. These investigations further underpin the important role of immune cells in 

tissue damage after stroke and provide new insights into the underlying mechanisms, especially in 

the spatial-temporal relationship of leukocyte invasion and neuronal loss. Hence, it is crucial to limit 

immune-mediated injury to minimize long-lasting damages.  

1.3 Parenchymal events contributing to inflammation after stroke   

Acute intravascular events, as described previously, are not the only inflammatory events 

occurring after stroke. Hypoperfused brain areas face an energy failure due to continuous 

consumption of adenosine triphosphate (ATP).82,83 The subsequent dysfunction of ATP-dependent 
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ionic pumps, mainly Na+/K+ ATPase, lead to the breakdown of the membrane potential and 

excessive release of the neurotransmitter glutamate.84,85 This leads to the activation of ionotropic 

glutamate receptors (NMDA and AMPA) that triggers further Ca2+ influx to the cell and causes 

activation of cell death signaling, a process called excitotoxicity.86-88 Eventually, neuronal necrosis 

and apoptosis are initiated by activating catabolic proteases, lipases, nucleases, and oxidative and 

nitrosative cascades.86,89 Excitotoxicity is further potentiated by the impaired glutamate uptake by 

astrocytes. 86-88 Injured cells start releasing danger-associated molecular patterns (DAMPs).90,91 

These comprise a pretty diverse group of dis-compartmentalized molecules of different origin such 

as mitochondrial DNA (mtDNA) and ATP, heat shock proteins, intracellular DNA binding protein 

(HMGB1= high-mobility group protein1), β-amyloid (Aβ), histones, and uric acid.92-95 In this way, 

“danger signals” immediately activate astrocytes and microglia/macrophages via their interaction 

with toll-like receptors (TLRs) to prompt the production and release of pro-inflammatory 

mediators.96-98 These include pro-inflammatory mediators such as interleukin-1ß (IL-1ß), 

interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α). 99-102 Microglia change their phenotype from a 

resting to a phagocytic state and secrete IL-1β, TNF-α, and IL-6 that further promote astrocyte and 

endothelial cell (EC) activation, which contributes to endothelial adhesion molecule expression and 

BBB damage and further facilitate the trans-endothelial migration of leukocytes into the ischemic 

area. 99-103 

1.4 Immunomodulatory treatments after stroke 

Promising results in experimental studies lead to the development of immunomodulatory 

therapies, e.g., by inhibiting microglia activation, blocking cytokine receptors, or preventing 

leukocyte migration, which was evaluated in clinical trials.104 

 Therapeutic strategies targeting cytokine receptor 

Several clinical trials tested the effectiveness of a recombinant IL-1 receptor antagonist 

(Anakinra) after ischemic stroke. The idea was to prevent IL-1 from binding to its receptor, thereby 

inhibiting the activation of intracellular inflammatory signaling pathways. The intravenous 

administration of this drug upon hospital arrival had a good safety profile and showed beneficial 

effects three months after stroke.105 Changes in the administration to a subcutaneous injection 

lowered circulating pro-inflammatory molecules associated with a worse outcome in stroke. 

However, no significant reduction in disability level could be detected compared to placebo three 

and six months after stroke. The potential positive effects are proposed to be masked by a negative 

interaction of IL-1 receptor antagonist and tPA, which needs further investigation. 106 
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Therapeutic strategies targeting activated microglia 

Another neuroprotective compound tested in preclinical stroke models is the tetracycline 

antibiotic Minocycline. Minocycline has anti-inflammatory properties and additionally hinders 

microglia activation. A small human study confirmed the safety of intravenous drug application 

within 24 hours of stroke onset. However, it did not elicit any favorable effects on infarct size or 

functional outcome.107,108          

Therapeutic strategies targeting leukocyte-endothelial interaction (LEI) 

Several approaches have been followed to avoid the invasion of peripheral immune cells into the 

brain tissue by either targeting molecules on leukocytes or endothelial cells.   

Natalizumab is a humanized antibody targeting a binding protein on leukocytes (VLA-4) thereby, 

hindering their interaction with endothelial cells. Natalizumab has already been successfully used in 

multiple sclerosis (MS) with efficacious reduction of inflammation and was repurposed for treating 

stroke (ACTION trial). No effects on infarct volume were observed, although improvements in 

functional outcome were shown, leading to further investigations. However, the follow-up phase 

did not meet the primary endpoint, and results are still awaited.109,110  

A further approach was to target integrins. Two clinical trials (HALT and ASTIN) had been carried 

out targeting the CD11b/CD18 (LFA-1) antigen or CD18 alone; however, they were stopped due to 

missed primary endpoints.111,112 

Another focus has been on targeting molecules on vascular endothelial cells to prevent 

leukocytes-endothelia interaction. Enlimomab, a murine antibody, targets ICAM-1. Preclinical 

studies indicated its beneficial role in post-ischemic brain damage. Patients were treated 

intravenously within six hours after stroke onset for five days in the clinical setting. However, 

Enlimomab showed more adverse effects than the placebo group. Therefore, the study was 

terminated prematurely.113  

To tackle the infiltration of lymphocytes in the chronic phase, a strategy to avoid the egress of 

lymphocytes from lymph nodes was tested via the application of Fingolimod (sphingosine-1-

phosphate receptor agonist). Experimental stroke models that presented a decrease in infarct size 

accompanied by improvements in neurological deficits led to clinical studies.114 There, the oral 

application within 72 hours after stroke onset decreased microvascular permeability, reduced 

neurological deficits, and increased recovery. So overall, Fingolimod reduced secondary tissue 
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injury. In combination with alteplase, it even reduced circulating lymphocytes. Still, further large-

scale clinical trials are required for this compelling inflammation-modulating strategy.115   

 
Figure 3: Overview of immunomodulatory strategies after stroke evaluated in clinical trials. Experimental studies 

identified a variety of different targets to reduce inflammation after stroke. Promising approaches are the inhibition of 

cytokine receptors (Anakinra), blocking microglia activation (Minocycline), or preventing leukocyte migration (Enlim-

omab, Natalizumab, Fingolimod). (created with BioRender.com) 

Translational setbacks of anti-inflammatory procedures   

  There are multifactorial reasons for the failure of translating immunomodulatory therapies into 

clinical application. The discrepancies between human pathophysiology and experimental stroke 

models represent one of the main issues. Other reasons might include poorly designed preclinical 

trials with, for instance, irrelevant therapeutic windows or underpowered clinical trials.116 To this 

end, the complexity and variability of the immunological response in human stroke should also not 

be disregarded. Neuroinflammation does not only have detrimental effects but is also important for 

healing and repair and thereby restoring tissue integrity via clearance of tissue debris and 

production of anti-inflammatory molecules. Through immunomodulatory therapies, the beneficial 

characteristics of the inflammatory response are also inhibited, which might also affect the clinical 

translation.117 Despite the translational drawbacks of anti-inflammatory treatments after stroke, 

the promising experimental results indicate that implementing new strategies is most needed and 

promising. Therefore, a better understanding of the inflammatory process following an ischemic 

insult might help develop a local anti-inflammatory drug that only acts on the detrimental effects of 

the inflammatory cascade without inhibiting the regenerative process and further improves the 

microcirculatory flow by preventing endothelial dysfunction.104 An alternative approach might be 

the local restoring of endogenous molecules with well-validated physiological roles and moderate 

the inflammation processes. One of these molecules is nitric oxide which has multiple functions in 

the body clarified in the following chapter. On one side, it regulates the endothelial function, and 

on the other side, it has anti-adhesive roles in the vasculature. Therefore, NO is a potential molecule 

maintaining an anti-inflammatory state after stroke by carrying these dual actions.118  
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2. Nitric oxide as a potential anti-inflammatory approach for stroke 

Two and a half centuries ago, Joseph Priestly first identified nitric oxide (NO) as a gas consisting 

of one oxygen and one nitrogen atom.119 Another two hundred years passed until researchers 

described endothelium-derived relaxing factor (EDFR) as an indispensable molecule for the 

vasodilation of blood vessels. Further research demonstrated that NO was, in fact, EDRF, and these 

findings were awarded with the Nobel Prize for Medicine or Physiology in 1998.120,121 Up to now, 

many studies have revealed a wide range of key roles of NO in so many regulatory pathways in the 

body ranging from controlling cell homeostasis to regulating neural, endothelial or immune 

processes. Especially its known vascular cytoprotective actions such as vasodilation, anti-

thrombotic, and anti-inflammatory effects make NO a unique molecule with a potential for 

therapeutic interventions in ischemic diseases such as stroke. 122-124  

2.1 Biological synthesis of NO 

NO is synthesized in nearly all cell types in the human body by the enzyme nitric oxide synthase 

(NOS). The NOS family includes three isoforms, namely endothelial (eNOS), neuronal (nNOS), and 

inducible nitric oxide synthase (iNOS).125-127 This homodimeric protein has an oxygenase domain 

(place of NO production) and a reductase domain (provides necessary electrons) linked via a 

calmodulin (CaM) binding region. CaM is a messenger protein that is activated by the binding of 

calcium. Once activated and bound, it causes a conformational change, thereby enabling a close 

contact of the two domains of NOS, an essential electron transfer process. The amino acid L-arginine 

and oxygen serve as a substrate and are further converted into citrulline and NO. At the reductase 

domain, the cofactor nicotinamide adenine dinucleotide phosphate (NADPH) donates electrons 

shuttled via two other cofactors (FAD and FMN) to the heme group of the oxygenase domain. The 

iron ion within the heme group is reduced, driving the reaction in the oxygenase domain.128,129 

Despite their homology in structure and function, nNOS and eNOS show Ca2+ CaM-dependent 

activity, unlike iNOS, which has CaM permanently bound and, therefore, is under transcriptional 

control.130  
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Figure 4: Nitric oxide synthase simplified structure (left) and the active homodimeric NOS protein (right). Each 

NOS protein monomer consists of two domains, a reductase domain (green) that provides the electrons, linked via 

calmodulin (CaM) binding region to the oxygenase domain (purple), which generates nitric oxide. Upon activation of 

CaM via binding of calcium, NOS dimer undergoes a conformational change to transfer the electrons necessary to drive 

the reaction to produce nitric oxide. (created with BioRender.com) 

As the name suggests, endothelial NOS is constitutively expressed by the vascular 

endothelium.131 Over time, eNOS was found in other cell types, such as neuronal cells, astrocytes, 

lymphocytes, bone marrow cells, and dermal fibroblasts.132-136 The activity of eNOS is not only 

regulated via reversible Ca2+ CaM-binding but can also be activated through heat shock protein 90 

(hsp90) that serves as an allosteric modulator.137-139 The fraction of eNOS localized in caveolae (lipid-

rich flask-shaped structures) is coupled to caveolin-1 (caveolae coat protein) that inhibits eNOS 

activity which can be dissolved via the recruitment of CaM or hsp90.140,141 Moreover, shear stress, 

estrogen, vascular endothelial growth factor (VEGF), insulin or bradykinin can activate eNOS. 

Different residues (serine, threonine, and tyrosine) at variable positions within the synthase are 

phosphorylated via various kinases (protein kinase A (PKA), Akt, AMP-activated protein kinase 

(AMPK), CaM-dependent protein kinase II (CaMKII)) depending on the stimuli.142-144  

Neuronal NOS is constitutively expressed in developing as well as mature neurons.145 Like eNOS, 

nNOS is activated via reversible Ca2+-CaM interaction. Upon glutamate receptor stimulation, calcium 

influx increases in neurons, thus activating nNOS and resulting in the production of nitric oxide or, 

in the absence of the substrate L-arginine, of superoxide (O2
-).146 Regulation can also be performed 

at the post-translational level through kinases (protein kinase A or C (PKA/PKC), CaM-dependent 

kinases) that phosphorylate neuronal NOS.126,145,147  

Inducible NOS is not present under physiological conditions. Inflammatory stimuli 

(lipopolysaccharide (LPS), interferon-γ (INFγ), IL-1β, TNF- α) activate transcription factors (nuclear 

factor kappa B (NF-κB) and JAK/STAT pathway) that induce iNOS expression in any cell and 

tissue.142,148 However, primarily upregulation of iNOS occurs in macrophages.149-151 Macrophage-

derived NO is essential for the immune response of T- and B-cells and myeloid-derived suppressor 
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cells. The permanently tight connection to CaM allows iNOS to be activated independently from 

calcium levels or phosphorylation.  

Although NOS is the primary source of NO production, NO can also be synthesized by other 

mechanisms. One example is the generation of NO via nitrite (NO2
-) reduction. In mammals, nitrite 

can derive from endogenous NO, dietary sources or are generated from commensal bacteria in the 

digestive system by nitrate reduction.152,153 Several pathways for the NO generation from nitrite 

have been described. Acidic reduction of nitrite is most significant in the stomach due to the low pH 

and high nitrite concentrations. The evolving high NO levels eliminate bacteria, enhance mucus 

generation, and increase blood flow in the gastric mucosa.154,155 The acid-catalyzed nitrite reduction 

to NO was shown to also take place in blood vessels.156 Another NO production pathway is reducing 

nitrite or nitrate by the enzyme xanthine oxidase (XO).157 XO-catalyzed NO production has mainly 

been observed under hypoxic and acidic conditions.158 Several studies suggest that nitrite is recycled 

to bioactive NO through deoxyhemoglobin that enables NO generation in regions of poor 

oxygenation, whereas nitrate is the predominant reaction product under normoxia.159    

2.2 Signaling pathway and physiology of NO 

Nitric oxide signaling is mainly mediated through its primary receptor soluble guanylate cyclase 

(sGC) that produces the second messenger guanosine 3ʹ,5ʹ-cyclic monophosphate (cGMP). cGMP 

regulates smooth muscle relaxation, blood pressure regulation, leukocyte recruitment, platelet 

aggregation, and neurotransmission.160,161 The heterodimeric sGC consists of an α- and a β-subunit. 

The heme domain is located on both subunits, whereas only the β-subunit can bind NO and activate 

sGC. This leads to a conformational change enabling the generation of cGMP from guanosine 5ʹ-

triphosphate (GTP). The diverse physiological actions of cGMP are conveyed via the activation of 

several effector molecules: cGMP-dependent protein kinases, cGMP-gated ion channels, and cGMP-

regulated phosphodiesterases. 162,163 Protein kinase G (PKG) regulates platelet activation/inhibition, 

cell growth, and differentiation, apoptosis, vascular smooth muscle relaxation/contraction, calcium 

signaling, and transcription events in a tissue-specific manner.164 The binding of cGMP to cyclic 

nucleotide-gated channels leads to the exchange of non-selective cations. These are important in 

the signal transduction pathway of vision and olfaction. The various functions of cGMP signaling 

require continuous control of its intracellular concentration supervised by the enzyme superfamily 

of phosphodiesterase (PDE), cleaving the phosphodiester bond in cyclic nucleotides such as cGMP, 

thereby generating guanosine monophosphate (GMP).165 
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Figure 5: General overview of NO signaling pathway. Besides NOS as the primary source of NO, it can also be pro-

duced by dietary sources. Once generated, NO binds to its primary receptor soluble guanylate cyclase (sGC), generat-

ing the second messenger guanosine 3ʹ,5ʹ-cyclic monophosphate (cGMP). Physiological actions are further conveyed 

by several effector molecules such as cGMP-dependent protein kinases (PKG), cGMP-gated ion channels, and cGMP-

regulated phosphodiesterases (PDE) with different functions. (created with BioRender.com) 

2.3 NO pathology in ischemic stroke 

NO elicits neuroprotective and neurotoxic effects after an ischemic insult. NO's dual-action 

depends on the cellular compartment where NO is produced, its concentration, and when NO is 

active after stroke. The physiological concentration in the CNS derives from nNOS/eNOS activity, 

while iNOS is not expressed.166 During ischemia, NO concentrations in the ischemic tissue decline 

due to oxygen deficiency. Shortly after the ischemic damage (acute phase), elevated levels of eNOS 

and nNOS activity related to the calcium overload could be detected to improve blood supply and 

limit the degree of damage, lasting from 30 minutes up to hours.167,168 One hour after reperfusion, 

NO concentrations return to physiological levels.168,169 Conversely, iNOS expression started 12 hours 

after ischemia and remained upregulated up to seven days after stroke, thus potentially 

contributing to the ischemic brain damage.170 At this stage, microglia, astrocytes, endothelial cells, 

and infiltrated leukocytes upregulated iNOS and produced excess NO amounts.166,171 As mentioned 

before, iNOS expression is transcriptionally regulated by inflammatory stimuli such as NF-κB, TNF-

α, IL-1β, and oxidative radicals that are found to be increased in ischemic injury.172 The pathological 

role of NO in cerebral ischemia was investigated in NOS knockout animals or by NOS overexpression 

via drug application. These experiments showed reduced neuronal death if mice lacked iNOS or 

nNOS, whereas deleting eNOS entailed an increase in dead neurons.173-175 Ischemic lesions further 

showed reduced excitotoxicity, nitrosative stress, and superoxide production if nNOS was 

abolished.167,176,177 Despite the neurotoxic effect of iNOS and nNOS in the acute phase after 
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experimental stroke, they have an essential role in promoting and attenuating neurogenesis in the 

chronic phase.178-180 Additionally, mice deficient in the α-subunit of sGC showed a larger infarct size 

suggesting that cGMP generation is protective.181  

2.4 Potential therapeutic applications restoring NO in stroke 

Based on the evidence for NO-mediated neuroprotection post-stroke, several therapeutic 

strategies have been proposed to restore post-ischemic NO levels: direct administration of NO, 

application of NO donors or precursors, enhancing eNOS activity, and inhibition of iNOS.182,183  

Stimulation of NO production via donors 

In rats' injection of the NOS substrate, L-arginine following middle cerebral artery occlusion 

(MCAo) improved cerebral blood flow within the penumbra. It minimized the infarct size,184; 

however, clinical trials applying L-arginine to stroke patients failed to improve the outcome. The 

most likely cause of this translational failure was the fact that L-arginine reduced the systemic mean 

arterial blood pressure and thus cerebral blood flow to the ischemic penumbra.182  

Nitric oxide donors (NOD) are a heterogeneous group of drugs able to release NO. Organic 

nitrates, S-nitrosothiols, sydnonimines, NONOates, and sodium nitroprusside are the most 

frequently studied substances in clinical and basic research. NODs reduced tissue injury and 

increased cerebral blood flow if administered soon after stroke induction in rodent models of 

cerebral ischemia.185  In this category, the only successful application of an NOD without affecting 

the cerebral blood flow was the transdermal glyceryl trinitrate (nitroglycerin) administration. 

Clinically, transdermal nitroglycerin improved systemic blood flow. However, there was no effect on 

the size of the cerebral infarct (Efficacy of nitric oxide in stroke trial (ENOS), Rapid Intervention with 

GTN in Hypertensive stroke Trial (RIGHT), and RIGHT-2). 186 

Nitric oxide synthase modulators 

An alternative strategy to manage the excessive production of NO in an ischemic insult 

represents the inhibition of NOS. Common inhibitors include Nω-nitro-l-arginine methyl ester 

hydrochloride (L-NAME). This non-selective inhibitor reduced the stroke volume in rodents in low 

dosages and a time window of nine hours after ischemia.187 More selective approaches such as 

pharmacological inhibition of nNOS with 7-nitroimidazole given acutely after vessel occlusion 

decreased the infarct volume in a rodent stroke model.188 Post-ischemic brain damage reduction 

was also achieved through selective iNOS inhibitors in animal models of stroke.189 Long-term 

application of statins (HMG-CoA reductase inhibitors) induced eNOS upregulation, thus increasing 

NO bioavailability, saving brain tissue, and improving cerebral perfusion in ischemic stroke.190 
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However, patients treated with statins also were prone to post-stroke infections.191 Downregulation 

of eNOS during and after ischemia has been related to the activation of Rho kinase (ROCK) in 

endothelial cells, rendering the kinase a potentially promising target.192 ROCK inhibitors had 

neuroprotective effects in experimental stroke models but caused hypotension, a limiting factor in 

acute stroke treatment. Therefore, ROCK inhibitors selective for cerebral circulation are currently 

developed.193  

Inhibition of cGMP degradation 

Another target of the NO/cGMP signaling pathway is elevating cGMP levels in the ischemic brain. 

This can be achieved by phosphodiesterases inhibitors that prevent the cleavage of cGMP. Despite 

the neuroprotective effects of PDE inhibitors, its clinical use is so far restricted to secondary 

prevention due to its well-known antiplatelet properties that possibly increase bleeding risk. The 

complications also arise due to the widespread distribution of PDE in the body and the reversibility 

of clinically used PDE inhibitor effects.194 

As noted above, there are many promising strategies enabling NO's availability, however, with 

different problems in the acute phase of ischemia. 

2.5 NO supplementation via inhalation 

Initially, it was hypothesized that inhaled nitric oxide (iNO) was rapidly inactivated, thus 

restricting its vasodilatory effects to the lung without systemic effects. This led to the approval of 

iNO for the treatment of persistent pulmonary hypertension in adults and pulmonary 

vasoconstriction in preterm babies.195 iNO was initially studied in the context of intensive care. 

Clinical studies showed the beneficial effects of iNO after traumatic brain injury by reducing 

intracranial pressure, increasing cerebral perfusion pressure, and reducing systemic inflammatory 

responses.196-198 In parallel to the human data, experimental studies showed beneficial 

cerebrovascular effects of iNO. Kuebler et al. showed that increasing concentrations of iNO 

application in healthy pigs increased the cerebral blood volume without influencing CBF.199 This 

insight of iNO led to various studies investigating its cerebrovascular effects in more detail in brain-

related injuries. Inhaled NO physiologically dilated cerebral venules in mice, whereas iNO under 

ischemic stroke conditions caused arterial dilatation, thus reducing lesion size, improving CBF, and 

reducing neurological deficits. These effects of iNO were attributed to the improved collateral blood 

flow to the penumbra.200 In a model of traumatic brain injury (TBI), iNO improved CBF and reduced 

intracranial pressure, lesion volume, and edema formation.201 Further investigations showed that 

iNO prevents impairment of cerebral autoregulation and limits histopathological damage after TBI 
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through preservation of ion channel function via blocking signaling pathways.202 In experimental 

subarachnoid hemorrhage (SAH), iNO reversed microvascular dysfunction and prevented the 

formation of microvasospasms.203 

The anti-inflammatory effects of iNO are less well investigated. Studies showed that in a feline 

model of ischemic-reperfusion injury, iNO application possesses extra-pulmonary bioactivity in the 

mesenteric vasculature, preventing neutrophil adhesion.204 NO inhalation inhibited myocardial 

injury in animals and patients, had anti-inflammatory effects in patients undergoing knee surgery, 

protected hepatocytes before liver transplantation, and inhibited the inflammatory response in the 

sepsis model.205-208  

Taken together, the aforementioned studies depicted the importance of restoring NO levels to 

physiological levels in various diseases by using NO-based therapeutic approaches. However, using 

a molecule with a vast range of action brings unwanted systemic effects such as reduced blood 

pressure. Therefore, changes in the application route of NO, i.e., by inhalation, may offer new ways 

to recover NO levels only where it is necessary to regain homeostatic conditions. 

 

3. Aim of the thesis 

The current study aimed to investigate the anti-inflammatory effects of inhaled NO after 

experimental stroke. Special attention was given to how iNO is transported from the lung to the 

brain, whether iNO affects leukocyte-endothelial interactions after ischemic stroke, and to possible 

downstream signaling mechanisms of iNO.
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II. Material and Methods 
A detailed list of the used equipment, consumables, kits, chemicals/reagents, and software used 

in this study can be found in the appendix section. 

1. Animals 

Male C57BL/6 mice (6–8 weeks, weight 24–26 g; Charles River Laboratories, Wilmington, MA, USA) were 

used for the current study. Animals had free access to tap water and food. Animal experiments were 

conducted under institutional guidelines approved by the government of Upper Bavaria (license 

number 17-152). 

2. Randomization 

Animals were randomly assigned to the different experimental groups (sham, MCAo, and MCAo 

+ inhaled nitric oxide (iNO)). To blind the researcher, data was renamed by an assistant before 

analysis with respect to the treatment groups.  

3. Time course of acute cerebral ischemia experiments 

 
Figure 6: Experimental design of acute stroke 

4. Transient focal cerebral ischemia 

For postoperative analgesia, buprenorphine (0.1 mg/kg; Schering-Plough, Kenilworth, NJ, USA) was 

administered subcutaneously (s.c.) at least 30 minutes before surgery. The surgical procedure was 

carried out under isoflurane (Cp-pharma, Burgdorf, Germany) inhalation. For induction of anesthesia, a 

5% (v/v) isoflurane/air mixture was introduced in a dark Plexiglas chamber for approx. 60 seconds 

until all motor reactions have ceased. During the surgical procedure (< 25 minutes), anesthesia was 

maintained with an isoflurane/air/oxygen mixture (ratio 2/60/50% (v/v)) using a nasal mask. Body 

temperature was maintained at 37.0 ± 0.1°C with a feed-back controlled heating pad (FHC, 

Bowdoinham, ME, USA). 
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For constant regional cerebral blood flow (rCBF) monitoring, the animal was placed on the 

abdomen, and a lateral, longitudinal 0.5 cm skin incision between the eye and ear was made to 

expose the temporal muscle. After loosening the base of the temporal muscle, a flexible laser 

Doppler probe (0.5 mm diameter; MT B500-0L240 Straight Microtip, Perimed, Järfälla, Sweden) was glued onto 

the exposed left parietal skull over the territory of the middle cerebral artery (MCA) for continuous 

monitoring of the regional cerebral blood flow with a Laser-Doppler fluxmeter (PeriFlux system 5000, 

Perimed, Järfälla, Sweden).  

Focal cerebral ischemia was induced by occlusion of the MCA with a silicone-coated filament (0.19 

mm diameter; Doccol Corporation, Sharon, MA, USA). To do so, the mouse was placed in a supine position, 

and a midline skin incision was made on the neck. Mandibular salivary glands were bluntly pushed 

laterally, and the proximal part of the common carotid artery (CCA) and the external carotid artery 

(ECA) were ligated distal to the carotid bifurcation. The distal internal carotid artery (ICA) was 

temporarily blocked with a microvascular clip (Fine Science Tools, Heidelberg, Germany), and the CCA was 

loosely wrapped with a silk thread (Fine Science Tools, Heidelberg, Germany). The filament was inserted 

into the vessel via an incision in the CCA and, after loosening the clip, advanced into the ICA until 

the rCBF measurement indicated the occlusion of the MCA. The filament was fixed in this position 

with the pre-knotted silk thread. In sham-operated animals, the filament was advanced as described 

above without vessel occlusion. After occlusion, the wound was temporarily sutured (Covidien, Dublin, 

Ireland). The animal was placed in a preheated recovery box (30°C; Peco Services Ltd, Brough, UK) and 

checked regularly for spontaneous breathing and motor activity. 

To induce reperfusion, the animal was re-anesthetized after a neurological test (modified 

Bederson score 209), and the wound was reopened. The filament was removed after 60 minutes, and 

the CCA was ligated distal to the incision, and the wound was closed subsequently. Finally, Carprofen 

(4mg/kg; Zoetis, Parsippany, NJ, USA) was injected s.c. for analgesia, and the animal was placed in the 

recovery box (30°C). During the wake-up phase (approx. two hours), the mouse was checked 

regularly for spontaneous breathing and motor activity. 

For the rest of the observation period, the animals were returned to their cage, which was placed 

in a cabinet (Scanbur, Karlslunde, Denmark) with a temperature of 25-27°C for three days. For pain 

management, during the postoperative period, Carprofen (4 mg/kg) was injected s.c. with 

physiological saline (Berlin-Chemie AG, Berlin, Germany) as a liquid reservoir (1 mL) once daily. In addition, 

to ease food and water intake, mice received powdered food (Ssniff, Soest, Germany) and hydrogel 

(Clearh2o, Westbrook, ME, USA) placed on the cage floor for up to one week after surgery. 
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Weight development, general condition, and the degree of neurological impairment were 

assessed daily according to a score sheet and used as outcome parameters. Further, animals were 

tested for their neurological behavior, cranial nerve functions, motor and sensory deficits, and body 

coordination using the modified Bederson test (0-5 points). 

5. Nitric Oxide (NO) inhalation 

iNO treatment was given directly after reperfusion. The animals were placed in a custom-

designed NO induction box (30x 17x 17 cm) depicted in Figure 4, which was placed in a heat-

controlled incubator. The air inside the box was supplemented with 50 ppm NO (Linde, Dublin, Ireland) 

for two hours. NO, and nitrogen dioxide (NO2) levels were constantly monitored with a multi-gas 

monitor device (Industrial Scientific, Pittsburgh, PA, USA). After two hours, animals were prepared for in 

vivo imaging. iNO supplementation was continued with an endotracheal tube during the 

preparation and imaging. In total, animals were treated with iNO for five hours.  

 
Figure 7: NO induction box (created with BioRender.com) 

 

6. Intravital microscopy 

Cranial window implantation 

For induction of anesthesia, a 5% (v/v) isoflurane/air mixture was introduced to a dark Plexiglas 

chamber where the animal was placed for approx. 60 seconds until all motor reactions have ceased. 

Deep anesthesia for cranial window implantation and imaging was introduced by intraperitoneal 

(i.p.) injection of a combination of medetomidine (0.5 mg/kg), midazolam (5 mg/kg), and fentanyl 

(0.05 mg/kg) combination. Eye ointment (Bayer AG, Leverkusen, Germany) was applied to the cornea to 

prevent dehydration. Mice were intubated endotracheally (Vasofix® Safety (20G), B. Braun, Melsungen, 

Germany) and mechanically ventilated (MiniVent Type 845, Hugo Sachs Elektronik, March, Germany) with 

oxygen-enriched air (30/70% O2/Air mixture). End-tidal carbon dioxide (ETCO2) was measured using 

a capnograph (Type 340, Hugo Sachs Elektronik, March, Germany) and kept constant between 20 and 30 
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mmHg. A feedback heating plate was used to maintain the body temperature of 37°C during 

anesthesia. Heart rate and peripheral oxygen saturation (pO2) were monitored using a pulse 

oximeter (PhysioSuite PS-03, Kent Scientific, Torrington, CT, USA) attached to the hind paw. All physiological 

parameters were recorded with a Power lab system (AD Instruments, Sydney, Australia) and analyzed with 

LabChart software (Version 8; AD Instruments, Sydney, Australia). To maintain anesthesia, one-third of the 

initial dose was injected every hour. 

The animal's head was fixed with a nose clip (David Kopf Instruments, Tujunga, CA, USA) on a custom-

made imaging platform, and a midline incision was made on the scalp. After applying a local 

anesthetic (2% lidocaine, B. Braun, Melsungen, Germany), the periosteum was carefully removed. Next, 

a craniotomy (4x4 mm2) was performed using a high-speed dental drill (Rewatronik, Wald-Michelbach, 

Germany), leaving the dura mater intact. Next, bleedings from bridging veins were stopped using a 

fibrin sealant patch (TachoSil, Takeda Pharmaceutical, Tokyo, Japan). Next, a cover glass (Warner Instruments, 

Holliston, MA, USA) with the exact size of the craniotomy was placed on top of the exposed dura mater 

and fixed with bone cement. Finally, a titanium ring was glued around the cover glass. The ring was 

used to fix the mouse head under the intravital microscope and to keep a pool of water between 

the cover glass and the water immersion objective (Plan Apochromat, NA 1.0; Zeiss, Oberkochen, Germany) 

used for in vivo imaging. 

Catheterization  

To allow the continuous measurement of arterial blood pressure and for the application of 

fluorescent dyes (fluorescein isothiocyanate (FITC) –dextran or Rhodamin6G; 0.5% (v/v) in PBS, 

Sigma-Aldrich, St. Louis, MO, USA), a catheter was inserted into the left femoral artery. The anesthetized 

mouse was placed in a supine position for the procedure, and one leg was stretched out to the side. 

An incision from the knee to the lateral abdomen exposed the femoral artery. The vessel was ligated 

distally and temporarily closed proximally with a vessel clip. A previously heparinized-saline (1%) 

polythene tube (Smiths Medical, Minneapolis, MN, USA) was inserted into the opened vessel and fixed 

with two silk threads. The wound and the catheter were fixed with cyanoacrylate adhesive (Drechseln 

und mehr, Weiden, Germany). The brain vasculature and circulating immune cells were stained by 

injection of 50 µL of the previously mentioned dyes before the imaging procedure. Shortly before 

finishing the experiment, a blood sample was taken from the femoral catheter to measure the blood 

gases (Blood gas analyzer Rapidlab 348, Siemens, Munich, Germany). 
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In vivo two-photon microscopy 

Following cranial window implantation, the animal was transferred to a two-photon microscope 

(LSM 7 MP, Zeiss, Oberkochen, Germany) equipped with a Li:Ti laser Chameleon (Coherent, Santa Clara, CA, 

USA). A 20x water immersion objective (Zeiss, Oberkochen, Germany) was selected and dipped into the 

water pool depicted in Figure 5. The excitation wavelength was set to 840 nm, and a 500-550 nm 

band pass filter (green fluorescence) and a 565-610 nm band pass filter (red fluorescence) were 

used to detect fluorescence emission by GaAsP-NDD detectors. 

 

 
Figure 8: Animal position under the two-photon microscope (created with BioRender.com) 

Three regions of interest (ROI) were selected and imaged. ROIs were chosen to include the 

ischemic core, the penumbra, and the distal part of the ischemic core regions. Two main features of 

leukocyte behavior after inflammation, rolling, and adhesion were investigated three hours after 

reperfusion. To explore the rolling, time series over one minute with a size of 327 x 76.64 µm were 

recorded. To analyze the adhesion, Z-stacks with a size of 607.28 x 607.28 µm and a step distance 

of one micrometer were performed to a depth of 400 µm (Figure 9).  

 

 
Figure 9: Region locations selected for Z-stack and time series via two-photon microscopy (created with BioRender.com) 



Material and Methods 

 41 

The blood flow velocity was measured by line scanning, that is, by measuring the velocity of 

individual erythrocyte shadows traveling within the imaged vessel. For this purpose, randomly 

selected pial arterioles were rapidly scanned over a length of 20-50 µm along their longitudinal axis. 

The slope of each dark streak is inversely proportional to the speed of the erythrocyte. (Figure 10)  

 

Two-photon data quantification 

To analyze rolling, time-series recordings (x: 390.35 µm, y: 91.49 µm) over one minute were 

acquired. Rhod6G+ cells in venules were considered to roll if their speed was slower than the blood 

flow. For analyzing leukocyte adhesion, two Z-stack images with a depth of 400 µm from the same 

ROI were recorded five minutes apart and processed using Imaris software (Version 9.4, Bitplane AG, 

Zürich, Switzerland). The first stack was taken as a baseline, and adhered Rhod6G+ cells were quantified 

in venules and capillaries.  

Time series and Z-sacks were also used to assess the mean diameter of venules and capillaries. 

Three vessels were selected in each ROI, and the diameter was measured at five positions along the 

vessel with ImageJ (Version 1.53i, National Institute of Health, Bethesda, MD, USA). 

Blood flow velocity was calculated by dividing the traveled distance of erythrocytes (µm) by the 

respective traveled time (msec.). 

7. Sample collection 

Animals were anesthetized with a mixture of medetomidine (1.5 mg/kg), midazolam (15 mg/kg), 

and fentanyl (0.15 mg/kg) as previously described. Urine was collected by aspiration directly from 

the bladder using a syringe with an injection needle (25G; B. Braun, Melsungen, Germany) after 

laparotomy. A thoracotomy was performed to collect blood samples using a syringe with an 

injection needle (25G) from the left ventricle before transcardial perfusion. The blood samples were 

collected in EDTA coated tubes (Sarstedt, Nümbrecht, Germany). Plasma was obtained by centrifugation 

of the collected blood samples at 13,000 x g for five minutes at 4°C. Immediately after 

Figure 10: Line scan and velocity calculation image 
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centrifugation, plasma was transferred into a new tube and snap-frozen until further use.  For 

transcardial perfusion, a pressure perfusion system (Leica Biosystems, Wetzlar, Germany) was used. With 

a pressure of 125 mmHg, 4% paraformaldehyde (PFA) or saline was pumped through in two and a 

half minutes to wash out all blood cells and fix the tissue with consistency. Depending on the 

subsequent experiments, the tissues of interest were removed and stored at different temperatures 

(Table 1).  

 

Table 1: Tissue storage conditions depending on the analysis 

Tissue Perfusion solution Storage temperature Analysis 

Plasma - 
fresh FACS 

-20°C NO analysis, ELISA 
Urine - -20°C NO analysis 

Lung saline -20°C NO analysis, ELISA 

Brain  

PFA 4°C Immunofluorescence (IF) 

saline -20°C 
NO analysis, ELISA, Gene expression analysis, 

Cresyl Violet staining 

Isolated vessels saline 
4°C Immunofluorescence 

-20°C Protein expression analysis 

 

8. Enzyme-linked immunosorbent assay (ELISA) 

According to the respective manufacturers ' protocol, tissue cyclic GMP, IL-6, TNF-α, and MMP-9 

concentrations were measured using commercially available ELISA kits (Table 2).  

 

Table 2: ELISA kits 

Product name Catalog number Company 
Cyclic GMP Complete ELISA Kit ab133052 Abcam (Cambridge, UK) 

Mouse IL-6 ELISA Kit ab222503 Abcam (Cambridge, UK) 

Mouse TNF-α ELISA Kit ab208348 Abcam (Cambridge, UK) 

Mouse Total MMP-9 MMPT90 R & D Systems (Minneapolis, MN, USA) 

 

Briefly, frozen brain and lung samples were weighed and homogenized in 10 volumes of 0.1 M 

hydrochloric acid (HCl) using a Precellys tissue homogenizer (Bertin Instruments, Montigny-le-Bretonneux, 

France). The homogenate was centrifuged at >600 x g for 10 minutes to pelletize the debris. Before 

the assay, the supernatant was diluted 5 to 10-fold with 0.1 M HCl.  
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The protein concentration of the tissue lysates was determined by the colorimetric bicinchoninic 

acid (BCA) assay (Thermo Fisher Scientific, Waltham, MA, USA). Bovine serum albumin (BSA) protein (Sigma-

Aldrich, St. Louis, MO, USA) standards ranging from 20-2000 µg/mL in 0.1 M HCl were prepared. 25 µL 

protein sample and standard triplets were pipetted into a 96-flat bottom well plate (Thermo Fisher 

Scientific, Waltham, MA, USA). 200 µL of the working reagent (mixed according to the manufactures 

manual) was added to each well and incubated at 37°C for 30 minutes. The absorbance was 

measured with a plate reader (iMark Microplate Absorbance Reader, Bio-Rad Laboratories, Hercules, CA, USA) at 

a wavelength of 595 nm and used to calculate the protein concentration.  

Standards and samples were added to the well plate and incubated at room temperature with 

gentle shaking as indicated in the respective manual. Once the standards and samples were 

discarded and the plate washed with the provided wash solution, the respective detection antibody 

was added to each well and incubated. After another washing step, the plate was incubated with 

HRP-streptavidin solution. Finally, a one-step substrate reagent was added, and after an incubation 

period, the stop solution was added before the measurement with a plate reader. 

To quantify the concentration of the target molecule, the mean absorbance of each 

duplicate/triplet of the standards and samples were calculated, and the average blank absorbance 

value was subtracted. The sample concentration was determined from the standard curve and 

multiplied by the dilution factor. 

9. Flow cytometry analysis 

 Myeloid cells population distribution 

Blood samples were collected in EDTA tubes and diluted 1:1 with PBS. 1 µL of a CD16/CD32 mon-

oclonal antibody mix (Thermo Fisher Scientific, Waltham, MA, USA) was added to block non-specific 

Fc domains to minimize false-positive results. 10 µL of the antibody master mix ( 

Table 3) was added to the sample and incubated for 30 minutes at 4°C. Samples were washed 

with 2 mL PBS and centrifuged at 500 x g for five minutes. Data were acquired using a BD FACSverse 

flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and analyzed using FlowJo software (v10.7, Bec-

ton Dickinson, Franklin Lakes, NJ, USA).  
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Table 3: Myeloid antibody panel 

Antibody Conjugate Clone  Concentration REF Company 
CD3 FITC 17A2 0.5 mg/ml 11-0032-82 Invitrogen (Waltham, MA, USA) 

CD11b PerCP-Cy5.5 M1/70 0.2 mg/ml 45-0112-82 Invitrogen (Waltham, MA, USA) 

CD11c BV510 HL3 0.2 mg/ml 562949 BD Horizon (Franklin Lakes, NJ, USA) 

CD19 APC-Cy7 eBio1D3(1D3) 0.2 mg/ml 47-0193-82 Invitrogen (Waltham, MA, USA) 

CD45 eFlour 450 30-F11 0.2 mg/ml 48-0451-82 Invitrogen (Waltham, MA, USA) 

Ly6C APC HK1.4 0.2 mg/ml 17-5932-82 eBioscience (San Diego, CA, USA) 

Ly6G(Gr-1) PE-Cy7 RB6-8C5 0.2 mg/ml 25-5931-82 eBioscience (San Diego, CA, USA) 

MHCII (I-A) PE NIMR-4 0.2 mg/ml 12-5322-81 eBioscience (San Diego, CA, USA) 

-> Master Mix prepared in staining buffer   

Adhesion molecule expression on myeloid cells 

To exclude non-specific antibody binding, blood samples were stained with an isotype control 

master mix (Table 4). 

Table 4: Isotype control antibody panel 

Antibody Conjugate Clone  Concentration REF Company 
Rat IgG2b PE-CY7 RTK4530 0.2 mg/ml 400617 BioLegend (San Diego, CA, USA) 

Rat IgG2c PE-CY7 RTK4174 0.2 mg/ml 400721 BioLegend (San Diego, CA, USA) 

rat IgG2a PE-CY7 RTK2758 0.2 mg/ml 400521 BioLegend (San Diego, CA, USA) 

Rat  IgG1 PE eBRG1 0.2 mg/mL 12-4301-81 Invitrogen (Waltham, MA, USA) 

Rat IgG2b FITC RTK4530 0.5 mg/ml 400633 BioLegend (San Diego, CA, USA) 

Rat IgG2a PE/Cyanine5 RTK2758 0.2 mg/ml 400531 BioLegend (San Diego, CA, USA) 

Rat IgG1 APC eBRG1 0.2 mg/ml 17-4301-81 Invitrogen (Waltham, MA, USA) 

-> Master Mix prepared in staining buffer  

 

 The blood samples were diluted 1:1 with PBS. 1 µL of a CD16/CD32 monoclonal antibody was 

added to block non-specific Fc domains to minimize false-positive results. Equal volumes of blood 

were distributed into four round-bottom tubes, and 10 µL of the target protein antibody master mix 

( 

Table 5) was added for differentiating between immune cell populations. Sample tubes were in-

cubated for 30 minutes at 4°C before data were acquired on a BD FACSverse flow cytometer. The 

samples were washed multiple times by adding 2 mL PBS and a centrifuging step at 500 x g for five 

minutes. Data were analyzed with FlowJo software (v10.7). 
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Table 5: Adhesion molecule antibody panel 

 Antibody Conjugate Clone  Concentration REF Company 

Ev
er

y 
tu

be
 

CD45 eF450 30-F11 0.2 mg/ml 48-0451-82 Invitrogen (Waltham, MA, USA) 

CD11b APC CY7 M1/70 0.2 mg/ml 101216 BioLegend (San Diego, CA, USA) 

PSGL-1 PE 4RA10 0.2 mg/mL 12-1621-82 Invitrogen (Waltham, MA, USA) 

CD49d FITC R1-2 0.5 mg/ml 103606 BioLegend (San Diego, CA, USA) 

L-selectin  Cy 5.5 MEL-14 0.2 mg/ml 104432 BioLegend (San Diego, CA, USA) 

CD18 APC H155-78 0.2 mg/ml 141009 BioLegend (San Diego, CA, USA) 

In
di

vi
du

al
 tu

be
 CD3 PE-CY7 17A2 0.2 mg/ml 100220 BioLegend (San Diego, CA, USA) 

CD19 PE-CY7 6D5 0.2 mg/ml 115520 BioLegend (San Diego, CA, USA) 

Ly6C PE-CY7 HK1.4 0.2 mg/ml 128018 BioLegend (San Diego, CA, USA) 

Ly6G PE-CY7 1A8-Ly6g 0.2 mg/ml 560601 BD Pharmingen (San Diego, CA, USA) 

 -> Master Mix prepared in staining buffer 

 

10. Nitrite/Nitrate analysis 

Sample preparation 

Tissue samples (brain, lung) were weighed, and five volumes of PBS protease inhibitor solution 

was added (Table 6). Homogenization was carried out in soft tissue tubes (Bertin Instruments, Montigny-

le-Bretonneux, France) with a tissue homogenizer followed by a centrifugation step at 10,000 x g for 

five minutes at 4°C.  

To purify and concentrate the nitrite/nitrate amount, samples were cleaned with centrifugal 

concentrators (Sartorius, Göttingen, Germany). The concentrators were thoroughly cleaned before use, 

following the subsequent description. 200 µL of ultra-pure water was dispensed into each filter and 

centrifuged at 14,000 x g at room temperature for 10 minutes. This step was repeated once. Water 

was removed from the filters and tubes using a vacuum pump and kept in the fridge until further 

use.   

400 µL tissue supernatant were transferred in previously cleaned concentrators and centrifuged 

for 90 minutes at 14,000 x g at 4°C. Plasma samples were also centrifuged through the filters with 

the same speed but only for 60 minutes. The eluate was stored at -80°C until further use. Urine 

samples were used without prior processing steps.  
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Table 6: Protease inhibitor composition 

Inhibitor Final conc. Catalog number Company 

Benzamidine 1 mg/L (5.7 µM) #B6506 

Sigma-Aldrich, St. Louis, MO, USA 

Antipain 1 mg/L (1.5 µM) #A6191 

Aprotinin 1 mg/L #A1153 

Leupeptin 2 mg/L (4.2 µM) #L0649 

Pepstatin A 1 µM #P-5318 

AEBSF 400 µM #76307 

  

Chemiluminescence assay 

To measure the nitrite/nitrate amount in liquid samples, the nitric oxide analyzer (NOA 280i, 

Analytix, Boldon, UK) was used. The device uses a gas-phase chemiluminescent reaction between nitric 

oxide and ozone (O3). The apparatus was set up according to the manufacture’s manual (Figure 11).  

 
Figure 11: Nitrite measurement setup 

 

Nitrite (NO2) measurements were performed in a nitrite reduction solution (Table 7), necessary 

to convert nitrite to nitric oxide. A standard solution of 1 mM sodium nitrite was prepared for the 

measurements, and three dilutions of the standard (10 µM, 1 µM, 100 nM) were used for 

calibration. 

Table 7: Nitrite reduction solution 

 Volume 

Potassium iodide (KI) 0.15 g 

Ultra-pure water 1.5 mL 

Acidic acid (100%) 13.5 mL 

 

For measuring Nitrate (NO3
-) in liquid samples, vanadium (III) chloride in hydrochloric acid was 

needed as a reducing solution to convert nitrate to nitric oxide (Table 8). To attain an efficient 

conversion, the reduction was carried out at 90°C. Therefore, the setup had to be changed slightly. 



Material and Methods 

 47 

A gas bubbler with sodium hydroxide (1 M) was added between the purge vessel and the nitric oxide 

detector to prevent damage of the analyzer from the hydrochloric acid vapor (Figure 12). 

 

Figure 12: Nitrate measurement setup. 

Before measuring the sample, a standard solution of 1 mM sodium nitrate was prepared, and 

three dilutions (100 µM, 10 µM, 1 µM) were used for a calibration curve. 

 

Table 8: Nitrate reduction solution 

 Volume 

Vanadium chloride (VCl3) 1 g 

1M Hydrochloric acid (HCl) 100 mL 

-> filter (0.2 µm); store at 4°C  

 

Data Quantification 

Nitrite quantification values can be directly taken from the generated table by the NO analyzer 

software. To obtain nitrate values, the nitrite value has to be subtracted from nitrate values as 

measuring nitrate in this way gives nitrogen oxide values. 

11. Gene expression analysis 

Isolation of total RNA 

Mouse brain hemispheres were separated, and RNA was extracted with 1 mL QIAzol Lysis Reagent 

(Qiagen, Hilden, Germany) added. For homogenization, one stainless steel bead (5 mm diameter, Qiagen, 

Hilden, Germany) was added to the tissue. The tube was placed into the TissueLyser (Qiagen, Hilden, 

Germany) for three minutes at 50 Hz and two minutes at 20 Hz. The homogenate was incubated for 

five minutes at room temperature. MaXtract high-density tubes (Qiagen, Hilden, Germany) were used 

to separate the aqueous RNA-containing phase, followed by a column purification with the RNeasy 

Mini kit (Qiagen, Hilden, Germany) according to the manufacturer´s protocol. Genomic DNA was 

removed by incubation with RNase-Free DNase (Qiagen, Hilden, Germany) directly on a column for 15 
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minutes. RNA quality and quantity were checked using the NanoDrop ND-1000 spectrophotometer 

(PEQLAB, Erlangen, Germany). 

Reverse transcription-polymerase chain reaction (RT-PCR) 

The Omniscript Reverse Transcription Kit Quick-Start (Qiagen, Hilden, Germany) was used for RNA 

transcription. For this purpose, 1 µg RNA was added to the master mix (Table 9). The synthesis was 

carried out at 37°C for one hour. The cDNA obtained was stored at -20°C. 

Table 9: Master Mix components for cDNA synthesis 

 Volume [µL] 

10x Buffer RT 2 

dNTP Mix (5 mM each dNTP) 2 

Oligo dT primer (10 µM) 2 

Omniscript Reverse Transcriptase 1 

 
Quantitative real-time PCR (qRT-PCR) 

The QuantiFast SYBR Green RT-PCR kit (Quanta, Hilden, Germany) was used for qRT-PCR. 2 µL cDNA 

(1:5 diluted in RNase-free H2O) was supplemented with specific murine targeting primers (Table 11) 

and the gene expression master mix (Table 10). 12 µL sample of the mixture was transferred to a 

96-well qRT plate and covered with an adhesive film. RNase-free water was used as a negative 

control. All samples were analyzed in triplets. The measurements were performed using a 

LightCycler 480 (Roche Life Science, Penzberg, Germany) and a standard program (Table 12). The mRNA 

levels were normalized by Gapdh as housekeeping gene and expressed as % contralateral 

hemisphere values calculated using the ΔΔCt-method. 

 

Table 10: Master Mix components for quantitative real-time PCR 

 Volume [µL] 
2x QuantiFast SYBR Green RT-PCR Master Mix 6 
Primer forward 0.24 
Primer reverse 0.24 
H2O 3.52 
cDNA 2 
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Table 11: List of primers for qRT-PCR 

Target Sequence 5’ to 3’ Sequence 3’ to 5’  Company 

ICAM-1 CAA TTT CTC ATG CCG CAC AG AGC TGG AAG ATC GAA AGT CCG 

Metabion, 

Planegg, 

Germany 

VCAM-1 TCT TAC CTG TGC GCT GTG AC ACT GGA TCT TCA GGG AAT GAG T 

E-selectin (CD62E) CCG TCC CTT GGT AGT TGC A CAA GTA GAG CAA TGA GGA CGA TGT 

Gapdh ATT GTC AGC AAT GCA TCC TG ATG GAC TGT GGT CAT GAG CC 

IL-1b AGT GAC GGA CCC CAA AAG AGC TGG ATG CTC TCA TCA GG 

TNF-a TCT TCT CAT TCC TGC TTG TGG GGT CTG GGC CAT AGA ACT GA 

IL-6 GCT ACC AAA CTG GAT ATA ATC AGG A CCA GG AGC TAT GGT ACT CCA GAA 

P-Selectin (CD62P) GCC ATT CAG TGT GCT GAC TC CGG AAA CTC TGG ACA TTG C 

MMP-9  AGA CGA CAT AGA CGG CAT CC TCG GCT GTG GTT CAG TTG T 

sGCα TCT CCC TGG TAT CAT TAA AGC GG CAC AAA CTC GGT ACA GTC ACT TC 

sGCβ TGC TGG TGA TCC GCA ATT ATG GGT TGA GGA CTT TGC TTG CAG 

PKGα GAC AGC GAC CGT CAA GAC TC GAG GAT TTC ATC AGG AAG GCT C 

PKGβ ACC CTG CGG GAT TTA CAG TAT CGT CCT TCT GAT CCA ACT CCA 

A20 AGT GTC CAG GCT TCC CTG G GGC AGT TTC CAT CAC CAT TGG 

IκBα ACG AGC AAA TGG TGA AGG AG ATG ATT GCC AAG TGC AGG A 

eNOS CGA AGC GTG TGA AGG CAA C TTG TAC GGG CCT GAC ATT TCC 

nNOS CTG GTG AAG GAA CGG GTC AG CCG ATC ATT GAC GGC GAG AAT 

 

Table 12: Thermal cycling program conditions for qRT-PCR 

 Temperature [°C]  Time Repetitions 

Stage 1 95 5 min. 1x 

Stage 2 
95 15 sec. 

40x 
60 1 min. 

 

12. Cerebral vessel isolation 

The murine cerebral vessel isolation was based on the previous protocol by Zellner et al. 210 

Briefly, frozen brain hemispheres were used to isolate cerebral vessels of sham, MCAo, and iNO 

treated animals. First, tissue was cut into small pieces with a scalpel and transferred into a glass 

tissue grinder (DWK Life Sciences, Wertheim, Germany). After adding 15 mL cold minimum essential 

medium (MEM, Thermo Fisher Scientific, Waltham, MA, USA), homogenization was performed by 20-40 up 

and down strokes. Next, the homogenate was mixed with 30% (w/v) Ficoll/MEM solution to a final 

concentration of 15%, followed by a centrifugation step at 6,000 x g for 20 minutes at 4 °C. The 

supernatant was discarded, and the formed pellet was vigorously dissolved in 1% (w/v) bovine 

serum albumin (BSA) diluted in PBS to enable a transfer onto a 40 µm cell strainer (Becton Dickinson, 
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Franklin Lakes, NJ, USA) for thorough washing with cold PBS. The purified vessels were collected by 

washing the inverted cell strainer with PBS and centrifuged at 3,000 x g for 5 minutes. The collected 

pellet consisted of purified vessels. As isolated vessels have high adherence to plastic, all materials 

used were coated with 1% (w/v) BSA. The purity was determined with a light microscope (Eclipse TS 

100, Nikon, Tokyo, Japan). (Figure 13)  

 

 
Figure 13: Cerebral vessel isolation steps (created with BioRender.com) 

13. Protein expression analysis 

Total protein isolation 

To extract protein from isolated cerebral vessel a SDT lysis buffer (4% (w/v) SDS, 100 mM Tris-

HCl pH 7.6, 100 mM DTT) was used. Samples were incubated for 30 minutes at room temperature 

and afterwards homogenized by Precellys tissue homogenizer (5x 30 sec., 10,000 rpm, 30 sec. 

pause). Homogenates were heated for five minutes at 95°C and subsequently sonicated with a 

VialTweeter sonicator (5 times, 30 sec., amplitude 100%, duty cycle 50%) (Hielscher, Teltow, Germany). 

A centrifugation step at 18,000 x g for 30 minutes at 15°C followed. The supernatant was collected 

in a fresh tube and stored at -20°C for further use.  

Protein concentration measurement 

Protein concentration was measured using the colorimetric 660-nm assay supplemented with 

ionic detergent compatibility reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the 

manufacturer’s manual. Briefly, a protein standard was prepared to contain one-third of SDT buffer. 

Samples were diluted three-fold, and 5 µL of sample and standard transferred into a flat bottom 96-

well plate. 75 µL of the 660 nm assay reagent was added, and the colorimetric change was 

immediately measured at 655 nm using a plate reader. The concentration was calculated using the 

four-parameter logistic regression model.  
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SDS polyacrylamide gel electrophoresis (PAGE)  

Protein lysates were separated according to their size by sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE) using the XCell SureLock Mini-Cell Electrophoresis System (Thermo 

Fisher Scientific, Waltham, MA, USA) according to the manufacturer´s manual. Empty cassettes (Thermo 

Fisher Scientific, Waltham, MA, USA) were used to cast 10% separating gel and 4% stacking gel (Table 13). 

Samples were mixed with 4x Laemmli sample buffer (Bio-Rad Laboratories, Hercules, CA, USA) and 

dithiothreitol (DTT; final concentration 100 mM) and boiled at 95°C for five minutes. The 

electrophoresis was carried out in running buffer (25 mM Tris, 192 mM glycine, 1% (w/v) SDS) at 

150 V for 90 minutes. 

 

Table 13: Stacking and separation gel composition 

Solution Separating gel (10%) Stacking gel (4%) 

AcrylamideBis Solution (30%) 4 mL 555 µL 

Tris-HCl 1.5 M pH 8.8 3 mL  

Tris-HCl 0.5 M pH 6.8  1.02 mL 

Water 4.88 mL 2.94 mL 

Ammonium persulfate (APS; 10%) 100 µL 45 µL 

Tetramethylethylendiamine (TEMED) 10 µL 4.5 µL 

Volumes are sufficient for two gels.  

 

To transfer the separated protein onto a 0.2 µm polyvinylidene fluoride (PVDF) membrane (Bio-

Rad Laboratories, Hercules, CA, USA), a Mini Trans-Blot system (Bio-Rad Laboratories, Hercules, CA, USA) was 

used. The transfer was conducted at 100 V for 90 minutes at 4°C. A 0.1% (w/v) Ponceau S solution 

(Sigma-Aldrich, St. Louis, MO, USA) was used to investigate the successful transfer of proteins onto the 

membrane.  

After thoroughly washing with Tris-buffered saline with Tween 20 (TBS-T) buffer (10 mM Tris-HCl 

pH 8.0, 150 mM NaCl, 0.05% (v/v) Tween 20), the membrane was incubated with blocking buffer 

(5% (w/v) skim milk/TBS-T) for 1 hour at room temperature while gently shaking.  

Subsequently, primary antibodies (Table 14) were diluted either in 5% (w/v) skim milk/TBS-T or 

5% (w/v) BSA/TBS-T according to manufacturer’s recommendations and incubated overnight at 4°C 

constantly shaking.  

On the second day, membranes were washed thoroughly with TBS-T before adding the HRP-

conjugated secondary antibody (Table 14) diluted in blocking buffer for one hour at room 

temperature under constant shaking. After a final washing step with TBS-T, HRP substrate was 

added as recommended by the manufacturer to detect the chemiluminescence signal with the 



Material and Methods 

 52 

imaging system Fusion FX7 (Vilber, Eberhardzell, Germany). The signal intensity was quantified using 

ImageJ software.  

 

Table 14: List of antibodies for WB  

 Antibody Species Dilution Manufacturer 

pr
im

ar
y 

anti-ICAM-1 (ab222736) rabbit 1:1000 Abcam, Cambridge, UK 

anti-PKG-1 (#3248) rabbit 1:1000 Cell Signaling, Danvers, MA, USA 

anti- Guanylate Cyclase β1 subunit (# 160897) rabbit 1:200 Caymanchem, Ann Arbor, MI, USA 

anti-b-Actin HRP conjugated (# A3854)   mouse 1:50.000 Sigma-Aldrich, St. Louis, MO, USA 

 anti-rabbit IgG (#31464) goat 1:7500 Thermo, Waltham, MA, USA 

 

14. Histology 

Cresyl Violet staining 

Cresyl violet staining was performed to highlight the structural features and viability of neurons. 

First, the brains were cut with a cryostat (NX70, Thermo Fisher Scientific, Waltham, MA, USA). Frozen brain 

tissue was covered with embedding medium (Sakura Finetek, Alphen aan den Rijn, Netherlands) for cutting 

10 µm thick coronal sections from rostral to caudal. Sections were transferred and mounted on 

super frost plus slides. The staining was sequentially performed in jars, as shown in Table 15. The 

section was embedded in Eukitt mounting medium (Sigma-Aldrich, St. Louis, MO, USA) and stored at room 

temperature. 

    

Table 15: Cresyl violet staining procedure 

Solution  Time (minutes) 

70% Ethanol 2 

Cresyl violet solution (1:5) 15 

H2O distilled 		I rinse shortly 

H2O distilled 		II rinse shortly 

70% Ethanol immerse briefly 

96% Ethanol immerse briefly 

100% Ethanol immerse briefly 

100% Isopropanol 2 

Rotihistol I 5 

Rotihistol II 5 
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To quantify the infarct volume, slides were scanned with an Axio M2 inverted microscope (Carl 

Zeiss, Oberkochen, Germany). Brain hemispheres and infarct area were measured with ImageJ. Infarct 

volume was calculated by taking the sum of the infarcted area from rostral to caudal and multiplying 

the distance between sections (0.75). 

Immunofluorescence (IF) 

Isolated vessels (procedure explained in section 12) were mixed with 0.2% (w/v) BSA solution 

and stored at 4°C for immunofluorescence staining. For the staining procedure, a liquid-repellent 

slide marker pen (Science Services, Munich, Germany) was used to create a hydrophobic barrier around a 

drop of isolated vessel sample placed on a glass slide (SuperFrost Plus, Thermo Fisher Scientific, Waltham, 

MA, USA). The sample was dried at room temperature, and pure chilled acetone (100%) was used for 

10 minutes at -20°C to fix and permeabilize the cell membranes. Thereafter, the slides were washed 

three times with PBS for five minutes. A 5% (w/v) BSA/PBS solution was added for one hour at room 

temperature to prevent unspecific binding. Next, primary antibodies (Table 16) were diluted in 0.2% 

(w/v) BSA/PBS and incubated overnight at 4°C. The next day, slides were washed with PBS and 

incubated with fluorophore-coupled secondary antibodies (Table 16) diluted in 0.2% (w/v) BSA/PBS 

for two hours at room temperature. Finally, slides were washed, incubated with DAPI solution 

(1:10,000 in PBS), and mounted with aqueous mounting media (Sigma-Aldrich, St. Louis, MO, USA). 

Images were taken with a confocal microscope (LSM 800, Carl Zeiss, Oberkochen, Germany). 

 

Table 16: List of antibodies for IF 

 Antibody Species Conjugate Dilution Manufacturer 

pr
im

ar
y 

anti-ICAM-1 (ab222736) rabbit  1:100 Abcam 

anti-Col-IV (ab235296) goat  1:100 Abcam 

anti-aSMA (ab7817) mouse  1:100 Abcam 

se
co

nd
ar

y  anti-rabbit donkey Alexa 594 1:500 Jackson 

anti-goat donkey Alexa 697 1:500 Jackson 

anti-mouse donkey Alexa 594 1:500 Jackson 

 
 To quantify the ICAM-1 intensity of isolated vessels, ten ROIs per hemisphere from each animal 

were analyzed with ImageJ. The intensity of ICAM-1 was measured and normalized to Col-IV 

intensity in the same area. Smooth muscle actin (α-SMA) was used to identify arterioles.     
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15. Statistical analysis 

GraphPad Prism 9 software (GraphPad Software Inc., San Diego, CA, USA) was used to perform statistical 

analysis for all data sets. If not stated otherwise, experiments were illustrated as means ± standard 

deviation (SD) of at least eight independent experiments. Initially, data were tested for normality. 

One-way ANOVA was used for normally distributed data, and the Kruskal-Wallis test was used if the 

data did not follow a Gaussian distribution. A statistically significant difference between groups was 

assumed at a p-value below 0.05. 

  



Results 

 55 

III. Results 

1. Standardization of the MCA occlusion model 

To validate the MCA occlusion (MCAo) model, a standardization procedure was carried out. To 

do so, animals were subjected to one hour of MCAo followed by 24 hours of reperfusion. Thereafter, 

animals were sacrificed, and the infarct volume was analyzed.  

 
Figure 14: Distribution and size of cerebral infarct by MCA occlusion. C57BL/6 mice were subjected to one hour of MCA 

occlusion with a reperfusion time of 24 hours. A) Regional cerebral blood flow after MCA occlusion. B) Neurological 

deficits before reperfusion assessed by the Bederson test. C) Consecutive cresyl violet stained brain sections from one 

mouse sacrificed 24 hours after MCAo. The infarct remains unstained (white area). D) Infarct volume 24 hours after 

one-hour MCA occlusion. E) Rostrocaudal distribution of the infarct area. Data are given as means ± SD of 10 

independent experiments. 

The regional cerebral blood flow was monitored during surgery. A flow reduction by 80-90% 

indicated the correct placement of the filament and was therefore used to verify successful MCA 

occlusion (Figure 14A). Shortly before reperfusion, neurological deficits are determined via the 

Bederson score test as another indication for the induction of ischemia (Figure 14B). Histological 

analysis of the stained sections showed that infarcts were evenly distributed along the rostrocaudal 

axis in C57BL/6 animals (Figure 14E). The infarct volume was approximately around 80 mm3 (Figure 
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14D). These data indicate that the MCAo model could be carried out reliably in a standardized 

manner. 

2. Adhesion of leukocytes to cerebral vessels following ischemic stroke 

The inhaled nitric oxide experiments were performed after the standardization of the MCA 

occlusion model. Therefore in vivo two-photon microscopy was used for visualizing and tracking 

immediate temporal and spatial leukocyte-endothelial interactions (LEI) after stroke. 

 

 
Figure 15: Rolling behavior of Rhod6G+ cells (leukocytes) after MCAo in cerebral venules.  

A) Rolling leukocytes along the wall of cerebral venules five hours after sham surgery (left), reperfusion (center) or 

reperfusion and iNO (right) (scale bar = 10 µm); leukocytes and plasma stained with Rhodamine 6G (magenta) and FITC-

dextran (cyan), respectively. B) Quantification of rolling of leukocytes onto the vascular endothelium. C) Quantification 

of leukocyte rolling in different areas of the ischemic territory. MCAo vs. sham or iNO: *p < 0.05, **p < 0.01, ***p < 

0.001, Kruskal-Wallis test.  Data are given as means ± SD of n=4-8. 

No rolling leukocytes were observed in the sham group. However, a ten-fold increase of rolling 

Rhod6G+ cells was observed in venules of the ischemic hemisphere compared to the same 

hemisphere of sham-operated mice or the non-ischemic contralateral hemisphere (Figure 15B). 

Administration of iNO reduced the number of rolling leukocytes to control levels (Figure 15B). A 

closer look into the different areas of the ischemic territory revealed a rise of rolling cells in all 
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investigated regions, including normally appearing tissue outside the ischemic penumbra (Figure 

15C).  

The next step in the process of LEI after rolling along the vessel wall is the firm adhesion of 

immune cells to the endothelium. Rhod6G+ cells were defined as “adherent” when stationary for at 

least five minutes. 

 
Figure 16: Adhered Rhod6G+ cells in venules and capillaries five hours after reperfusion. A) Representative images 

of adhered leukocytes (magenta) and cerebral vasculature (cyan) (scale bar = 50 µm) B) Quantification of the total 

number of adhered leukocytes to the endothelium, and C) quantification of adhered leukocytes in different areas of the 

ischemic territory. MCAo vs. sham or MCAo vs iNO: *p < 0.05, one-way ANOVA. Data were given as means ± SD of n=4-

8. 
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Investigation of sham-operated animals revealed a physiological adhesion of on average four 

leukocytes per 0.39 mm3. The number of adhered leukocytes increased significantly five hours after 

reperfusion in the stroked hemisphere with up to 12 leukocytes per 0.39 mm3 compared to sham 

animals. MCAo resulted in a three-fold increase of leukocytes (12 cells/ 0.39 mm3). iNO resulted in 

a three-fold decrease in adhered leukocytes following reperfusion (4 cells/ 0.39 mm3). Another 

group of mice was used to investigate LEI in the contralateral hemisphere after stroke. The amount 

of adhered leukocytes in the contralateral side of the stroked animals reached an average of 6 cells 

per 0.39 mm3, which shows that stroke induction did not affect the basal adhesion at the 

contralateral hemisphere (Figure 16B).  

Adhesion stayed high in other ROIs such as stroke core, penumbra, or normal tissue after MCAo 

and diminished with iNO application (Figure 16C). 

 

 
Figure 17: Adhered Rhod6G+ cells distribution five hours after reperfusion. Representative image of adhered 

cerebral vasculature (cyan) and quantification of leukocyte adhesion from the cortical surface to a depth of 400 µm 

(scale bar = 50 µm). Data were given as means ± SD of n=8. 

Depth distribution analysis of adhered leukocytes revealed that the adhesion was more 

pronounced close to the cortical surface and decreased through the parenchyma (Figure 17). 

To exclude implications of iNO on physiological parameters, the hemodynamics and vascular 

diameter were quantified in the three-dimensional (3D) two-photon images. The vital parameters 

were continuously monitored through the femoral catheter and recorded. 
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Figure 18: Physiological parameters during in vivo imaging. A) Venous blood flow velocity was measured in vivo by 

performing a line scan and dividing the traveled distance of erythrocytes (µm) by the respective traveled time (msec.). 

B) Diameter of venules and capillaries was measured in a randomly chosen vessel from the 3D two-photon images with 

ImageJ. C) Vital parameters were measured and monitored throughout the entire surgery via LabChart software. D) 

Blood sample was measured with a blood gas analyzer. Data were given as means ± SD (A and B) or SEM (C), n=8.  

No significant variations were detected regarding the blood flow velocity in cerebral venules five 

hours after reperfusion in animals with or without iNO administration (Figure 18A). MCAo did not 

cause vasoconstriction in cerebral venules or capillaries compared to sham-operated animals. 
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Additionally, iNO had no aberrant vasodilation effect upon application (Figure 18B). No alterations 

in blood pressure, exhaled carbon dioxide (end-tidal pCO2), oxygen saturation (O2), and temperature 

were observed in any of the experimental groups (Figure 18C).  

 

To investigate circulating immune cells after stroke, peripheral blood was collected by cardiac 

puncture, and leukocyte subsets were quantified by FACS analysis. 

 

 
Figure 19: Immune cell population counts in blood in naive mice after sham surgery or MCAo. Myeloid cells were 

isolated five hours after reperfusion and analyzed by flow cytometry. A) Flow cytometry gating strategy to analyze 

immune cells in the blood. B) Quantification of Ly6G high (neutrophils) and Ly6C high (monocytes) cells. Naive vs. sham 

and MCAo vs. sham or MCAo + iNO: *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA test. Data are given as means 

± SD of n=5-10. 

Sham-operated animals showed a significant increase in circulating monocytes and neutrophils 

compared to naive animals (Figure 19B). Monocytes decreased after MCAo, and this effect could be 

reversed by iNO (Figure 19B). 

3. Cytokine levels after MCA occlusion and inhaled NO treatment 

Pro-inflammatory cytokines are small, secreted proteins that play a key role in the up-regulation 

of inflammatory processes in the peripheral and central nervous system. IL-1β, TNF-α, and IL-6 are 

among the first cytokines to be elevated, thus initiating the inflammatory cascade. In the current 

study, cytokine levels were analyzed in naive mice or five hours after stroke or sham surgery both 

in the brain and peripheral blood. 
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Figure 20: Pro-inflammatory cytokine levels in peripheral blood. Quantification of plasma A) IL-6 and B) TNF-α levels 

assessed by ELISA five hours after reperfusion. Naive vs. sham and MCAo vs. sham or MCAo + iNO: *p < 0.05, **p < 0.01, 

Kruskal-Wallis test (IL-6) or one-way ANOVA test (TNF-α).  Data are given as means ± SD of n=6-8. 

IL-6 plasma levels were almost undetectable in naive mice and were significantly elevated by up 

to 300-fold following sham surgery. MCAo did not cause any further significant increase (Figure 

20A). Plasma TNF-α levels were detectable in naive mice and showed a tendency towards higher 

levels following sham operation and MCAo. iNO application significantly reduced plasma TNF-α 

levels to naive values (Figure 20B). 

 

 
Figure 21: Pro-inflammatory cytokine levels in the cerebral cortex five hours after reperfusion. Quantification of A) IL-

1β, B) IL-6, and C) TNF-α mRNA expression levels in brain hemispheres of sham, MCAo, and iNO mice measured by 

quantitative real-time PCR with Gapdh as a housekeeping gene. MCAo vs. sham or MCAo + iNO: *p < 0.05, **p < 0.01, 

***p < 0.001, one-way ANOVA test. Data are given as means ± SD of n=6-8. 

Low levels of pro-inflammatory cytokines were detected in sham-operated animals and the 

contralateral hemisphere of animals subjected to MCAo five hours after reperfusion. In contrast, 

pro-inflammatory cytokines were massively upregulated up to several thousand times after stroke 
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(Figure 21; red dots). Application of inhaled NO significantly decreased IL-1β, Tnf-α, and IL-6 mRNA 

expression levels after MCAo by 50-70% (Figure 21; cyan dots). 

Due to its importance in disrupting the BBB after ischemia, MMP-9 expression was investigated 

in the ischemic hemisphere and plasma five hours after reperfusion by qPCR and ELISA, respectively. 

 

 
Figure 22: MMP-9 levels and expression in blood and brain. A) Plasma MMP-9 levels of naive, sham, MCAo, and 

MCAo + iNO mice were assessed by ELISA. B) Quantification of MMP-9 mRNA expression levels determined in brain 

hemispheres of sham, MCAo, and MCAo + iNO mice by quantitative real-time PCR with Gapdh as a housekeeping gene. 

Data are given as means ± SD of n=4-7. 

Plasma MMP-9 levels showed no changes in any group after stroke (Figure 22A). The only 

tendency towards elevated MMP-9 expression was observed in the ischemic core, i.e., in the 

striatum, of the infarct. iNO application reduced MMP-9 mRNA expression in the striatum to sham 

levels (Figure 22B). 

4. Adhesion molecule expression upon stroke induction 

Endothelial cells  

  The next step was to investigate whether the stroke-induced increase in pro-inflammatory 

cytokines affects the expression of adhesion molecules such as selectins (P- and E- selectin) and 

integrin ligands (ICAM-1 and VCAM-1) in the ischemic brain since these molecules mediate rolling 

and firm adhesion of immune cells to the vascular wall of post-capillary venules. 
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Figure 23: Adhesion molecule expression in the brain. Expression levels of A-B) selectins and C-D) integrin ligands were 

determined in cerebral cortex hemispheres of sham, MCAo, and MCAo + iNO mice five hours after reperfusion by 

quantitative real-time PCR with Gapdh as a housekeeping gene. MCAo vs. sham or MCAo + iNO: *p < 0.05, **p < 0.01, 

Kruskal-Wallis (selectins) or one-way ANOVA (integrin ligands). Data are given as means ± SD of n=6-8.  

The mRNA expression of all adhesion molecules significantly increased by up to seven-fold five 

hours after stroke induction. Treatment with iNO after stroke did not change the expression levels 

of E- and P-selectins (Figure 23A-B) however, ICAM-1 mRNA expression was significantly reduced in 

comparison to the MCAo group (Figure 23C). VCAM-1 mRNA expression levels were also reduced by 

about 50% upon iNO application however, this reduction did not reach statistical significance (Figure 

23D). 

To instigate whether the changes of ICAM-1 expression observed on the mRNA level translate to 

protein expression, we isolated brain vessels and performed immunohistochemistry and western 

blot analysis. 
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Figure 24: ICAM-1 expression in isolated brain vessels. A) Representative immunofluorescence confocal images of 

isolated brain vessels. Arterioles, capillaries, and venules were differentiated due to their thickness and expression of 

alpha-smooth muscle actin (α-SMA). (Scale bar = 20 µm) B) Quantification of ICAM-1 pixel intensity in isolated cerebral 

vessels, normalized to Col-IV expression, depicted as percentage of the contralateral hemisphere. (Dots represent 

selected ROIs) C-D) Western blots and quantification of ICAM-1 from isolated vessel specimens, where β-actin was used 

as a housekeeping protein. Data are given as means ± SD of n=4-6. 
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Using α-SMA as a marker, we could nicely differentiate arterioles (strong staining) from venules 

(no staining; Figure 24A). Collagen-IV and ICAM-1 were expressed at a higher level in venules 

however, when correcting for Col-IV expression and comparing results to vessels isolated from the 

contralateral non-ischemic hemisphere, we did not observe a difference in ICAM-1 intensity 

between experimental groups (Figure 24B). These results were corroborated by Western blot 

analysis (Figure 24D). These results were quite surprising since not even an increase of ICAM-1 

expression after ischemia, which is evident by PCR analysis, could be demonstrated on the protein 

level.  

Leukocytes 

Circulating immune cells also contain the counterpart of adhesion molecules on endothelial cells. 

To analyze this, circulating myeloid cells were isolated from the blood and analyzed for expression 

changes by flow cytometry following stroke and iNO application. 
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Figure 25: Adhesion molecule markers on circulating leukocytes five hours after reperfusion. A) Representative 

gating strategy for flow cytometry analysis. Quantification of B) Ly6G high (neutrophils) and C) CD11b high (monocytes) 

cells and their surface adhesion molecule presentation. Naive vs. sham: *p < 0.05, Kruskal-Wallis test. Data are given as 

means ± SD of n=3-7. 

CD18 and PSGL-1 were already upregulated by sham surgery, and neither MCAo nor MCAo + iNO 

affected this increase. The same was observed for CD49d, however, on a much lower level (Figure 

25).  
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5. NO signaling after cerebral ischemia 

To analyze the endogenous NO production machinery (see Figure 5), NOSs, the NO receptor sGC, 

the sGC product cGMP, and PKG protein expression were analyzed in brain hemispheres and 

isolated brain vessel specimens.   

 

 
Figure 26: NOS mRNA levels in brain tissue. Quantification of A) eNOS and B) nNOS mRNA levels in cerebral cortex 

hemispheres of sham, MCAo, and MCAo + iNO mice five hours after reperfusion by quantitative real-time PCR with 

Gapdh as a housekeeping gene. Data are given as means ± SD of n=6-7.  

Both eNOS and nNOS mRNA expression levels showed a tendency towards an increase after 

stroke induction by about 50% (Figure 26A and B; n.s.). Inhaled NO lowered eNOS mRNA expression 

to almost sham levels (Figure 26A) but did not affect nNOS mRNA expression (Figure 26B). Inducible 

NOS could not be detected in any of the groups in this early phase after stroke (data not shown). 
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Figure 27: NO downstream molecule expression. A-B) cGMP levels in lung and brain hemisphere samples, measured 

by ELISA five hours after reperfusion. mRNA expression of C-D) sGC and E-F) PKG in cerebral cortex hemispheres of 

sham, MCAo, and MCAo + iNO mice five hours after reperfusion by quantitative real-time PCR with Gapdh as a 

housekeeping gene. G) Representative western blot images and quantification for H) sGC and I) PKG protein expression 

in isolated vessel samples with β-actin as housekeeping protein. MCAo vs. sham or iNO: *p < 0.05, one-way ANOVA.  

Data are given as means ± SD of n=4-8. 

Next, downstream molecules of NO were analyzed. Sham-operated animals showed a significant 

increase of cGMP in the lung, whereas neither stroked nor iNO treated animals exhibited changes 

in the lung (Figure 27A). Cerebral cGMP levels displayed no changes in sham compared to naive 

animals. A significant decline was present in brain tissue after MCA occlusion that could be increased 

to sham values by inhaled NO (Figure 27B). 

Quantitative gene expression analysis displayed a tendency of decreased sGCα subunit in stroked 

animals compared to sham-operated animals (Figure 27C). Inhaled NO restored sGCα subunit to 

sham levels and even slightly higher (Figure 27C). On the contrary, the β-subunit of sGC presented 

no significant changes between the different experimental groups (Figure 27D). PKGα subunit was 
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significantly increased in stroked compared to sham-operated animals (Figure 27E). Furthermore, 

no changes could be revealed by applying iNO (Figure 27E). Apart from that, the β-subunit of PKG 

was not different between experimental groups (Figure 27F).  

 Isolated cerebral vessels of stroked animals reveal no alterations in the sGC (Figure 27H) nor PKG 

(Figure 27I) protein amount compared to sham animals. Likewise, the application of inhaled NO had 

no impact on the protein expression of sGC and PKG quantity in endothelial cells (Figure 27G-I). 

 

The NF-κB is a ubiquitously expressed transcription factor, activated by diverse immune-

stimulatory ligands activating gene expression of cytokines, cell adhesion molecules, 

immunoreceptors, and others. Therefore, the transcriptional activity of NF-κB is tightly regulated to 

maintain homeostasis. IκBα is itself an NF-κB target gene and contributes to the inhibition of NF-κB 

signaling in a negative feedback loop. Another inhibitor of NF-κB is the A20 deubiquitinase.  

 

 
Figure 28: Inhibitory molecules of the NF-κB signaling pathway. Quantification of A) IκBα and B) A20 mRNA levels 

in cortical hemispheres of sham, MCAo, and MCAo + iNO mice five hours after reperfusion by quantitative real-time PCR 

with Gapdh as a housekeeping gene. Data are given as means ± SD of n=7-9.  

Cortical homogenates of stroked animals indicated a tendency towards an increased IκBα expres-

sion (Figure 28A). A similar trend was observed for the expression of A20 (Figure 28B). Giving inhaled 

NO to stroked animals did not significantly change IκBα or A20 expression. 
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6. NO metabolites after inhalation 

NO can be oxidized to nitrite (NO2
-) and nitrate (NO3

-). These metabolites serve as storage forms 

of NO in mammals. 

 
Figure 29: Nitrite and nitrate levels after stroke induction. Nitrite and nitrate measurement in A+D) lung and brain, 

B+C) in plasma and urine collected four hours after reperfusion and analyzed by a chemiluminescent assay. MCAo vs. 

sham or MCAo + iNO: *p < 0.05, ***p < 0.001 one-way ANOVA. Data are given as means ± SD of n=4-10. 

No alterations in nitrite/nitrate levels in lung and plasma were observed after stroke. iNO 

supplementation did not affect the nitrite levels, whereas the nitrate levels significantly increased 

in the lung (Figure 29A). However, iNO substantially boosted the nitrite and nitrate amount in 

plasma by almost two times and four times, respectively (Figure 29B). Brain levels of NO metabolites 

revealed no changes in stroked or iNO treated mice (Figure 29D). If not transformed, NO metabolites 

are eliminated via renal excretion, which is shown by the high concentration of nitrite and nitrate in 

the urine of NO-treated rodents (Figure 29C). 
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IV. Discussion 
Stroke initiates a complex molecular and cellular cascade that eventually contributes to ischemic 

tissue injury. The primary event after the arterial occlusion is hypoperfusion, which reduces glucose 

and oxygen availability in the brain. Lack of ATP results in tissue acidosis, loss of neuronal membrane 

potential, and high extracellular potassium and glutamate concentrations leading to excessive 

stimulation of neurons and subsequent damage or death of previously unaffected neuronal tissue.86 

Secondarily, cell lysis triggers post-ischemic inflammation, which starts with the activation of local 

inflammatory cells, release of pro-inflammatory cytokines and chemokines, and is followed by the 

recruitment of blood leukocytes through cerebral vessels, a process believed to contribute to 

ischemic brain injury.23 Since strategies of neutralizing key pro-inflammatory cytokines (TNF-α, IL-

1β, and IL-6) are successfully used in patients suffering from non-neurological inflammatory 

diseases,106,211,212 pharmacological interventions targeting inflammation may also have a 

therapeutic potential after stroke.213  

Among others, one potential strategy to treat cerebral ischemia is to address the NO-sGC-cGMP 

pathway. NO dilates cerebral vessels, and lack of NO after cerebral ischemia may lead to 

vasoconstriction and additional brain damage. To avoid systemic side effects, NO was previously 

applied by inhalation (iNO) and was proven to restore vascular function following small and large 

animal models of ischemic stroke, traumatic brain injury, and brain trauma.196-198,200,202  

In addition to its vasoactive properties, NO is also known to have anti-adhesive properties.204 

Therefore, we hypothesized that inhalation of NO might reduce the interaction of leukocytes with 

the cerebrovascular endothelium, thereby providing neuroprotection after focal cerebral ischemia. 

In this project, we demonstrated that iNO has anti-adhesive effects following ischemic stroke and 

reduces leukocyte adhesion in the cerebral vasculature after cerebral ischemia (Figure 15). Our 

study indicates that iNO causes a strong inhibition of leukocyte-endothelial interaction five hours 

after reperfusion in vivo (Figure 16). Deep brain two-photon microscopy made it possible to 

investigate that iNO reduced leukocyte rolling and adhesion to pre-ischemic levels in the living 

animal. 

Former studies in non-neuronal tissues have shown that inhibition of NO production by 

pharmacological or genetic inhibition of NOS induces leukocyte adhesion.204,214-216 Conversely, 

restoration of NO availability reduced leukocyte adhesion in the setting of ischemia/reperfusion 

injury in various organs.204,207 Extension of these experimental results into the clinical scenario 

confirmed the anti-inflammatory potential of iNO. Patients who underwent knee surgery requiring 
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a tourniquet showed attenuated inflammatory effects by administering iNO for the duration of the 

surgery.217 Additionally, iNO given during or after either liver or heart transplantation reduces 

inflammation and improved clinical outcome.184,197 The anti-adhesive effect is further supported by 

an increase in the amount of circulating immune cells, predominantly monocytes, upon iNO 

treatment, which indicates that fever cells adhered to the vasculature of the inflamed organ, an 

observation also made in the current study (Figure 19). 

NO's anti-adhesive effects were predominantly seen in capillaries and venules, as hypoperfusion 

has a much more substantial impact in those vessels due to an artery-to-vein oxygen gradient. A 

shift of hemoglobin deoxygenation towards arterioles under hypoxic conditions supports the notion 

that NO also inhibits leukocyte-endothelial interaction in arterioles.218,219  

Many therapeutic strategies that increase NO's availability rely on the systemic application of NO 

precursors and have systemic side effects, such as systemic hypotension.182 In contrast, NO 

inhalation has been shown to result in NO bioavailability exclusively in hypoxic-ischemic tissue 

without any effects on systemic hemodynamic effects.200,205,207 These findings were corroborated in 

the current study (Figure 18): the recorded physiological data after iNO suggest that no adverse 

systemic effects are present. Thus iNO may represent a preferable route of administration, 

especially in diseases where systemic hypotension is unfavorable. 

 

After observing reduced leukocyte adhesion following application of iNO to mice subjected to 

ischemic stroke in vivo, we aimed to investigate the underlying mechanisms. NO's anti-adhesive 

properties are related to transcriptional regulation of adhesion proteins on endothelial cells. 

Investigating transcriptional regulation of adhesion proteins, we found diminished de novo synthesis 

of messenger RNA (mRNA) for ICAM-1 and VCAM-1 in the cerebral cortex of ischemic mice treated 

with iNO (Figure 23), findings also observed by others in other disease models and non-neuronal 

organs.220-226 This reduction of adhesion molecules is a good explanation of how iNO prevents 

leukocyte interaction with the endothelium and blocks leukocytes' transmigration into ischemic 

brain tissue.  

In contrast to ICAM-1 and VCAM-1, molecules that promote firm adhesion, E- or P-selectin mRNA 

levels were not affected by iNO application (Figure 23). These results are controversial as other 

studies have observed a decline of selectins by NO.225-227 These discrepancies may be due to 

differences in timing and duration of the application of agonist/antagonist, as well as the 

physiological condition of the investigated animals. 225-227 It seems like iNO effects rolling in vivo 

without altering the expression level of selectins. As leukocyte transmigration represents a dynamic 
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process, ICAM-1 also has a role in the rolling step, therefore iNO could reduce in vivo rolling via 

ICAM-1 down-regulation.222,225  

The NF-κB pathway controls the transcriptional regulation of adhesion proteins and pro-

inflammatory genes. Under physiological conditions, the protein is kept inactive in the cytosol via 

the inhibitory protein IκBα. The activation of cytokine receptors initiates the degradation of IκBα, 

thereby enabling NF-κB to translocate into the nucleus and to activate gene transcription.228,229 S-

nitrosylation via NO contributes to the inactivation of the NF-κB signaling pathway. The term S-

nitrosylation is used to attach a NO group to the thiol group of the amino acid cysteine to form an 

S-nitrosothiol (SNO). Studies indicated that under basal conditions Iκκβ and p65, two important 

molecules of the canonical NF-κB activation cascade, can be S-nitrosylated, thereby keeping NF-κB 

in its inactive state.230,231 Investigations revealed that inhibition of NO activity by ODQ (soluble 

guanylate cyclase inhibitor, primary NO receptor in the cytoplasm) activates NF-κB signaling, 

whereby stimulation of NO production had the opposite effect.230,232,233 In line with these findings, 

we demonstrate in the current study that transcriptional levels of IκBα were reduced to near pre-

ischemic conditions via inhalation of NO (Figure 28A). Additionally, we observed an increase of A20, 

another intrinsic NF-κB inhibitor protein, upon iNO administration (Figure 28B). The importance of 

A20 for maintaining nervous tissue homeostasis, preventing apoptosis, and downregulating 

inflammation has been shown previously.234-238 

Another fast-inflammatory response that induces leukocyte adhesion is mediated through 

membrane clustering rather than transcriptional mechanisms. Under physiological conditions, the 

endothelial plasma membrane expresses only low levels of adhesion proteins. Upon inflammatory 

stimulation, adhesion proteins cluster within the cell membrane to increase their affinity for 

leukocytes integrins without the necessity to increase expression.239,240 Small transmembrane 

proteins called tetraspanins connect to ICAM-1 and VCAM-1 to enable them to form clusters. 

Protein kinase C zeta (PKCz) additionally regulates ICAM-1 pooling. Stimulation via TNF-α showed to 

activate and translocate PKCz to the plasma membrane and to phosphorylate ICAM-1.239-241 A study 

also suggests that VCAM-1 is transported from an intracellular pool to the endothelial surface after 

treatment with TNF-α.242 In the current study, the protein expression for ICAM-1 was not changed 

upon iNO application (Figure 24). Many reports demonstrate that, next to its effects on NF-κB 

signaling, NO plays an important role in adhesion molecule transport and clustering.243 

Furthermore, eNOS prevents ICAM-1 clustering mediated by Src phosphorylation in endothelial 

cells.244,245 In the current study, we did not detect any alterations of ICAM-1 expression on the 

protein level in isolated cerebral vessels isolated from iNO treated mice. Thus, the observed 
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reduction in leukocyte adhesion upon iNO might indeed is mediated by reduced clustering rather 

than reduced protein expression.   

 

We investigated NOS expression in our experimental paradigm since iNO may have also affected 

endogenous NO production by NO synthases. Exogenous application of NO via inhalation following 

MCAo lowered eNOS expression to pre-ischemic conditions, whereas nNOS mRNA expression was 

increased (Figure 26). Possible mechanisms are the S-nitrosylation-induced inhibition of NF-κB 

activation by iNO. Under physiological conditions, NO derived from eNOS localized in the Golgi 

apparatus and neighboring caveolae inhibits NF-κB activation.243,246,247  Activation of NF-κB signaling 

through a brief period of ischemia may thus activate eNOS expression, which is then restored by 

iNO though increased S-nitrosylation.248,249  

 

Genetic deletion of iNOS indicated that NO from this source is responsible for the inhibition of 

NF-κB via nitrosylation in models of lung inflammation and colitis.250,251 This could not be confirmed 

for the ischemic brain since no iNOS expression could be detected in the current study. The most 

likely reason is the relatively early time point of the investigation, which did not allow iNOS to be 

upregulated, as also suggested by others.170  

 

This compares to contradictory investigations. One study reported that the NF-κB inactivation 

depends on NO concentrations beyond those reached by iNOS expression.252 Another study in 

human vascular aortic smooth muscle cells demonstrated that NO is required for enhancing ICAM-

1 expression if NOSs are unspecifically inhibited before LPS administration.253 Overall, these results 

suggest that NF-κB activation or inhibition depends on the duration of inflammatory stimulation, 

the amount of NO, and where it originated. In summary, short-term inflammatory stimuli and 

optimal endogenous NO concentrations via eNOS inhibits adhesion molecule expression. The higher 

nNOS levels in the iNO treated group (Figure 26B) suggests a possible neuromodulatory role of nNOS 

after stroke. But so far, no data has indicated a connection between NF-κB and nNOS activation. 

Suggesting that exogenous restoration of NO levels creates homeostatic conditions in cerebral 

endothelial cells by inactivating the NF-κB signaling pathway and further NO production in the 

endothelium via eNOS was not needed. This is also substantiated by the decrease in cytokine (IL-1β, 

IL-6, and TNF-α) mRNA levels following iNO application which are also under the control of NF-κB 

signaling (Figure 21).  
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A further target regulated by NO is the protein expression on leukocytes, which are the 

counterparts of the adhesion molecules on endothelial cells. In this project, there was a tendency 

for CD49d (counterpart of VCAM-1) to be set to pre-ischemic levels upon iNO application following 

stroke (Figure 25). CD18 (counterpart of ICAM-1) expression, on the contrary, was not altered by 

iNO (Figure 25). Some studies point to the ability of NO to inhibit CD18.217,254-256 The mechanism of 

action, however, is still unknown. One study suggests that CD18 inhibition on neutrophils through 

NO is linked to the activity of membrane-bound guanylate cyclase on the leukocytes.254 That binding 

inhibits the conformational change of CD18 and hinders the binding to its counterpart ICAM-1 on 

the endothelium. Another study suggests a multifaceted series of events are responsible for the 

inhibition via the cytoskeleton of neutrophils.256,257 Thus, despite some evidence from the literature, 

adhesion molecules on leukocytes do not seem to be the primary targets responsible for the 

observed anti-adhesive effect of iNO. Further research will need to address this point in more detail.  

  

The route of NO application through the pulmonary circulation raises the question of whether 

NO reaches the desired location, in this case, the brain. Inhaled NO´s vascular action has been shown 

to extend beyond the former suggested pulmonary circulation by forming NO carriers involving 

nitrite, nitrate, or S-nitrosothiols (hemoglobin, cysteine, glutathione, albumin).204,258,259 The increase 

of nitrite and nitrate in the circulating blood (Figure 29B) is consistent with this concept and has 

been supported by other studies using iNO and suggests that these intermediates, alone or 

together, may contribute to the observed neuroprotective effects of NO. In the presence of 

oxygenated hemoglobin, nitrite is known to be quickly oxidized to nitrate, explaining the much 

higher nitrate levels in the blood, also seen in the current study (Figure 29B).152 Under conditions of 

reduced tissue oxygenation and acidosis seen in cerebral ischemia, NO is locally generated and 

released directly from the heme group along with oxygen, S-nitroso-albumin, or nitrite reduction. 
259,260 Thus, iNO can execute its endogenous vasodilator effect beyond the pulmonary compartment, 

where it is already successfully established as therapeutic for pulmonary hypertension, to reach the 

cerebral vasculature and rescue the ischemic penumbra by increasing collateral blood flow.200 

 

After being sufficiently confident that inhaled NO exerts NO activity in the brain, it would be 

interesting to know whether iNO activates the NO-sGC-CGMP signaling pathway in brain tissue. On 

the transcriptional level, iNO restored sGCα to pre-ischemic conditions, whereas sGCß was not 

altered (Figure 27C/D). Hence, iNO prevented the degradation of the central cGMP-forming enzyme 

that loses its function post-stroke due to reducing the sGCα subunit.181,261,262 By preserving sGC 
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function, iNO was also able to restore cGMP levels after stroke (Figure 27B/I). Of note, iNO also 

maintained PGK function, a molecule with strong neuroprotective properties following ischemic 

stroke.263 Hence, iNO did not only suppress pro-inflammatory upregulation of adhesion molecules 

but also restored neuroprotective signaling via the sGC-cGMP signaling pathway. 

 

Despite the suggested positive characteristics of iNO, potential side effects should also be 

considered. In the presence of high oxygen concentrations, NO is oxidized to nitrogen dioxide that 

further reacts with superoxide to generate peroxynitrite. This can cause damage to a wide range of 

molecules such as DNA and proteins.264 This can be overcome by applying only low NO 

concentration by inhalation of 50 ppm or below in combination with physiological oxygen 

concentrations. Therefore, under clinical conditions which require high concentrations of inspired 

oxygen rather than NO donors, then iNO should be applied.265 Additionally, NO may also react with 

oxyhemoglobin, thereby forming methemoglobin, a form of hemoglobin that cannot bind and 

transport oxygen. Usually, this problem is of minor importance since reductases in red blood cells 

cleave met-hemoglobin efficiently. Nevertheless, patients receiving iNO should be monitored for 

methemoglobinemia. This is especially true for pediatric patients who express only low levels of 

met-Hb reductase.266  

A promising approach to circumvent potential adverse effects of inhaled NO is the use of 

nanocarriers. In a rodent stroke model, nanoparticles loaded with L-arginine achieved a rapid 

targeting of the stroke lesion with the guidance of a magnetic field. This resulted in a local NO 

production that prompted vasodilation, recovery of blood flow, and reperfusion of the 

microvasculature.267    

There is ample evidence that inflammatory processes contribute to injury formation following 

cerebral ischemia. The current study demonstrates that inhaled NO inhibits leukocyte adhesion and 

suppresses pro-inflammatory signaling within the brain parenchyma next to its vasoactive function. 

Thus, iNO influences multiple stroke-related pathophysiological pathways and may therefore 

represent a promising novel and safe therapeutic approach worth to be evaluated for therapeutic 

efficacy in stroke patients. 
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Figure 30: Graphical abstract of key findings regarding stroke and inhaled nitric oxide. These findings demonstrate 

that inhaled NO is transported through nitrite/nitrate to the site of inflammation, where it inhibits leukocyte-endothelial 

interaction, pro-inflammatory cytokines and restores cGMP levels in the brain tissue reducing vascular inflammation 

following ischemic stroke. (created with BioRender.com) 
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V. Appendix 

1.  Abbreviations 

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

AMPK AMP-activated protein kinase 

Aß ß-amyloid  

ATP adenosine triphosphate 

BBB blood-brain barrier 

BCA bicinchoninic acid 

BSA Bovine serum albumin 

CaM calmodulin 

CaMKII calmodulin-dependent protein kinase II 

CCA common carotid artery  

cGMP guanosine 3ʹ,5ʹ-cyclic monophosphate  

CNS central nervous system  

DAMP danger-associated molecular patterns 

DTT Dithiothreitol 

ECA external carotid artery  

EDFR endothelium-derived relaxing factor 

EDTA Ethylenediaminetetraacetic acid 

ELISA Enzyme-linked immunosorbent assay 

eNOS endothelial nitric oxide synthase 

ENOS efficacy of nitric oxide in stroke trial 

ETCO2 End-tidal carbon dioxide  

FAD flavin adenine dinucleotide 

FITC fluorescein isothiocyanate 

FMN Flavin mononucleotide 

GMP guanosine monophosphate 

GTP guanosine 5ʹ-triphosphate  

HCl hydrochloric acid  

HMGB1 high-mobility group protein1 

Hsp90 heat shock protein 90 
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ICA internal carotid artery 

ICAM-1 intercellular adhesion molecule 1  

IF Immunofluorescence 

Ig immunoglobulin 

IL-1ß interleukin-1ß 

IL-6 interleukin-6 

INFγ interferon-γ  

iNO inhaled nitric oxide 

iNOS inducible nitric oxide synthase 

JAM junctional adhesion molecule 

LFA-1 lymphocyte function-associated antigen 1 

LPS lipopolysaccharide 

Mac-1 macrophage-1 antigen 

MCAo middle cerebral artery occlusion  

MEM minimum essential medium 

MMP matrix metalloportease 

mRNA messenger RNA 

mtDNA mitochondrial DNA  

NAPDH nicotinamide adenine dinucleotide phosphate  

NF-κB nuclear factor kappa B  

NMDA N-methyl-D-aspartate receptor 

nNOS neuronal nitric oxide synthase 

NO Nitric oxide 

NO2 nitrite 

NO3- Nitrate 

NOD nitric oxide donors  

NOS nitric oxide synthase  

PAGE Polyacrylamide gel electrophoresis  

PBS Phosphate-buffered saline 

PDE phosphodiesterase 

PFA paraformaldehyde 

PKA protein kinase A  

PKG Protein kinase G  
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pO2 peripheral oxygen  

PSGL-1 P-selectin glycoprotein ligand-1 

PVDF Polyvinylidene fluoride 

qrt-PCR Quantitative real-time PCR  

rCBF regional cerebral blood flow 

RIGHT Rapid Intervention with GTN in Hypertensive stroke Trial  

ROCK Rho kinase  

ROI regions of interest 

qRT-PCR Reverse transcription-polymerase chain reaction  

SAH subarachnoid hemorrhage  

SD Standard deviation 

SDS sodium dodecyl sulphate 

sGC soluble guanylate cyclase  

TBI traumatic brain injury  

TEMED Tetramethylethylendiamine 

TLR toll like receptors 

TNF-α tumor necrosis factor-α  

tPA tissue-type plasminogen activator 

Tris-HCL tris(hydroxymethyl)aminomethane- hydrochloric acid 

VCAM-1 vascular cell adhesion molecule 1 

VEGF vascular endothelial growth factor 

VLA-4 very late antigen-4  

WB Western blotting 
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2. Equipment and consumables 
Equipment (Catalogue #) Manufacturer 

Axio Imager M2 inverted microscope Carl Zeiss, Oberkochen, Germany 

Blood gas analyzer Rapidlab 348  Siemens, Munich, Germany 

Capnograph Type 340 Hugo Sachs Elektronik, March, Germany 

Centrifuge 5810 R Eppendorf, Hamburg, Germany 

Centrifuge Avanti J25 Beckmann-Coulter, Brea, CA, USA 

Confocal laser scanning microscope LSM 800 Carl Zeiss, Oberkochen, Germany 

Cryostat NX70 Thermo Fisher Scientific, Waltham, MA, USA 

Dental drill Rewatronik, Wald-Michelbach, Germany 

Eclipse TS 100 microscope Nikon, Tokio, Japan 

FACSverse flow cytometer Becton Dickinson, Franklin Lakes, NJ, USA 

Forceps  Fine Science Tools, Heidelberg, Germany 

Freezer -20°C mediLine Liebherr, Kirchdorf an der Iller, Germany 

Freezer -80°C Herafreeze Thermo Fisher Scientific, Waltham, MA, USA 

Fridge 4°C MediLine Liebherr, Kirchdorf an der Iller, Germany 

Fusion FX7 Vilber, Eberhardzell, Germany 

Heater Control Module FHC, Bowdoinham, ME, USA 

Heating Cabinet Scanbur, Karlslunde, Denmark 

iMark Microplate Absorbance Reader Bio-Rad Laboratories, Hercules, CA, USA 

Immersion Objective Plan Apochromat, NA 1.0 Zeiss, Oberkochen, Germany 

ITX Multi-gas monitor Industrial Scientific, Pittsburgh, PA, USA 

Li:Ti laser Chameleon Coherent, Santa Clara, CA, USA 

LightCycler 480 Roche Life Science, Penzberg, Germany 

LSM 7 MP microscope Zeiss, Oberkochen, Germany  

MediHeat Fluid Heating Cabinet Peco Services Ltd, Brough, UK  

Microcentrifuge 5424 R Eppendorf, Hamburg, Germany 

Microvascular clip (# 18055-04) Fine Science Tools, Heidelberg, Germany 

Mini Trans-Blot® Cell Bio-Rad Laboratories, Hercules, CA, USA 

MiniVent Type 845 Hugo Sachs Elektronik, March, Germany 

NanoDrop ND-1000 spectrophotometer PEQLAB, Erlangen, Germany 

Nitric oxide analyzer NOA 280i Analytix, Boldon, UK 

PeriFlux system 5000 Perimed, Järfälla, Sweden 

Power lab system AD Instruments, Sydney, Australia 

Precellys tissue homogenizer  Bertin Instruments, Montigny-le-Bretonneux, France 

Pressure perfusion system Leica Biosystems, Wetzlar, Germany 

Pulse oximeter PhysioSuite PS-03 Kent Scientific, Torrington, CT, USA 

ROCKER 3D digital Ika, Staufen, Germany 
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Stainless Steel Beads, 5 mm Qiagen, Hilden, Germany 

Stereomicroscope Leica M80 Leica Biosystems, Wetzlar, Germany 

Stereotactic instrument David Kopf Instruments, Tujunga, CA, USA 

Thermomixer basic CellMedia, Zeitz, Germany 

TissueLyser LT  Qiagen, Hilden, Germany 

VialTweeter sonicator Hielscher, Teltow, Germany 

Wheaton glass tissue grinder DWK Life Sciences, Wertheim, Germany 

XCell SureLock Mini-Cell Electrophoresis System Thermo Fisher Scientific, Waltham, MA, USA 

 
 

Consumables (Catalogue #) Manufacturer 
96-flat bottom well plate Thermo Fisher Scientific, Waltham, MA, USA 

96-well qRT plate Applied Biosystems, Waltham, MA, USA 

Bovine serum albumin (BSA) Sigma-Aldrich, St. Louis, MO, USA 

CA-Kleber Maxi-Cure Drechseln und mehr, Weiden, Germany 

CD16/CD32 Monoclonal Antibody (#14-0161-81) Thermo Fisher Scientific, Waltham, MA, USA 

Cell strainer (# 352340)  Becton Dickinson, Franklin Lakes, NJ, USA 

Conical tubes Becton Dickinson, Franklin Lakes, NJ, USA 

Cover glass (4x4 mm) Warner Instruments, Holliston, MA, USA 

Cyano Veneer (# 152261) Hager & Werken, Duisburg, Germany  

Eye ointment Bepanthen Bayer AG, Leverkusen, Germany 

Ficoll p400  Sigma-Aldrich, St. Louis, MO, USA 

Fine Polythene Tube (# 10793527) Smiths Medical, Minneapolis, MN, USA 

Hydrogel (# 70-01-1062) Clearh2o, Westbrook, ME, USA 

Immun-Blot® PVDF Membrane (# 1620177) Bio-Rad Laboratories, Hercules, CA, USA 

K3 EDTA tubes (#41.3395.005) Sarstedt, Nümbrecht, Germany 

MaXtract high-density tubes (# 129056) Qiagen, Hilden, Germany 

Minimum essential medium (MEM) Thermo Fisher Scientific, Waltham, MA, USA 

MT B500-0L240 Straight Microtip (# 91-00123) Perimed, Järfälla, Sweden 

Novex Empty Cassettes (# NC2015) Thermo Fisher Scientific, Waltham, MA, USA 

Petri dish (10 cm) Greiner Bio-One, Kremsmünster, Austria 

Precision Plus Protein Standards (#1610373) Bio-Rad Laboratories, Hercules, CA, USA 

Protein LoBind tubes (0.5 mL/ 1.5 mL) Eppendorf, Hamburg, Germany 

Round-Bottom Polystyrene Tubes Corning, Corning, NY, USA 

Scalpel No. 21  Feather, Osaka, Japan 

Serological pipettes (10 mL/ 25 mL) Greiner Bio-One, Kremsmünster, Austria 

Silicone-coated filament (# 701912PK5Re) Doccol Corporation, Sharon, MA, USA 

Silk thread (# 18020-50) Fine Science Tools, Heidelberg, Germany 

Soft tissue homogenizing CK14(# 03961-1-203)  Bertin Instruments, Montigny-le-Bretonneux, France 
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Ssniff  V1534  Ssniff, Soest, Germany 

Super PAP Pen Liquid Blocker (# N71310-N) Science Services, Munich, Germany 

SuperFrost Plus slides Thermo Fisher Scientific, Waltham, MA, USA 

Suture (# SCD-3058G) Covidien, Dublin, Ireland 

Syringe (1 mL) with needle (25G) (# 9166033V) B. Braun, Melsungen, Germany 

TachoSil Takeda Pharmaceutical, Tokio, Japan 

Vasofix® Safety (20G) (# 4269110S-01) B. Braun, Melsungen, Germany 

Vivaspin 500 Centrifugal Concentrators (# VS0192)  Sartorius, Göttingen, Germany  

 

3. Kits 
Kits Manufacturer 

660 nm Protein-Assay (# 22660) Thermo Fisher Scientific, Waltham, MA, USA 

Ionic detergent compatibility reagent (#22663) Thermo Fisher Scientific, Waltham, MA, USA 

Omniscript Reverse Transcription Kit Quick-Start (# 205113) Qiagen, Hilden, Germany 

Pierce BCA Protein-Assay kit (# 23227) Thermo Fisher Scientific, Waltham, MA, USA 

QuantiFast SYBR Green RT-PCR Kit (# 204156) Quanta, Hilden, Germany 

RNase-Free DNase Set (# 79256) Qiagen, Hilden, Germany 

RNeasy Mini kit (# 74106) Qiagen, Hilden, Germany 

4. Chemicals and Reagents  
Chemical/Reagent (Catalogue #) Manufacturer 

Acetone (99.5% for synthesis) AppliChem, Darmstadt, Germany 

Acrylamide/Bis solution, 37.5:1 (30%) SERVA, Heidelberg, Germany 

Ammonium persulfate Sigma-Aldrich, St. Louis, MO, USA 

Bovine serum albumin Sigma-Aldrich, St. Louis, MO, USA 

Buprenorphine Schering-Plough, Kenilworth, NJ, USA 

Carprofen Zoetis, Parsippany, NJ, USA 

DAPI 4ʹ,6-Diamidine-2ʹ-phenylindole dihydrochloride Roche, Penzberg, Germany 

Dithiothreitol (DTT) Sigma-Aldrich, St. Louis, MO, USA 

Ethanol Merck, Darmstadt, Germany 

Eukitt mounting medium (#  03989) Sigma-Aldrich, St. Louis, MO, USA 

Flow Cytometry staining buffer (#00-4222-26) Thermo Fisher Scientific, Waltham, MA, USA 

Fluorescein isothiocyanate (FITC) –dextran (# FD2000S) Sigma-Aldrich, St. Louis, MO, USA 

Fluoromount Aqueous Mounting Medium(#F4680-25ML) Sigma-Aldrich, St. Louis, MO, USA 

Glucose solution B. Braun, Melsungen, Germany 

Immobilon  western HRP substrate Merck, Darmstadt, Germany 

Isoflurane (# 1214) Cp-pharma, Burgdorf, Germany 

Isopropanol  Merck, Darmstadt, Germany 
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Kresylechtviolett für NISSL (#11128.00500) Morphisto, Offenbach am Main, Germany 

 Laemmli sample buffer (4x) Bio-Rad Laboratories, Hercules, CA, USA 

Lidocaine (2%) B. Braun, Melsungen, Germany 

Nitric oxide gas (268 mg/m3) Linde, Dublin, Ireland 

Paraformaldehyd (PFA) 4 % (#11762) Morphisto, Offenbach am Main, Germany 

Phosphate buffered saline (PBS) Klinikum der Universität München, Munich, Germany 

Ponceau S solution Sigma-Aldrich, St. Louis, MO, USA 

QIAzol Lysis Reagent (#79306) Qiagen, Hilden, Germany 

Rhodamin6G (# 252433) Sigma-Aldrich, St. Louis, MO, USA 

Rotihistol (# 6640.1) Carl Roth, Karlsruhe, Germany 

Saline Berlin-Chemie AG, Berlin, Germany 

Skim milk powder Sigma-Aldrich, St. Louis, MO, USA 

Sodium dodecyl sulfate Sigma-Aldrich, St. Louis, MO, USA 

Tetramethylethylendiamin (TEMED) Carl Roth, Karlsruhe, Germany 

Tissue-Tek embedding medium Sakura Finetek, Alphen aan den Rijn, Netherlands 

Tris base (Trizma) Sigma-Aldrich, St. Louis, MO, USA 

Tween 20 Carl Roth, Karlsruhe, Germany 

 

5. Software 
Software Manufacturer 

LabChart 8 Reader AD Instruments, Sydney, Australia 

Nucline NanoScan software (Version 3.04.014.0000) Mediso, Budapest, Hungary 

ImageJ (Version 1.53i) National Institute of Health, Bethesda, MD, USA 

LabChart software (Version 8.0) ADInstruments, Sydney, Australia 

GraphPad Prism 9.0 software GraphPad Software Inc., San Diego, CA, USA 

Imaris (Version 9.4) Bitplane AG, Zürich, Switzerland 

FlowJo software (Version v10.7) Becton Dickinson, Franklin Lakes, NJ, USA 

ZEN software (Version 14.0.0.201) Zeiss, Oberkochen, Germany 
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