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Abstract 

 

 

 
Figure 1. Descriptive illustration showing neutrophil-driven platelet production. 
This scheme summarizes this research project by elucidating an augmented reticulated platelet 
release into the vasculature from megakaryocytes which are in close proximity to neutrophils. 
The interaction between megakaryocytes and neutrophils is through CXCR4/SDF-1 pathway 
triggering the generation of reactive oxygen species (ROS); which will result in an increase of 
thrombus burden in cardiovascular inflammatory diseases including myocardial infarction and 
intermittent hypoxia. This illustrative scheme is generated using PowerPoint.  
 

 

Neutrophils' engagement in platelet production augments the risk of thrombotic problems. 

Yet, little is known about the biological interactions between the platelet progenitors named 

megakaryocytes and neutrophils in bone marrow (BM), undergoing cardiovascular 

complications. Obstructive sleep apnea (OSA) is a prevalent sleep-associated respiratory 

disease that is linked to patient morbidity along with an enhanced risk of cardiovascular 

morbidity such as myocardial infarction (MI). Specifically, how BM interactions influence 

adverse thromboinflammatory effects driving thrombotic complications in OSA and MI remains 

elusive.  

 

To investigate the role of neutrophils in enhancing thrombopoiesis under inflammatory 

cardiovascular disease conditions, murine models of myocardial ischemia-reperfusion and 
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intermittent hypoxia were established. Hypoxia followed by reoxygenation is associated with 

myocardial ischemia-reperfusion damage; nevertheless, the precise processes are not 

completely elucidated. In this study, it was demonstrated that direct megakaryocyte-

neutrophil interactions in BM regulate thrombopoiesis. Murine models as well as ST-elevation 

myocardial infarction (STEMI) and OSA patients showed an increased amount of 

prothrombotic immature reticulated platelets in the vasculature, which may lead to enhanced 

thrombus formation. Indeed, reticulated platelet activation, number, and aggregation are 

enhanced under intermittent hypoxia in mice and OSA patients. Both investigated intermittent 

hypoxia and myocardial infarction conditions boosted the levels of neutrophil-derived CXCR4 

and ROS. In addition, this project showed that continuous positive airway pressure therapy for 

OSA patients can reduce excess production of platelets and activity along with lowering the 

level of ROS and CXCR4 expression on circulating neutrophils.  

 

It is important to highlight that gaining a comprehensive understanding of neutrophil functions 

in cardiovascular diseases can lead to the development of effective therapeutic strategies 

targeting neutrophil dysfunction, number, and impact. The findings of this research project 

advance our understanding of the cellular architecture within the BM niche. Additionally, this 

study uncovers the role of young immature platelets and neutrophil-derived ROS and CXCR4 to 

highlight the importance of immune cells in thrombopoiesis. In conclusion, this study guides us 

toward estimating the function of immature platelets as crucial players in the immune gamut 

involved in cardiovascular events and subsequently examines the potential mechanisms in 

which they influence cardiovascular disease. Targeting neutrophil-driven thrombopoiesis can 

be a promising approach to overcome platelet overproduction and thereby prevent 

thrombotic complications in OSA and MI.   
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1. Introduction 

 

1.1 Megakaryopoiesis and thrombopoiesis 

 

Hematopoietic stem cells (HSCs) will undergo differentiation into megakaryocytes (MKs) 

through thrombopoietin (TPO) induction [1]. It was discovered in 1994 that c-MPL which is MK 

specific receptor, stimulates the development as well as the growth of MKs from the pioneers 

of HSCs [2,3]. MK differentiation is driven by the binding of TPO to c-MPL resulting in the 

activation of cytosolic tyrosine kinases including JAK2 (Janus kinase 2) by autophosphorylation 

of c-MPL itself. This phosphorylation results in recruiting a wide range of effectors like signal 

transducers and transcription activators (STATs), mitogen-activated protein (MAP) kinase, and 

phosphoinositide3 kinase-Akt as well as ERK1/2 pathways [4,5]. Other cytokines (Fig. 1.1) 

namely IL-3, IL-6, and IL-11 along with erythropoietin collaborate with TPO in fostering 

megakaryopoiesis; particularly SCF (stem cell factor) promoting the proliferation of MK colony 

[6]. Yet, the growth factor G-CSF restrains the formation of MK colonies stimulated by EPO, IL-

6, or TPO but not that activated by IL-3 [7]. 

 

MKs experience endomitosis, a process involving DNA replication without subsequent cell 

division, developing accumulated polyploid DNA content from 2n to 128n [8,9]. 

Thrombopoiesis occurs mainly in the bone marrow where perisinusoidal located mature MKs, 

recognized as platelet progenitors, release cytoplasmic ligations known as proplatelets (PPLs) 

that enter the vasculature and differentiate into mature platelets [10]. During physiological 

stress or inflammatory state, platelet count can increase. It was hypothesized that CCL5 

(RANTES) might regulate the generation of platelets by attaching to its CCR5 receptor on 

megakaryocytes [11] (Fig. 1.1). In addition, acute inflammatory conditions transiently elevated 

IL-1α (Interleukin 1α) leads to cell programming, MK rupture to induce enhanced 

thrombopoiesis and platelet release [12] (Fig. 1.1). Despite the great progress in research, 

many mechanisms and factors which lead to MK fragmentation to generate platelets remains 

unknown. 
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Figure 1.1. This figurative scheme presents the cytokines promoting megakaryopoiesis and 
thrombopoiesis; generated using PowerPoint (modified from [13]). 
TPO: Thrombopoietin, IL: Interleukin, G-CSF: Growth factor, HSCs: Hematopoietic stem cells, 
MK: Megakaryocyte, PPL: Proplatelet. 
 

 

1.2 Platelet compartments and functions  

 

Platelet subpopulations are considered a prevalent topic in science. The dynamic nature of 

platelet characteristics in health and diseases differs because of the different platelet 

biochemical, physical, and functional variations.  

 

1.2.1 Mature platelets 

 

In 1906, James Homer Wright confined himself to a brief statement about his opinion of the 

origin of platelets and was the first to identify marrow megakaryocyte as the progenitor cell of 

blood platelets which were formerly called the “dust of the blood” [14]. Megakaryocytes 

continuously produce platelets circulating in the blood, which are described as small 

anucleated blood cells  (with a diameter of 2 to 4 μm) [15]. Platelets are characterized by 7-10 

days lifespan in the human circulation [16] to keep a constant platelet count per microliter of 

whole blood of 150,000-400,000; along with a shorter lifespan (4-5 days) in murine blood [17] 

before being eliminated by liver and spleen [18–20].  

 

Researchers were convinced previously, that platelets are specialized cells that function only to 

block bleeding and diminish blood vessel injury by forming a clot that seals the wound and 
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prevents blood loss. Indeed, platelets are the protectors helping in inflammation, attacking 

microbial interlopers, and alerting immune cells. Platelets can also release chemicals like 

serotonin helping in liver regeneration after injury and shaping the neonatal vascular system 

[21]. 

 

Platelets are associated not only with hemostasis and arterial thrombosis but also with other 

physiological and pathophysiological processes like cancer progression and immune response 

to infection [19,22,23]. Platelets are considered promising targets to advance future clinical 

therapeutics against a wide range of diseases including infection, and cancer [23]. 

Consequently, dissecting the distinct biological features and the role of platelets in other 

inflammatory diseases would be an asset to clarify their functions and effectively target them 

in the clinic. 

 

1.2.2 Immature reticulated platelets (RPs) 

 

Platelets are heterogeneous varying extensively with regard to their RNA content, size, and 

thrombogenicity [22]. RPs are freshly liberated platelets from MKs into the circulation. Despite 

its limitations, a dye termed thiazole orange dye (TO) appears to bind to ribonucleic acid in RPs 

and enriches its fluorescence signal [24]. RPs are considered larger and contain more RNA in 

comparison to more mature platelet compartments.  

 

Recently, RPs have gained growing interest since their prothrombotic profile was further 

studied with the association of major adverse events in various pathological settings [20]. In 

comparison to older platelets, RPs exhibit a considerably higher thrombogenicity and are 

known to have a detrimental increase in patients with cardiovascular diseases such as acute 

myocardial infarction [25]. The RPs’ influence on the response of antiplatelet treatment and 

the association of RPs with coronary artery disease (CAD) as well as the subsequent clinical 

consequences have been the focus of studies [26] (Fig. 1.2). It has been reported that elevated 

RPs correlate with a lack of adequate response to antiplatelet treatment, aspirin along with 

specific P2Y12 receptor inhibitors as illustrated in Fig. 1.2 [20]. Further exploration of RPs may 

enhance patient risk assessment, early diagnosis of diseases, and mostly cardiovascular 

therapies. Yet, the precise pathways underlying the elevated RP level remain unclear. Despite a 
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wide range of hypotheses proposed, no sincere causality has been found. Therefore, it is 

important to highlight RPs' function in shaping thrombo-inflammatory complications.  

 

 
Figure 1.2. Reticulated platelets (RPs) are increased in unhealthy populations and are 
considered prognostic predictors in patients with adverse events (modified from [15]). 
ACS: Acute coronary syndrome. 
 

 

1.3 Neutrophils or polymorphonuclear leukocytes  

 

Neutrophils, alternatively referred to as multi-lobed leukocytes, represent the most abundant 

myeloid leukocytes in humans [27–29]. Once matured, neutrophils are retained in BM for up 

to 4-6 days by interacting with the CXCL12/SDF-1 (stromal-derived factor 1) and its recognized 

receptor CXCR4 on neutrophils [30–32]. To leave BM, neutrophils enter the vasculature by 

migration through the sinusoidal endothelium [33] and circulate in the bloodstream for less 

than 1 day under physiological conditions [34]. The increased production rate of neutrophils 

and their short life span necessitate their elimination from circulation by constitutive apoptosis 

to maintain homeostasis [34]. Neutrophils are very crucial players and defenders because they 

eliminate invaders via chemotaxis and consequent phagocytosis by Kupffer cells [35]. Typically, 

neutrophils are quickly mobilized to sites of infection and inflammation where they engulf 

invading microbes and employ NADPH oxidase-derived ROS (reactive oxygen species), 

proteases, and antimicrobial peptides working together to generate a decidedly fatal 

environment of intraphagosomes [34,36]. It has been presented that ROS levels were altered 

in models of cardiovascular diseases, hypertension, atherosclerosis, and heart failure [37]. 

Moreover, oxidative stress was also found to be enhanced in ischemic myocardial syndromes 

[38]. 
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1.3.1. Neutrophil role in cardiovascular conditions: intermittent hypoxia and 

myocardial infarction 

 

Patients encountering cardiovascular and breathing morbidities, and obstructive sleep apnea 

(described by recurring episodes of intermittent hypoxia (IH)), have extended survival of 

neutrophils provoking sustained inflammation which induces tissue damage and dysfunction 

[39]. ERK and P38MAPKs (mitogen-activated protein kinases) regulate apoptosis in neutrophils; 

particularly expression of myeloid cell leukemia 1 (Mcl-1, a member of BCL2 family) can be 

controlled through ERK pathway [39,40]. A novel regulatory role affecting neutrophil survival 

via ERK1/2 pathway was underlined in sleep apnea patients and IH [39]. Compared to 

normoxia and controls, IH stimulated the phosphorylation of ERK1/2 pathway and p38MAPKs 

to inhibit the translocation of Bax to mitochondria as well as to attenuate the stability of 

Bax/Mcl-1; promoting the viability of neutrophils under conditions of IH and OSA [39]. It was 

also observed that p38MAPK is activated after ischemia and this activation was maintained by 

the ensuing reperfusion [41]. Moreover, ERK1/2 is abnormally expressed in I/R (ischemia-

reperfusion) injury and MAPK-ERK1/2 pathway has been described to both exacerbate and 

protect against myocardial I/R [42]. Despite recent advances in exploring the characteristics 

and functions of neutrophils, numerous approaches remain unclear and necessitate additional 

investigation by refining existing models to understand the key mechanism of neutrophil-

mediated cardiovascular diseases and hypoxic conditions. 

 

1.3.2 Interactions between megakaryocytes and neutrophils 

 

Within the bone marrow, MKs exist in a milieu of close contiguity to various hematopoietic 

cells and immunocytes, mainly neutrophils. Nevertheless, to date, the functional significance 

of the direct or indirect interaction of MK-leukocytes (neutrophils) and its impact on platelet 

production remains poorly understood. It was revealed by Itkin and his colleagues (2016) that 

MKs residing within the BM and releasing platelets via perisinusoidal niche, communicate with 

neutrophils to stipulate neutrophil entry and exit from the circulation to BM where metabolic 

parameters like ROS are regulated [43]. Moreover, Boisset et al. (2018) explored a network of 

cellular interactions in BM and discovered a crucial preferential cell interaction of mature 

neutrophils and MKs inside the BM environment [44]. Interestingly, it was observed that 

neutrophils are engulfed by BM MKs described in a phenomenon of emperipolesis [45,46]; 



 22 

which strengthens the suggestion of a close connection between MKs and neutrophils. 

Emperipolesis is intensified in models of murine inflammation associated with enhanced 

platelet production [46]. However, our understanding of the biological significance behind the 

interactions between neutrophils and MKs within the BM is limited; predominantly how these 

interactions contribute to thromboinflammatory concerns that may drive thrombotic risk.  

 

 

1.4 Platelets and neutrophils interplay in thromboinflammation and 

beyond in myocardial infarction and obstructive sleep apnea 

 

Despite the advancement in treating cardiovascular diseases, efficacious clinical management 

remains an arduous challenge in alleviating the effect of thromboinflammation under these 

conditions [47]. Thromboinflammation is clinically manifested as superficial thrombophlebitis 

which is characterized by inflammation of superficial veins and thrombosis [47,48]. Yet, it can 

be more precarious to develop in the microvasculature milieu of damaged tissues [47,48]. 

Various disorders such as I/R can lead to the development of microvascular thrombosis 

associated with thrombotic and inflammatory complications [47,48].  

 

Studies have recently deciphered the platelet association in inflammatory progressions 

including infections and ischemic stroke, along with their involvement in the pathobiology of 

diverse thromboinflammatory morbidities [47]. Patients with OSA and its main component IH 

frequently suffer from comorbidities that are directly correlated to risk factors for platelet 

activation, endothelial damage, and atherosclerosis [49]. The dysregulation in the endothelial 

vasculature may majorly contribute to thromboinflammation; which is manifested by platelet 

activation, disruption of the coagulation activity in addition to an amplified leukocyte induction 

into vasculature, primarily neutrophils [47,48].  

 

Platelets use complicated mediators to arbitrate numerous functions from intuiting the danger 

to repairing the infected tissue. When activated, platelets release a range of cytokines such as 

IL-1, CD154 (CD40L), TNF-α (tumor necrosis factor- α), CXCL1, CXCL5, and CXCL12 that trigger 

inflammation including leukocyte migration, phagocytosis, and ROS production [50–52]. 

Researchers gained interest in investigating the pathological relationship between platelets 

and neutrophils in thromboinflammation. Under infection and inflammation, activated 
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platelets assist in neutrophils trafficking across vessel walls and regulate their recruitment to 

the inflamed sites [23]. Upon activation, P-selectin is largely present on platelets to mediate 

the adhesion of stimulated platelets to cells expressing P-selectin glycoprotein ligand 1 (PSGL-

1) mainly neutrophils; resulting in integrin activation particularly beta 2-integrin MAC-1 as well 

as lymphocyte function-associated antigen-1 (LFA-1) on leukocyte membrane [50,53]. 

Rearrangement of forms of αIIbβ3 (a platelet integrin) facilitates binding to fibrinogen and 

consequently the aggregation of platelets [49,54]. Neutrophils need MAC-1 to adhere firmly to 

platelets and to facilitate their recruitment and relocation over accumulated platelets at 

thrombogenic places [53,55]. Activated platelets produce chemokines like platelet factor-4 

(PF4 or CXCL4), NAP-2 (or CXCL7), IL-8 (CXCL8), CCL3 (MIP-1 α), and RANTES (CCL5), which 

promote inflammation by recruiting leukocytes via their chemotactic activity as illustrated 

below (Fig. 1.3) [50–52]. 

 

 
Figure 1.3. Platelet and neutrophil mediation under inflammatory conditions. 
Under inflammation, platelets play an important role in (A) immune modulation of neutrophil 
function, (B) neutrophil adhesion to the subendothelium to release cytokines and chemokines 
activating neutrophils, and (C) pathogen capturing and sequestration by inducing NETs 
engulfing the pathogen by platelet aggregates and consequently directly internalize the 
pathogen. Adapted and modified from [52].  
sCD40L: soluble CD40L, vWF: von-Willebrand factor, PSGL1: P-selectin glycoprotein ligand 1, 
NET: Neutrophil extracellular traps, GP: Glycoprotein. 
 

 

Platelet-derived microparticles ((PMP or proplatelets (PPL)) circulate increasingly during 

sustained platelet stimulation. In addition, these PPL deliver RANTES into the inflamed 

A 

B C 
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endothelium triggering monocyte recruitment in inflammation and atherosclerosis [56]. 

RANTES which is a main chemokine in atherogenesis was found to have an enhanced 

expression in the vascular wall of mice exposed to IH [57]. Impairment of the homeostasis in 

OSA vasculature is caused by IH, elevated oxidative stress, and increased concentration of 

inflammatory lipids and cytokines in circulation. Persistent activation of platelets results in the 

continuous presence of proatherogenic/inflammatory affluences resulting in the formation of 

atherosclerosis and thromboembolism which are the endpoints of myocardial infarction as 

presented in Fig. 1.4 [49]. 

 

 
Figure 1.4. Scheme illustrating the role of platelets as crucial effectors in hypoxia and 
myocardial infarction.  
IH, ROS, lipids, and inflammatory cytokines disrupt vascular homeostasis in patients with OSA. 
Whereas endothelial damage happens, platelet activation takes place by upregulation of PMPs 
and bioactive substances. P-selectin is released from the surface of platelets to help in the 
mobilization of leukocytes and the attachment of neutrophils and platelets in addition to the 
aggregation of platelets. Platelets-derived RANTES on endothelial cells permit the arrest and 
infiltration of monocytes. Interaction of platelet-neutrophil is mostly dependent on PF4 and P-
selectin along with GP1βα and CD40L, and their ligands. Persistent activation of platelets 
develops atherosclerotic plaques which upon rupture lead to thrombus formation and 
occlusion of major arteries; resulting in radical consequences. Reprinted from [49]. 
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1.5 Intermittent hypoxia and myocardial infarction 

 

1.5.1 Role of Intermittent hypoxia in obstructive sleep apnea 

 

Hypoxia is outlined when the body is exposed to environments with different patterns of low 

oxygen. Hypoxia can be continuous or intermittent, depending on the pattern and length of 

oxygen exposure [58–60]. These features influence the pathological and physiological 

reactions to hypoxia, albeit the underlying pathways and mechanisms are unknown. 

Continuous hypoxia as that experienced in high altitude regions, happens when levels of 

oxygen decrease from 21% of oxygen (normal atmospheric levels) to oxygen values oscillating 

mostly between 8% and 12% [59]. Sustained or continuous hypoxia arises in patients with 

cystic fibrosis and advanced lung diseases such as chronic obstructive pulmonary disease [61–

63]. IH happens when oxygen levels fall for only concise periods. IH has been exposed in 

individuals suffering from sleep apnea; particularly OSA, a predominant sleep disorder 

involving variable episodes when breathing rates slow or cease [59]. 

IH is linked with increased ROS production causing the induction of oxidative stress to generate 

mitochondrial dysfunction and to stimulate XOX (xanthine oxidase), NOX (NADPH oxidase), and 

uncoupling of NOS (nitric oxide synthase); the series of events explained are presented in Fig. 

1.5 based on [64–67]. ROS interacts with NO (nitric oxide) to decrease NO bioavailability, which 

enhances inflammation, hypertension, endothelial dysfunction, atherosclerosis, and 

hypercoagulability [66]. The ROS-dependent upregulation of endothelin 1 and angiotensin II 

quantities as long as the sympathetic activation leads to hypertension [66,67]. In parallel, ROS 

promotes a wide range of transcription factors, like HIF1α (hypoxia-inducible factor-1α) and 

nuclear factors such as NF2L2 as well as NF-κB which regulates numerous inflammatory 

processes; resulting in endothelial dysfunction, atherosclerosis, and cerebro/cardio-vascular 

morbidities [66,68]. Nevertheless, ROS-dependent upregulation of NF2L2 and HIF1α plays a 

role in protecting and counteracting some of the detrimental consequences caused by ROS 

[65,66]. OSA conditions and co-morbidities such as obesity, diabetes mellitus and 

hyperlipidemia are also affected by ROS and result in inflammation [64,65]. 
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Figure 1.5. ROS is a significant contributor to intermittent hypoxia encouraging sympathetic 
activation, and inflammation along with vascular morbidities in obstructive sleep apnea 
syndrome.  
The dotted line represents an indirect pathway. This scheme is reprinted from [66]. 
 
 

OSA is a predominant sleep respiratory condition that is clinically defined by recurring 

oropharyngeal obstructions while sleeping [69–71]. These collapses are caused by an 

imbalance between muscle forces leading to repetitive closure of the breathing airways fully or 

partially termed apneas or hypopneas (Fig. 1.6) [71–73]. Deformities in the anatomy of the 

pharynx, the constancy of ventilation, and the physiology of the upper airway muscle dilator 

play a crucial role in leading to recurring pharyngeal collapses while sleeping [72]. 
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Figure 1.6. This diagram compares healthy individuals' physical and cellular processes versus 
patients with OSA, highlighting the most notable differences.  
A) Blocked airway inlet in OSA patient causing a blockage which results in a reduction of 
oxygen levels in the blood and triggers the nervous system (SN) causing awakenings during 
sleep. B) The blockade of breathing airways in an OSA subject causes a difference in 
intrathoracic pressure compared to a healthy person; reprinted from [73]. 
 

 

1.5.2 Obstructive sleep apnea prevalence and diagnostic index 

 

OSA is found in both genders at different ages, mostly persons aged between 30 and 69 years 

worldwide [69,70]. OSA prevalence augmented with time and was described to increase to 

37% in men and 50% in women [70]. Despite known risk factors and comorbid conditions, OSA 

is often underestimated and goes undiagnosed [74]. Indeed, the American academy of sleep 

medicine (AASM) reported that around 29 million individuals in the US, which accounts for 

12% of the adult population, are affected by OSA [75]. Surprisingly, 80% of these individuals 

have not been diagnosed which will lead to medical and financial consequences [75]. It is 

difficult to have awareness of related health risks associated with OSA due to the failure to 

connect sleep apnea with its critical comorbidities such as augmented levels of cardiovascular 

diseases, accidents, and diabetes [75]. OSA patients may be asymptomatic or symptomatic by 

complaining of fatigue, excessive daytime sleepiness, depression, or memory problems 

[76,77]. Notably, not only symptomatic but also asymptomatic patients may be associated with 

distinct cardiovascular risk profiles; which needs to be more considered [78]. Apnea-hypopnea 

index (AHI) is the diagnostic foremost metric for OSA with the cutoff value of five or more 

events per hour; calculating the average number of apneas and hypopneas per hour of sleep 

[69,79]. If the AHI is at least 5 and complemented by exorbitant sleepiness during the day 

hours, it is considered an OSA syndrome (OSAS) [80–82]. Notably, sleep apnea detected in a 
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sleep recording with the absence of symptoms is commonly not considered to be OSAS unless 

AHI is  15 events/h of sleep [66,83]. OSA severity characterization is summarized in the below 

Table 1 [84,85]. 

 

Table 1. A table summarizing the severity classification of OSA.  
h: hour. 

 
 
 
 
1.5.3 CPAP or continuous positive airway pressure treatment  

 

The frontline care for OSA is a CPAP device (Fig. 1.7), which has been shown to decrease 

daytime sleepiness in OSA patients by splinting the upper airway passages open to recover 

patency during sleep [86,87]. Nasal CPAP apparatus therapy is a machine constituted of an air 

pump coupled to either a nose or face mask. This equipment unlocks the air passage in the 

throat and inhibits the collapse of soft tissues from collapsing and obstructing the respiratory 

passage [88]. The CPAP is considered the favored course of therapy for moderate-to-severe 

OSA having an approximately 75% success rate [88].  

 

 
Figure 1.7. A representative Scheme of CPAP machine. 
CPAP works on delivering continuous pressure during inhalation and exhalation for sleep 
apneic patients; reprinted from [66]. 
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Despite the high efficacy of CPAP to reverse the occlusion of the respiratory passage in OSA, 

the patient's obedience is humble due to the annoyance of nasal mucosa from the nasal flow 

of air, poor retention, xerostomia, and the noise of the pump [88]. Adherence is described by 

the use of CPAP for a minimum of 4 hours at night and it was reported that the non-adherence 

of OSA patients ranges between 46-83% [89]. Additional treatments for sleep apnea are 

needed for patients who cannot tolerate or refuse to use CPAP; involving weight loss, dental 

appliances, operation, or electrical stimulation of the upper airway [90]. Despite its well-

acknowledged application, there is a scarcity of publications concentrating on examining the 

molecular pathways that CPAP therapy would influence in OSA patients; which will be 

addressed in this project. 

 

 

1.5.4 Myocardial infarction and STEMI 

 

 
Figure 1.8. Scheme of ST-elevation myocardial infarction (STEMI) of myocardial infarct and 
illustrative scheme of blood clotting during myocardial infarction presented using PowerPoint. 
 

Myocardial infarction (MI) is a life-threatening morbidity caused by a sudden reduction in 

blood flow as the occurrence of thrombotic occlusion of the coronary artery is constricted by 

atherosclerosis [91]; illustrated in Fig. 1.8 MI is termed when ischemia in the heart following 

imbalanced perfusion results in cardiomyocyte cell death [92]. Despite the rescuing function of 

reperfusion to the myocardium following STEMI; restoring coronary blood circulation to the 

ischemic tissue may provoke cardiac myocyte cell death and myocardial injury by a process 

termed myocardial reperfusion injury [93]. To date, scientists failed to find an effective 

treatment for plummeting this injury and decreasing MI size in STEMI patients. Reperfusion 
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injury is triggered by different multifaceted mechanisms comprising the ROS formation [94,95], 

abrupted metabolic pathways [95], microvascular and endothelial cell dysfunction [96,97], 

impairments in intracellular calcium handling [95], and stimulation of neutrophils [92] and 

platelets [98]. Particularly, it remains ambiguous how these mechanisms contribute to 

promoting adverse inflammatory complications that ultimately result in thrombotic problems 

under I/R conditions and possibly hypoxia-reoxygenation conditions. 

 

 

1.6 Correlation of myocardial infarction and sleep apnea 

 

OSA was studied as a concomitant risk factor of chronic arterial hypertension [99] including all 

cardiovascular morbidities [100]. For instance, OSA patients may be accompanied by systemic 

hypertension [72,99], pulmonary embolism [101], deep vein thrombosis, and stroke [102,103]. 

In OSA patients, the occurrence of fatal and non-fatal heart attacks and strokes increased 

[104]. Most importantly, OSA has been associated with MI [105,106].  

 

Despite that several studies on both humans and animals suggested a significant correlation of  

OSA and IH cycles to comorbidities and even mortality, additional research is required to 

explore the effects of short and long-term hypoxia on the progression of cardiovascular 

diseases. The cyclical fluctuations of hypoxia with periods of reoxygenation are, therefore, 

analogous to ischemia-reperfusion; contributing to an amplified ROS levels [107]. Hypoxemia 

in sleep apnea may induce nocturnal cardiac ischemia and increase myocardial ischemic events 

[108]. It was demonstrated that patients with nocturnal onset of myocardial infarction may be 

highly correlated with having OSA. These results suggested that OSA may be a trigger and an 

induction for myocardial infarction [109]. Although CPAP stipulates alterable benefits in the 

various groups of OSA patients, it seems reasonable for an immediate intervention with CPAP 

therapy to maximize functional revival and reduce residual damage [107]. Future 

investigations should focus on the consequences of OSA CPAP treatment to prevent nocturnal 

cardiac events and avoid the initiation of MI. Additional studies are required to accentuate the 

relation between OSA and MI and the biomolecular mechanisms behind the serious 

cardiovascular outcomes in both conditions. 
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1.7 Aims of the study 

 

Neutrophils and platelets are reported as vastly abundant cells in blood supporting immune 

defense and hemostasis; nevertheless, their concomitant interaction has been observed in 

various cardiovascular diseases instigating thrombotic problems. This study appraised the 

current knowledge of the contribution of neutrophils to thrombopoiesis and its clinical 

significance as it drives thrombotic implications in OSA and MI patients. Repeated apnea 

caused by hypoxic events in OSA is considered to be similar to hypoxia-reperfusion injury in 

MI; leading to the initiation of metabolic and molecular changes [64]. Although various 

mechanisms are attributed to this damage; yet, it is mainly validated by the enhanced 

production of oxidative stress in OSA leukocytes [64,110,111]. Subsequently, this project will 

further elaborate on these findings in OSA and MI to elucidate the underlying mechanisms 

helping to further understand the connection behind the hypoxic/ischemic and 

reperfusion/reoxygenation events and highlighting possibilities to find a possible key target in 

optimizing current therapies in thrombotic cardiovascular diseases. 

 

To achieve these aims, this project is endeavored: 

- to explore thrombopoiesis in BM and to understand the mechanisms behind the 

enhanced platelet production at the site of injury in OSA and MI. 

- to unravel the hyperactivity and enhanced function of mature and immature platelets. 

- to trigger in-vivo the thrombus formation in murine models of IH and I/R and ex-vivo in 

blood of OSA and STEMI patients. 

- to comprehend the role of neutrophils in BM by studying their relation to oxidative 

stress and CXCR4 expression. 

- to investigate the function of CPAP therapy and explore its impact on thrombopoiesis 

and thrombus burden.  
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2.  Materials and Reagents 

 

2.1 Antibodies 

 
Table 2. Antibodies used in this thesis.  
Antibodies Fluorophore Supplier Catalog Number 
anti-mouse CD3 complex (clone 17A2)  FITC BD Bioscience  555274  
anti-human/mouse CD45R (B220) (clone 
RA3-6B2)  

PE-Cy5 eBioscienceTM 
 

15-045282  

anti-mouse CD115 (clone AFS98)  PE Biolegend  135506  
anti-mouse Ly-6G/Ly-6C (GR-1) PB Biolegend 108430 
Dead Cell stain SytoxTM Blue  BV421 InvitrogenTM S34857 
anti-mouse NK1.1 (clone PK136) BV650 BD Bioscience 564143 
anti-mouse Siglec-F CD170 (clone E50-
2440) 

BV480 BD Bioscience 746668 

anti-mouse CD45 (clone  I3/2.3) BV605 BD Bioscience 567459 
eBioscienceTM Fixable Viability Dye 
eFluorTM 780 

APC-Cy7 
(AF750) 

Thermofisher 65-0865-14 

anti-mouse Ly6G (clone 1A8) BV421 (PB) Biolegend 127627 
anti-mouse CXCR4 CD184 (clone 2B11) PE eBioscienceTM REF 12-9991-82 
anti-mouse/human CD11b(clone M1/70) BV650 Biolegend 101239 
anti-mouse I-A/I-E (MHC class II) APC 647 Biolegend 107618 
anti-mouse CD62L (clone MEL-14) BV510 Biolegend 104441 
anti-mouse TLR4 CD284 AF488 FisherScientific Code 15372080 
anti-mouse LFA-1 (CD11a/CD18) PerCP-Cy5.5 Biolegend 141008 
anti-mouse CD49d BV480 BD Bioscience 746526 
anti-mouse CD18 BV605 BD Bioscience 744481 
anti-mouse CD41 BV605 Biolegend 133921 
anti-mouse/rat CD42b APC Biolegend 148506 
anti-mouse/rat CD29 Beta1 Integrin PB Biolegend 102224 
anti-mouse CD61 B3intergrin GPIIa BV650 BD Biosciences 740473 
anti-mouse CD154 CD40L PerCP-Cy5.5 Biolegend  106514 
anti-mouse GPVI FITC emfret M011-1 
anti-mouse/rat CD62p PE-Cy7 Biolegend 148310 
anti-mouse CD63 APC-Cy7 Biolegend 143907 
anti-mouse Integrin alphaIIbbeta3 
JON/A  

PE emfret M023-2 

anti-mouse/rat CD42d APC Biolegend 148506 
Anti-mouse CD41 FITC Biolegend 133904 
anti-mouse Ly6G PB Biolegend 127612 
anti-mouse CD184 (CXCR4) PE eBioscienceTM 12-991-82 
anti-mouse Ly6G (clone 1A8) PE Biolegend 127608 
anti-mouse GPIX AF488 P0p6 derivative Stegner Lab 
anti-mouse CD41a (clone MWReg30)  PE eBioscienceTM 13-0411-82  
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Streptavidin eFluor 450  - eBioscienceTM 48-4317-82  
Streptavidin  PE eBioscienceTM 12-4317-87  
anti-mouse CD144 Biotin VE-cadherin 
(clone eBioBV13)  

- eBioscienceTM 
 

13-1441-82  

anti-mouse rat CD31 (clone 13.3) - BD Biosciences 550274 
anti-mouse rat CD54/ICAM-1 (clone 
YN1/1.7.4 

FITC Biolegend 116106 

Purified anti-mouse CD11a (clone 
M17/4) 

- Biolegend 101101 

anti-human CD184 (CXCR4) (clone 12G5) PE Biolegend 306506 

anti-human CD16 (clone 3G8) FITC Biolegend 302006 
anti-human CD16  BV421 BD Bioscience 562874 
anti-Human Platelet GPVI (clone HY101) BV421 BD Bioscience 743941 
anti-human CD62P (P-Selectin) (clone 
AK4) 

AF700 Biolegend 304932 

anti-human CD42b (clone HIP1) BV650 BD Bioscience 303926 
anti-human CD154 (clone 24-31) BV510 Biolegend 310830 
anti-human CD61 (clone VI-PL2) 
 

PE-Dazzle™ 
594 

Biolegend 336426 

anti-human CD29 (clone MAR4) PE BD Bioscience 557332 
anti-human CD41 (clone HIP8) PE/Cy5  Biolegend 303708 
anti-human CD11b (clone ICRF44) PE Biolegend 301306 
anti-human CD41/CD61 (clone PAC-1)  AF647 (APC) Biolegend 362806 
anti-human CD63 (clone H5C6) APC/Cy7 Biolegend 353046 
Mouse IgG2a, K isotype Control  
(clone MOPC-173) 

- Biolegend 400212 

 

 

2.2 Reagents and chemicals 

 
Table 3. Reagents and chemicals used in this thesis.  
Reagents and Chemicals Supplier Catalog Number 

Qtracker705 Vascular labels  Thermo Fisher Q21061MP 
Instant adhesive 910 Metal Bonding Permabond GJ1705 
Recombinant mouse thrombopoietin  Immunotools  12343615  
SytoxTM Blue Dead Cell Stain InvitrogenTM S34857 
DAPI SIGMA 10236276001 
Hoechst 33342 invitrogen H3570 Lot# 40801A 
10% Normal Goat Serum invitrogen 50062Z 
DNase I  Sigma  D4527 
Dispase  GibcoTM 17105-041 
Collagenase D  Roche 11088882001 
Penicillin/Streptomycin GibcoTM 15140122 
DMEM F12 GibcoTM 11320033 
Tween-20 SIGMA Lot# SLCH9711 
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TritonTM X-100 SIGMA Lot# SLCJ6163 T8787 
Paraformalaldehyde SIGMA Lot# SCLCH9711 P1379 
MgCl2  Roth 2189.2 
Saponin Roth Art.-Nr. 4185.1 
Propidium Iodide-FluoroPureTM Grade Invitrogen P21493 
Pure Link RNase A Invitrogen Lot# 2364671 
U46619  Cayman  16450  
Thrombin  Chrono-Log  P/N386  
Phorbol 12-myristate 13-acetate  Sigma-Aldrich  P8139  
Thiazole Orange  Sigma-Aldrich  390062  
2_′,_7_′Dichlorodihydrofluorescein 
diacetate  

Sigma-Aldrich  D6883  

EZ-Link™ Sulfo-NHS-Biotin  Thermo Fisher  27217  
BD FACSTM Lysing Solution BD Biosciences REF 349202 Lot# 2034961 
RPMI-1640 Medium SIGMA Lot# RNBK3072 
DPBS with calcium and magnesium  Sigma-Aldrich D8662 
FBS Superior  Biosell BS.S0615 
PBS 10x without calcium and 
magnesium 

Life Technologies 70013-065 

DMSO Roth A994.2 
Heparin-Natrium 25000 ratiopharm - 
HEPES buffer solution 100ml Sigma 83264 
Glucose Merck Chemicals 346351 
Collagen Sigma-Aldrich CAS 102382 
Kollagenreagens Horm Takeda Austria GmbH REF 1130630 Lot# 11893864 
Rhodamine 6G Sigma-Aldrich CAS 989-38-8 
Calcium Chloride dihydrate Merck CAS 102382 
 

 

2.3 Assays 

 
Table 4. Assays and items used in this project. 
Commercial Assays/Items Supplier Catalog Number 
Collagen 15u-Slide VI Ibidi 80661 
Plaque 15 sticky-Slide I0.2 Luer Ibidi 80168 
Coverslips for sticky-Slides Ibidi 10812 
Proteome Profiler Mouse XL Cytokine 
Array  

R&D systems  ARY028  

Neutrophil Isolation Kit, mouse  Miltenyi Biotec  130-097-658  
Mr. FrostyTM Freezing Container Thermo ScientificTM 5100-0001 
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2.4 Machines and equipment 

 
Table 5. Machines and equipment used in this project. 
Machines and Equipment Supplier Model 
BD LSR Fortessa BD-BectonDickinson LSRFortessa 
BD FACS Melody BD-BectonDickinson FACSMelody 
Zeiss Axio Imager M2 Epifluorescence   Carl Zeiss Axio Imager2 
Zeiss LSM 880 Confocal Carl Zeiss LSM 880 with Airyscan 
TriM Scope II-Two-Photon Microscopy LaVision Biotech TriM Scope 
SimpliAmp Thermal Cycler Thermal Fischer 

Scientific 
- 

PCR Detection System BioRad MyIQ Single Color Real-Time 
Cycler 

AMERSHAM Image Quant 800 Cytiva 29399481 
AxioObserver Zeiss Axio Observer 
 

 

2.5 Software 

 
Table 6. Software used in this project. 
Software and algorithms Distributor 
FlowJo Treestar 
tSNE  FlowJo plugin 
FlowSOM  FlowJo plugin 
IMARIS Bitplane 
ImageJ/FIJI National Institute of Health  
Prism Graphpad 
PowerPoint Microsoft MS 

 
  



 36 

3. Methods 

 

3.1 Human general practices and methodology 

 

 3.1.1 Obstructive sleep apnea human samples 

OSA patients who were referred to the breathing disorder ambulance at the LMU (Ludwig 

Maximillian University) in the city center of Munich, were prospectively screened for the study 

before undergoing polysomnography screening. Post-patients were recruited three months 

after initiation of  CPAP therapy. Blood samples were taken by venous puncture and were 

collected in citrate tubes (provided by Sarstedt) at approximately the same time every Friday. 

Patients diagnosed with OSA which is described with AHI ≥5 obstructive sleep events per hour 

and free of recognized conditions affecting the thrombotic profile of patients were eligible for 

the study. Control subjects were recruited from the co-workers through advertising. Control 

subjects were healthy subjects who were not receiving any medications or not having any 

known disease. Some of the control subjects (n=9) had a normal physical examination and 

laboratory tests and underwent polysomnography to exclude the presence of sleep-disordered 

breathing. The LMU Committee on human research approved the study by the SNORE ( 

“Retikuläre Thrombozyten als neuer potentieller Biomarker bei SchlafbezogeNen 

AtemstOeRungEn”). Written informed consent was agreed upon by all study participants. 

 

3.1.2 Flow chamber assay on collagen 

Collagen mixture was first prepared of collagen in SKF (Kollagen Reagens Horm Suspension) in 

1:3 dilution. Afterward, flow chambers’ slides were covered with 250 μg/ml collagen at 37℃ 

for one hour and then rinsed with PBS (phosphate-buffer saline). Subsequently, 1 ml of 

citrated human blood was stained with 0.01% Rhodamine at 37℃ for 15 min. As soon as the 

blood was infused into the chamber, 6mM CaCl2 was included. Perfusion of 93,9 μl/min and a 

high shear rate of 1000/s [112], were used since this is commonly acknowledged to simulate 

ex-vivo arterial-shear conditions. Images were captured by multi-fluorescence microscopy 

(Zeiss, Germany), every 5 sec over 3 min. Platelet aggregate and thrombus surface coverage 

were analyzed by macro-scripting (which is an automation of analyses by processing and 

analysis then recording all steps and finally applying to complete experimental series) using 
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ImageJ/FIJI to avoid any error or non-specificity in measuring the thrombus formation over 

time. 

 

3.1.3 Plaque preparation and flow chamber 

3.1.3.1 Plaque preparation from human thrombi 

Frozen human thrombi sequestered from patients at LMU, were first placed on sterile Petri 

dishes on ice to take pictures, sizes, weights, and brief allure descriptions of each of the 

samples. Subsequently, plaque material was cut into small pieces and transferred to a glass 

potter including cold dialysis buffer (NaCl & EDTA) on ice. The tissue was minced in a 

homogenizer potter in the dialysis buffer for 30 min. The dissociated sample was frozen at -

80℃. Before the use of plaque in the flow chamber, a newly generated plaque was tested with 

a multiplate analyzer (Roche) for the clotting time and AUC (area under the curve) with citrate 

blood and hirudin blood. The best plaque criteria were by having the clotting time of citrated 

blood under 5 min, and the AUC of Hirudin blood after 6 min incubation was more than 50. 

The five best plaques were mixed in equal volumes and stored at -80℃ for future use under a 

flow chamber. 

 

3.1.3.2 Flow chamber assay on plaque 

Coverslips for sticky slides (Ibidi) were first soaked in 100% ethanol and left to dry before being 

used. A small rectangle of 5x8 mm was drawn on the backside in the center exactly the same 

on all slides used for this experiment. Plaque was diluted (1:200 in PBS), vortexed, and then 

left on ice for 30 min. 5 μl of supernatant was distributed in the small rectangle as a thin layer 

and left to dry overnight at 4 °C. Next day, slices with plaque were wedged to the flow 

chamber (sticky-Slide I0.2 Luer) and then perfused with PBS for 1 min at 100 μl/min flow rate. 

Subsequently, flow chamber was flushed by 4% BSA at the same rate. Similarly to the above-

described blood preparation, 100 μl of Rhodamine was added to 2 ml of citrated whole blood 

as done before with collagen. Immediately before starting the syringe blood perfusion at 400 

u/min, 12 μl of CaCl2 (1mol) was added to incubated blood. Platelet aggregate and thrombus 

surface coverage were analyzed by macro-scripting with ImageJ/FIJI. 

 

3.1.4 Human whole blood freezing 

Lysing/fixation Buffer 10x (1:10) diluted in distilled water and added to whole citrated blood 

for 20 min at RT (room temperature). Following centrifugation, the pellet was suspended with 
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a freezing buffer consisting of 45% DMSO, 45% FBS, and 10% RPMI-1640 in cryogenic tubes 

stored for 24 hours in Mr. Frosty followed by long-term storage at -80 °C. 

 

3.1.5 Sorting of neutrophils from frozen whole blood 

1ml of PBS was added to the FACS tube containing whole blood. The mixture underwent 

centrifugation at 650g for 7 minutes. Next, the liquid above the sediment was discarded and 

only 100 μl of the pellet was left. Antibodies for neutrophils CD16-FITC (1:100, clone 3G8 

BioLegend), and CD11b-PE (1:100, clone ICRF44 BioLegend) were incubated with the pellet for 

30 minutes in a place without light at RT. PBS (500 μl) was added, then the sorting of cells was 

performed. These cells underwent centrifugation at 1200g for 7min and then the pellet was 

stored at -80°C. A minimum of 360,000 (to 1.1 million) neutrophils were sorted from 500 μl of 

blood for mass spectrometry-based proteome analysis. 

 

3.1.6 FlowSOM clustering methodology and tSNE analysis 

Clustering algorithms and non-linear dimensionality reduction methods such as flowSOM and 

tSNE analysis were implemented on high-dimensional cytometry data sets from whole blood of 

patient/control samples. A set of platelet antibodies at 1:100 dilution in PBS were used 

including CD41-PE/Cy5 (ITGA2B or gpIIb), CD29-PE, CD61-PE/Dextered, CD41/CD61-AF647, 

CD63-APC/Cy7, CD154-BV510 (or CD40L), CD42b-BV650 (GPIb∝), CD62p-AF700 (P-selectin), 

and GPVI-BV421. 90 μl of the antibody dilution was added to 10 μl frozen blood and incubated 

for 10 min before being fixed with 1% PFA  (paraformaldehyde) and processed into flow 

cytometry analysis. A compensation protocol for all colors was set up using beads before any 

measurement. The same number of platelets (10,000) was gated by down-sampling before 

concatenation for further analysis with tSNE and flowSOM plugins of FlowJo software. 

 

3.1.7 Quantification and imaging of human RPs 

3.1.7.1 Measurement of RPs 

20 μl of human blood was fixed with 1% PFA for 10min. The sample is washed by adding PBS 

and centrifuged to get a pellet. RPs were labelled with CD41-PE/Cy5 (1:100) and TO of 250 

ng/ml for 25 minutes exactly to be measured using flow cytometry. The same number of 

events was gated in both samples of individual blood with TO and without TO so that the 

reticulated platelet population would be determined precisely in every single human sample. 
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3.1.7.2 Imaging of RPs 

Blood cells were incubated for 15min with CD41-PE/Cy5 (1:100, clone HIP8 BioLegend) and TO 

(250 ng/ml). To analyze stained reticulated platelets under flow conditions, platelet adhesion 

on collagen surfaces was quantified after 15 sec of arterial flow (shear rate 1000/s [112]) using 

a confocal microscopy equipped with a 60x oil objective lens. TO fluorescence strength of 

platelets was analyzed using IMARIS software.  

 

 

3.2 Mice general practices and methodology 

 

3.2.1 Mice strains and ethics 

C57BL/6J mice were bought from Jackson Laboratory and Charles River. Mice such as Rosa26-

Confetti (Gt(ROSA)26Sortm1(CAG-Brainbow2.1)Cle/J) [113,114], Pf4-Cre (or Cxcl4-iCre) 

(C57BL/6-Tg(Pf4-icre)Q3Rsko/J) [115] and Lyz2-eGFP (or LysM-eGFP/ Lyz2tm1.1Graf) (B6.129P-

Lyz2tm1(EGFP)1.1Graf) [116], were obtained from the Jackson laboratory. Rosa26-Confetti-/-

Pf4-Cre(+)-Lyz2-eGFP mice were generated by a triple knock-in, first by mating the Rosa26-

Confetti with Pf4-Cre mice, then crossing with the mouse line Lyz2-eGFP. Mrp8-Cre/CXCR4fl/fl 

transgenic mice were generated by crossing Mrp8-Cre (B6.Cg-Tg(S100A8-cre,-EGFP)1Ilw) with 

CXCR4fl/fl mice (B6.129P2-Cxcr4tm2Yzo/J); provided by Prof. Hidalgo. vWF-eGFP mice were also 

used in this study; vWF is the promoter driving GFP in transgenic mice, to visualize platelets 

and megakaryocytes [117].  

 

Every mouse strain underwent backcrossing and had a C57BL/6 background. Mice of the 

similar sex and age were matched and allocated to experimental cohorts, unless stated 

otherwise. Mice of both genders were 10-14 weeks old at the time of performing experiments. 

All murine experiments were conducted at the Walter-Brendel center and hospital of LMU. 

Mice experiments were approved by the local authorities and were conducted under 

regulations and guidelines of Bavarian regulations of the animal welfare. 

 

3.2.2 Anesthesia 

Mice were exposed to Isoflurane of around 5.0 Vol. % and Oxygen (2%) until the respiration 

rate of mice became very slow and all reflexes were lost. Mice were then injected 

intraperitoneally (i.p., 100μg/10g of body mass) with a mixture termed MMF consisting of 
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Medetomidine (0.05 mg/kg), Midazolam (5 mg/kg) in addition to Fentanyl (0.05 mg/kg). Upon 

deeply anesthetizing mice, harvesting of tissues was carried out following cardiac perfusion 

with PBS for flow cytometry experiments and followed with 4% PFA for staining experiments. 

During surgeries, heating lamps/maps were used to keep mice with a steady body temperature 

(BT). To mitigate the pain after myocardial infarction/ischemia-reperfusion surgeries, 

Buprenorphine of 0.1 mg/kg [118] was administered subcutaneously to operated mice. 

Following experiments, mice were immediately sacrificed by cervical dislocation. 

 

3.2.3 Mice models 

3.2.3.1 Intermittent hypoxia treatment model 

IH treatment was performed on age- and sex-paired mice. Mice of the same age and type were 

randomly assigned into either normoxia mice or hypoxic mice undergoing IH condition with 

repetitive cycles (60 events/hour [119]) of apneic events decreasing O2 concentration to 6% 

(20 sec), followed by a 40-sec long period of reoxygenation to 21% O2 [120] over seven days. 

Briefly, the hypoxic chamber is regulated by time periods during which oxygen and nitrogen 

gases are released and their levels are calculated using a sensor placed in the cover of the 

chamber which is safely isolated from mice for security and hygienic concerns. The 

programmed display and on/off switch were connected to the murine chamber with the help 

of mechanical and electronic engineers. Directly after treatment, mice were sacrificed and 

sample analysis was performed. For long-term IH, mice were exposed to 21 days of IH with the 

same settings as mentioned above. 

 

3.2.3.2 Myocardial infarction ischemia-reperfusion model 

Male mice at 10-14 weeks old were ligated for one hour of the left anterior descending (LAD) 

coronary artery or operated as a sham. Mice were sedated on a heating map/pad to preserve 

their BT. Subsequently, the skin was removed to expose the trachea, and a tube was 

connected to the ventilator and positioned inside the visible trachea so the mouse had a 

constant rate of respiration of 150 breaths per minute. The third and fourth ribs were pulled 

away from each other to expose the thoracic cavity. The LAD artery was uncovered after 

carefully removing the pericardium. Afterward, a stitching needle of silk (8-0) was gently 

entered approximately 2.5 mm beneath the LAD. The occlusion of LAD and thereby ischemia 

was maintained for one hour followed by reperfusion [121]. For operated sham mice, the 

stitch was softly passed underneath the LAD, without undergoing any ligation.  
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LAD was cautiously liberated from the ligature after 60 min. Later, the skin layer, muscle, and 

chest cavity were sutured respectively with a stitch filament (5-0). Post-operation, mice were 

held in sterile warmed cages with Buprenorphine given every 8 hours. Blood samples and 

organs were harvested from mice 48 hours following the surgery for flow cytometry and 

imaging analysis. 

 

3.2.3.3 Carotid artery model 

After mice were anesthetized, a 2-minute application of a 1 mm2 Whatman paper immersed 

with of 1 μL FeCl3 (10%), injured the right carotid artery and induced thrombus formation in 

the murine artery [122]. Labeled platelet antibody GPIb with X488 fluorescence was injected 

(0.5 μg/g body mass) to visualize and record the attachment of platelets to the area of injury. 

The video was recorded for an hour with an intravital microscope and later analyzed using Zen 

software.  

 

3.2.4 Intravital live imaging using multiphoton microscopy 

The calvarium mouse model was prepared as explained in our published paper [123]. In 

summary, mice were sedated by repetitively injected with MMF every 40-45 min. 

Subsequently, the head hair was shaved and a PE-10 (polyethylene) catheter was inserted 

using tissue adhesive into the mouse tail vein to deliver fluid and antibodies. A custom-made 

metal ring was fixed on the skull using glue (Permabond 910, GJ1705) to include PBS and then 

ultrasound gel and avoid dehydrating the tissue throughout imaging. Using a special platform 

and a heated pad to preserve BT, the mouse was secured immobile. Neutrophils were 

visualized by intravenous injection of Ly6G-PE antibody (20 μl, clone 1A8), megakaryocytes 

were labeled by GPIX-AlexaFluor488 (p0p6 derivative, 15 μl, provided by Stegner Lab) and 

vessels were visualized with Qtracker705 (around 15 μl). 

 

3.2.5 Whole-mount bone imaging using confocal microscopy 

Tissue preparation: After mice were anesthetized, the murine chest was open and the liver was 

cut. Then, the blood is flushed by cardiac puncture by injecting PBS and subsequently 4% PFA. 

Bones, lungs, spleen, and heart were isolated from mice and incubated for 1-2 hours in 4% PFA 

and subsequently in sucrose (30%) refrigerated for a night. Later, tissue was inserted in 

Tissue‐Tek® OCT and then stored at -80℃. Tissues were cautiously cut using a Histocryostat 
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instrument. Frozen Bones were cut horizontally until bone marrow was fully exposed. 

Thereafter, bones were immersed in a blocking solution of a goat serum (10%) and BSA (3%) 

overnight at 4℃ to be stained for vessels, megakaryocytes, and neutrophils as described next.  

 

After washing the samples carefully with PBS, bones are incubated directly with 1:100 dilution 

of CD144 antibody for 6-8 hours at 4℃. After washing gently in PBS, the tissue was incubated 

with a secondary antibody Streptavidin eFluor 450 (eBioscienceTM REF 48-4317-82) (1:50 

dilution) overnight at 4℃. The next morning, bones were repetitively cleaned with PBS and 

then conjugated antibodies CD41‐FITC and Ly6G-PE (1:100 dilution) were added for 6-8 hours 

at 4℃ or RT for 2-3 hours. Nuclei were then counter stained with DAPI (2:1000) or Hoechst 

(1:1000) for 10-15 min and washed for 5 min 3 times in 1x PBS before being 3D imaged using 

confocal microscopy. Images were processed and quantified using Imaris software. 

 

3.2.6 Neutrophil adoptive transfer 

Bones were isolated to collect bone marrow from Lyz2-eGFP (LysM-eGFP) mice or Mrp8-

Cre/CXCR4fl/fl/LysM-eGFP mice with increased fluorescent (green) proteins in neutrophil 

populations. Subsequently, neutrophils were isolated using a kit. Afterward, mice (C57BL/6) 

received an injection of 2.5x106 neutrophil cells through the tail vein. 60 minutes post the 

adoptive transfer, the injected mice were MMF-tranquillized and underwent heart perfusion 

with PBS followed by 4% PFA. After fixation, bones were frozen in OCT at-80℃ and then 

stained utilizing the whole mount staining technique as described before. 

 

3.2.7 Lung tissue staining and confocal imaging 

Mice were subjected to cardiac perfusion and then lungs were cryoprotected as defined 

before. Tissue was sectioned in 30 µm sections and fixed on slides using PFA (4%) for 10-15 

min and rinsed in a liquid mixture that consists of 0.5% BSA, 10% PBS (10x) along with 0.1% 

Tween-20 in distilled water before permeabilizing with Triton (X-100, 0.5%). The blocking of 

samples was for a night in goat serum (10%) and Triton. The next morning, sections were 

stained for 8 hours using CD31 (clone: ME13.3 BD Pharmingen #550274) then washed and 

stained in a secondary antibody goat anti-rat AF647 (1:200 Invitrogen #A21247). After being 

washed thoroughly, blocking of tissue sections took place for 45-60 min in BSA (10%) at RT. 

Antibodies like CD41-PE or/and CD54 (ICAM-1)-FITC were added for a few hours. To make sure 

of the megakaryocyte population in the lung, MK was double stained with CD41 and CD42b 
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antibodies. Sections were counterstained with Hoechst (1:1000) or DAPI (2:1000) and pictured 

using a confocal microscope enhanced with Z-stack and airyscan processing. Post-image 

processing was performed using Imaris. 

 

3.2.8  Bone marrow (BM) and lung cell isolation 

Briefly, bones were separated from muscle and skin and cut at both ends to uncover BM which 

was flushed out using PBS with 2% FBS. BM was homogenized into single cells using a 20G 

needle, purified via the use of a strainer (70 µm), and resuspended in RBC Lysis buffer. After a 

few minutes, the lysis effect was congested in PBS comprising EDTA (2 mM) and centrifuged. 

Trypan blue elimination was used to specify the number of viable/dead cells. 

 

Postperfusion, lungs were harvested, and chopped into small pieces using a scalpel prior to 

digestion in a buffer that contains DPBS with calcium and magnesium (Sigma-Aldrich), DNase I 

(Sigma cat. D4527), dispase (Gibco 17105-041), and collagenase D (Roche cat. 11088882001) 

[124]. This lung digestion cocktail was gently agitated for 45 min at 37°C before being filtered 

and RBC lysed. 

 

3.2.9  Flow cytometry and cell quantification 

Post centrifugation and pellet collection, cells were then incubated with antibodies (1:100) in a 

buffer including PBS complemented with 2% FBS for half an hour on ice. Sytox blue was used 

to exclude the presence of dead cells. Murine neutrophils were detected by Ly6G-PB 

(Biolegend127612); T cells, and B cells were identified by CD3-FITC (BD Bioscience 555274) and 

CD45R-PE/Cy5 (eBioscienceTM 15-045282), respectively. The monocyte population was gated 

by GR-1high-PB (Biolegend 108430) and CD115high-PE (Biolegend 135506).  

 

3.2.10 Quantification of murine platelets and RPs 

ACD (Acid citrate dextrose) buffer (1:7 dilution ACD: Blood) was used with blood withdrawal 

from the murine heart. For platelet staining, a few microliters (2 µl) of murine blood were 

labeled with CD42d-APC (1:100 diluted in PBS). Cells were incubated in a dark place at 20-25℃ 

for 30 min. PBS (300 µl) was pipetted to the sample along with 1:100 counting beads just 

before flow cytometry analysis.  
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For RPs staining, 5 μl of murine whole blood was stained in 100 μl PBS with 1 μl CD42d-APC 

and 1 μg/ml thiazole orange (TO). Following incubation for half an hour in an obscure place 

and at RT, 1% PFA was added to the cells prior to flow cytometry analysis. The double positive 

population of CD42d and TO (FITC channel) was gated as young RPs population. 

 

3.2.11 Measurement of platelet lifespan 

To quantify the lifespan of platelets, mice were i.v. labeled with SulfoNHSBiotin (30 mg/kg of 

body weight) [125]. Starting with the first day following biotinylation, 20 μl anticoagulated 

blood was punctured from the tail vein, at specified time points. CD42d-APC along with 

streptavidin-PE were then added at 1:100 dilution in PBS for half an hour in place without light. 

The positive population of CD42d identified the proportion of platelets attached to 

biotin/streptavidin. 100% of platelets were streptavidin positive at day one and later the ratio 

of platelet population declined gradually. 

 

3.2.12 BM cytokine profiling in mice 

Seven days after initiation of intermittent hypoxia or normoxia, mice were sacrificed and bones 

were sequestered. Bones were cut open at one end and then centrifugated for five minutes at 

10,000 g speed in another Eppendorf tube containing 300 μl PBS to separate the BM interstitial 

fluid.  

 

A murine kit for cytokine profiling (XL) was utilized in compliance with the instructions 

provided by the company [126] to analyze quantitatively cytokine levels in BM. In summary, 

the cocktail antibody was mixed in BM fluid and left for 60 minutes to incubate. Afterward, 

streptavidinHRP was added to the membranes for 30 minutes. ECL substrate was included to 

identify the specific chemiluminescence membrane signal and image it by AMERSHAM Image 

Quant 800. Using ImageJ, the mean intensity of each dot in relation to the reference signal was 

analyzed by the densitometry of every cytokine signal. 

 

3.2.13 LFA-1 antibody blocking experiment 

A 50 μg of CD11a antibody or its isotype (used as a control) was i.v. administered to mice 

(C57BL/6) at day1, day3, day5 and day7 of intermittent hypoxia treatment. Subsequently, mice 

were sacrificed for organ and blood collection. 

 



 45 

3.2.14 Tail bleeding assay 

After sedating mice with MMF, the terminal part of the tail was chopped at 1 cm and directly 

dipped in a Falcon tube including warmed water of around 37°C until bleeding stopped [127] 

(Fig. 4.19). The tail was placed vertically and every mouse was supervised for approximately 25 

min even though bleeding concluded, to identify any recurring blood flow. A timer was used to 

define the time interval of bleeding. The total of all bleeding periods within 25 minutes was 

calculated if the on/off phases of the bloodstream happened. Following the trial, mice were 

terminated by cervical dislocation. The time interval between the tail cut and cessation of 

bleeding was assessed by visual inspection of the tubes and was described as the bleeding 

time. 

 

 

3.3 Further experiments 

 

3.3.1 Measurements of blood count  

A heart puncture was used to collect murine blood in a tube containing ACD buffer (1:7 ratio of 

ACD: blood) to be analyzed by a hematology machine. Citrated blood samples from healthy 

donors and patients were drawn venously and quantified using an automated system 

(hematocytometer) at the hospital of LMU. 

 

3.3.2 Calculation of ROS 

The level of ROS was quantified in murine neutrophils of bone marrow and blood. Cells were 

lysed in 1x erythrolysis blood buffer for 10 min at 4℃ then washed and centrifuged for pellet 

collection. Either PMA (phorbol 12-myristate 13-acetate, 50 nM) or SDF-1 (200 ng/ml) together 

with PMA (50 nM) were used for 30min to activate neutrophils. Successively, DCFDA 

(2′,7′Dichlorodihydrofluorescein diacetate, 10 nM) along with Ly6G-PE (1:100) were added to 

cells for 20 min. The same neutrophil counts underwent an identical DCFDA labeling but in the 

absence of stimuli to be used as control. 

 

To measure ROS in human blood, 1% PFA was used to fix around 20 µl citrate blood for 10 min. 

Then PBS was added and the sample was centrifuged for 700g for 5 min at RT with acceleration 

of 4 and no brake. The pellet was stained for 15 min with 5mM DCFDA, CD16-BV421 (1:100) for 
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neutrophil staining along with CD41-PE/Cy5 (1:100) for platelet staining to be analyzed using 

flow cytometry. 

 

3.3.3 CXCR4 quantification 

After the lysis of cells and wash, murine neutrophils were subsequently stained with Ly6G-

BV421 (1:100) and CD184-PE CXCR4 antibody (1:50) or isotype (1:50) for half an hour. Then, 

the sample is washed before undergoing flow cytometry analysis. 

Human CXCR4 quantification in neutrophils was performed similarly but with anti-human 

antibodies CD16-Fitc (1:100, clone 3G8 BioLegend), CD184-PE (clone12G5) and PE mouse 

IgG2a, k isotype control. 

 

 

3.4 Statistical analysis 

 

Data was tested for significance using Prism7 (GraphPad) and all bars presented in the figures 

of this project showed mean ± SEM (unless written otherwise) with a significant statistical p-

value < 0.05. Please note that “ns” presented in the figures means non-significance of p-value 

and symbols used in the figures indicate single animals or individuals. Replicates or the number 

of animals/subjects in every group “n” of every experiment can be found in each figure legend. 

The normality was checked using Shapiro-Wilk (for n  4) or Kolmogorov-Smirnov normality 

tests (for n  5). For comparing the two groups, a Student’s t-test was applied. Mann-Whitney 

test (used for nonparametric distribution) or unpaired 2-sided t-test were used to compare a 

set of data of two. The paired Student’s t-test was presented in studies involving samples from 

the same mouse or patient; otherwise, Wilcoxon rank sum test was utilized. A test of Tukey-

HSD for one-way ANOVA (analysis of variance) or a two-way ANOVA was applied to compare 

multiple data sets for normally distributed data. In addition, plaque and collagen surface 

coverage aggregation over time was calculated using computational Macro-scripting on 

FIJI/ImageJ. 
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3.5 Clinical characteristics of human samples 

 

Table 7. Clinical descriptions of OSA patients and controls (healthy individuals) recruited in this 
study project. 
Obesity is considered with body mass index over 30; SD: standard deviation, y: years, n: 
number, h: hour, %: percentage. 

Clinical Characteristics of OSA Patients and Healthy Individuals 

 OSA Healthy 

Total number [n, female] 50 [13] 9 [4] 

Age [y], ± SD 53.69 ± 10.19 56.00 ± 10.43 

Erythrocyte (T/l), ± SD 4.82 ± 0.42 5.00 ± 0.34 

Hemoglobin (g/dl), ± SD 14.48 ± 1.17 14.91 ± 1.21 

Platelet (G/l), ± SD 255.72 ± 57.68 241.71 ± 35.6 

Leukocyte (G/l), ± SD 6.49 ± 1.74 6.21 ± 1.43 

Neutrophil (%), ± SD 58.90 ± 8.73 57.50 ± 1.43 

Creatinine (mg/dl), ± SD 0.96 ± 0.18 0.84 ± 0.14 

PDW (fL), ± SD 11.86 ± 1.42 11.00 ± 1.58 

Apnea-Hypopnea Index (AHI) (n/h), ± SD 31.85 ± 25.44 1.83 ± 1.15 

Minimal Oxygen Saturation (%), ± SD 80.18 ± 8.20 86 ± 2.61 

Arterial Hypertension, n [%] 26 [52] 4 [44.4] 

Diabetes, n [%] 7 [14] 2 [22.2] 

Smoke, n [%] 16 [32] 1 [11.1] 

Bronchial asthma, n [%] 9 [4.5] 0 [0] 

Hypercholesterolemia, n [%] 10 [20]  2 [22.2] 

Obesity, n [%] 8 [16] 3 [33.3] 
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Table 8. Clinical characteristics of OSA patients pre- & post-therapy recruited in this study (n=9 
per group). 
Obesity is considered with body mass index over 30; SD: standard deviation, y: years, n: 
number, h: hour, %: percentage. 

Clinical Characteristics of OSA Patients PRE & POST CPAP Therapy  

 PRE POST 

Total number [n, female] 9 [3] 

Age [y] , ± SD 57.33 ± 17.64 

Erythrocyte (T/l), ± SD 4.67 ± 0.46 4.58 ± 0.43 

Hemoglobin (g/dl), ± SD 14.28 ± 1.23 13.81 ± 1.24 

Platelet (G/l), ± SD 241.11 ± 48.98 225 ± 49.17 

Leukocyte (G/l), ± SD 7.76 ± 1.84 7.08 ± 1.18 

Neutrophil (%), ± SD 58.5 ± 11.07 55.57 ± 11.08 

Creatinine (mg/dl), ± SD 1.2 ± 0.72 1 ± 0.15 

PDW (fL), ± SD 13.13 ± 2.23 12.87 ± 1.88 

Apnea-Hypopnea Index (AHI) (n/h), ± SD 43 ± 27.10 11.61 ± 9.88 

Minimal Oxygen Saturation (%), ± SD 78 ± 5.93 83.14 ± 6.59 

Arterial Hypertension, n [%] 8 [88.88] 

Diabetes, n [%] 1 [11.11] 

Smoke, n [%] 3 [33.3] 

Bronchial asthma, n [%] 0 [0] 

Hypercholesterolemia, n [%]  0 [0] 

Obesity, n [%] 4 [44.44] 
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4. Results 

 

4.1 Obstructive sleep apnea and intermittent hypoxia  

 

4.1.1 PDW, MPV, and platelet immature fraction are boosted with the severity of 

OSA  

 

OSA is a common sleeping disorder that can influence platelet function [128]. Since platelet 

function is considered a key mechanism leading to cardiovascular diseases in OSA, it was 

postulated that the severity of sleep apnea will predict the response of platelets regardless of 

identified comorbidities [128,129]. To address the clinical significance of our project and to 

examine the effects of OSA on platelet compartments and thrombopoiesis, OSA subjects were 

recruited with an AHI (OSA severity index) of more than 5 after undergoing polysomnography 

(Table 7) along with healthy controls. Although platelet counts of OSA patients did not display 

a positive correlation with disease severity (i.e. AHI); MPV along with PDW presented an 

increase with the severity of the disease (Fig. 4.1A). Gunbay et al. reported a similar increase in 

PDW and MPV levels of OSA patients [130].  

 

Different methodologies including various dyes for RNA and diverse gating strategies were 

applied in research studies to identify the immature platelet fraction [131]. In our project, 

reticulated platelets (RPs, i.e. RNA-rich platelets) counts were measured using CD41 and TO 

(Thiazole orange) dye that stains residual cytosolic RNA in young immature platelets (or RPs). 

Likewise, a positive correlation of RP counts with AHI of OSA patients was found  (Fig. 4.1B). In 

summary, these results indicate an augmented platelet volume and distribution width with 

disease severity in OSA patients, and RPs may be a new potential marker of severe OSA 

patients. 
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Figure 4.1. Effects of OSA on platelet compartments. 
(A) Linear correlation analysis of AHI (Apnea-hypopnea index) vs. platelet, mean platelet 
volume (MPV), platelet distribution width (PDW), or (B) reticulated platelets of OSA patients, 
respectively (n=50 patients). Significance levels are shown, *<0.05, **<0.01, ***<0.001 and ns. 
P-values were measured with linear regression. 
 

 

4.1.2 Thrombus formation is driven by RPs under arterial flow conditions 

 

Accumulating evidence indicates the association of OSA with arterial thrombosis, 

atherosclerosis, and a high risk of mortality [132,133]. The formation of arterial thrombus after 

the rupture of plaque is induced by atherosclerotic and thrombogenic plaque components 

such as collagen and tissue factor (TF), triggering an avalanche of accumulating platelets and 

coagulation [133,134]. It was stated that von Willebrand factor (vWF) is an essential mediator 

in the adhesion of platelets to atherosclerotic plaques and collagen fibers resulting in platelets’ 

aggregation at high shear flow conditions [133,135]. To define whether the increased release 

of RPs in OSA patients contributes to increased thrombotic risk, ex-vivo thrombus formation 

was examined under arterial flow conditions. Fluorescent-labeled whole blood from OSA 

patients showed an increased platelet aggregation and thrombus formation on collagen 

compared to healthy controls (Fig. 4.2A). This increased thrombus formation was due to 

exaggerated recruitment of RPs to collagen under OSA as shown by preferential recruitment of 

TO high RPs (Fig. 4.2B). Arterial thrombus formation was also investigated on human plaque 

A 

B 
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under the flow, plaque was collected from a pool of patients as described in the methods 

section above. Data presented an increased trend of thrombus formation of OSA blood on 

plaque although statistical analysis did not show significance (Fig. 4.2C); further research with 

a larger sample size may validate the observed pattern. These results conclude that excessive 

young reticulated platelets expose OSA patients to increased thrombotic risk.  

 

 
Figure 4.2. Platelet aggregation and accumulation of OSA blood. 
(A) Representative images (100 μm) of adhesion and aggregate accumulation of platelet on 
collagen-coated flow chambers after 3 minutes of blood flow (left panel) and quantification of 
total surface coverage is automated and quantified by macro-scripting with ImageJ/FIJI (right 
panel) (n=7-8 individuals per group). (B) Representative image (4 μm) of thiazole orange (TO) 
staining of whole blood in OSA patients or controls after 15 sec of flow (left panel). The dashed 
line indicates platelet shape and red and green fluorescence represents CD41 and TO 
respectively. Distribution analysis of total TO fluorescence intensity in OSA patients or healthy 
controls; n=4 individuals per group (right panel). (C) Representative images (100 μm) of 
adhesion and aggregate accumulation of platelet on plaque-coated flow chambers after 3 
minutes of blood flow (left panel) and quantification of total surface coverage is automated 
and quantified by macro-scripting with ImageJ/FIJI (right panel) (n=4-5 healthy controls or 
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patients per group). Significance levels are implied with *<0.05, ***<0.001, ****<0.0001 or ns 
calculated with two-way ANOVA. 
 

 

4.1.3 Platelet activation markers are highly expressed in OSA patients 

 

Platelet activation markers are crucial indicators in estimating the thrombotic risk in different 

diseases. The augmented hyperactive profile of platelets has been correlated with numerous 

inflammatory diseases [136]; yet, there is a lack of studies on platelet activation markers and 

thrombosis associated with sleep apnea. Therefore, the platelet activation in patients 

subjected to OSA was quantified along with a control group using an in-depth high-

dimensional flow cytometric examination (tSNE plus flowSOM) of eight platelet populations 

(Pop0-Pop7) (Fig. 4.3B-D). OSA platelet showed a prothrombotic phenotype with elevated 

expression of activation markers of subpopulation 6 (Pop6) (Fig. 4.3C,D), which are P-selectin, 

PAC-1/active αΙΙBβΙΙΙ and CD63 under resting conditions (Fig. 4.3E); indicating that OSA’ 

platelets exhibited a stronger thrombotic profile than these in controls. Moreover, 

concatenated OSA platelet populations and control platelet populations are expressed 

distinctly from each other as illustrated in Fig. 4.3G,H.  

 

Thus, this analysis differentiates control from OSA by visually (heatmap and color-coded 

overlapping) and quantitively distinguishing the difference in platelet markers expression; 

meaning that platelets are activated differently under OSA. 
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Figure 4.3. Extensive flow cytometric platelet markers evaluation. 
(A) Scheme of the gating strategy of platelet population by double positive gating of CD42b 
and CD41. (B) Color-coded flowSOM platelet populations are illustrated. (C) A relative mean 
fluorescence intensity (MFI) to maximum MFI of platelet markers was presented as a heatmap 
for every subcluster of platelets. (D) Platelet population frequency and (E) platelet markers of 
sub-population 6 are presented. (F) Color-coded tSNE-flowSOM expressions of each of the 
platelet markers used are presented. (G) Heatmap cluster to show the difference between 
control and OSA. (H) Color-coded clusters overlapped for further demonstration of the two 
distinct populations; n=9 healthy controls or OSA patients per group. Significance levels are 
specified as *<0.05, ****<0.0001, and ns. Two-way ANOVA along with unpaired t-test were 
used to define p-values. 
 
 

4.1.4 Activation markers are elevated on immature platelet fraction 

 

Next, it was important to distinguish which platelet fraction is responsible for the increased 

platelet activation observed in OSA patients. This is why activation markers were quantified on 

mature platelets and RPs of resting cells. RP's population was gated by double positive TO and 

CD41 and then P-selectin and CD63 mean fluorescence intensity was calculated using FlowJo. 

As presented in Fig. 4.4C, platelet activation markers were found to be significantly elevated 

on immature RP fraction in healthy individuals. A noticeable upward trend of activation 

markers was expressed on RPs in OSA patients (Fig. 4.4D). Together, these data indicate that 

RPs are the major contributor to platelet hyperactivity and accordingly its clinical implications. 
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Figure 4.4. Activation markers on platelet and RP fractions. 
(A) Gating scheme of mature and immature platelets using thiazole orange (TO) and CD41. (B) 
Histogram normalized to mode between mature platelets (black) and immature reticulated 
platelets (red). (C) Mean Fluorescent Intensity (MFI) of platelet markers in healthy individuals 
and (D) in OSA patients are represented; n=5 individuals. Significance levels are identified with 
*<0.05, ***<0.001, and ns. An unpaired t-test was used to indicate p-values. 
 

 

4.1.5 Augmented neutrophil counts are associated with increased platelet number 

 

Neutrophils may play a crucial role in enhancing thrombopoiesis under inflammatory 

conditions. It was thought that there is a connection between platelets and neutrophils driving 

thromboinflammation which is considered a key interest topic in cardiovascular diseases [137]. 

To understand the relation of neutrophils with the enhanced platelet counts of OSA, the 

correlation between platelets and neutrophil numbers was examined. Accordingly, data 

showed that OSA patients have elevated platelet and neutrophil counts (Fig. 4.5). This positive 

correlation may consequently result in the amplified generation of oxidative stress (i.e. ROS) 

resulting in an increased risk of thrombotic events. 
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Figure 4.5. Correlation of neutrophil and platelet counts in OSA patients. 
Linear correlation analysis of platelets vs. circulating neutrophils of OSA patients; (n=50 
patients). P-values were determined with linear regression. 
 

 

4.1.6 ROS level is boosted in circulating neutrophils under OSA 

 

It was found that peripheral blood neutrophils in OSA patients have an increased ROS 

production which was attributed to the more severe OSA [138]. In addition, it was also 

reported that in blood platelets, ROS are generated in various signaling pathways; resulting in 

platelet activation [139]. To examine the exact source of ROS production in OSA, ROS 

expressed in platelets (CD41-PE/Cy5) and ROS expressed in neutrophils (CD16-BV421) were 

both quantified in the circulation of control and OSA patients; using DCFDA (5mM) (Fig. 4.6). 

ROS expression in platelets showed no difference between control and OSA; however, ROS 

expressed on circulating neutrophils was significantly increased in OSA patients compared to 

control healthy individuals. Therefore, ROS production is augmented in the circulation of OSA 

patients and this increase in ROS level is neutrophil-derived. 

 

 
Figure 4.6. Circulating neutrophils increase ROS levels under OSA. 
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Flow cytometer analysis of the mean fluorescent intensity (MFI) of ROS level in platelet (n=9 
control subjects and n=11 OSA patients) and ROS in neutrophils in the blood of control 
individuals vs. OSA patients presented as histograms (n=6 individuals per group). Significance 
levels are indicated, *<0.05, and ns. An unpaired t-test was used to identify the p-values. 
 

 

4.1.7 CXCR4 expression on neutrophils is enhanced in OSA 

 

Chemokines are considered crucial mediators in the migration and release of neutrophils in 

homeostasis and disease [32]. CXCR4 was identified as a major chemokine regulator of 

neutrophil mobilization and stimulation from bone marrow under inflammatory conditions 

[32]. CXCR4 was demonstrated to modulate neutrophil reactions in patients with lung injury 

[140], atherosclerosis [141], allergic asthma [142], and other diseases. However, to date, the 

effect of this chemokine on neutrophils has not been studied in patients with OSA disease. 

Therefore, CXCR4 expression was measured on peripheral neutrophils in OSA patients vs. 

healthy controls (Fig. 4.7A). Neutrophils in OSA patients displayed a higher CXCR4 expression 

(Fig. 4.7A) and this expression is closely linked to severe OSA (Fig. 4.7B). Thus, enhanced CXCR4 

expression is found on circulating neutrophils in patients with severe OSA. 

 

 
Figure 4.7. CXCR4 expression is significantly higher in severe OSA patients. 
(A) Flow cytometer analysis of CXCR4 expression on neutrophils of OSA patients vs. healthy 
controls. An expression histogram was shown (n=6 individuals per group). (B) Linear 
correlation analysis of AHI values and CXCR4 expression (subtracted from CXCR4 isotype 
control) in OSA patients (n=14 OSA patients). Significance levels are indicated, **<0.01. The 
presented P-values were assessed with a t-test (unpaired) or linear regression. 
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4.1.8 Characterization of intermittent hypoxic murine chamber 

 

Given the vital healthcare burden presented by OSA and the ethical complications of 

conducting accurate mechanistic research causing OSA in patients, substantial work has been 

concentrating on animal models mimicking IH found in OSA patients [90,143,144]. To simulate 

the effects of OSA, rodents were treated with IH to simulate the oxygen profile experienced by 

OSA patients [145]. The use of animal models of OSA has fostered our understanding of OSA 

pathogenesis and its significance [90]. Animal models are being studied to explore the 

pathways downstream the hypoxic exposure and particularly its effect on cardiovascular 

disorders [146]. Normoxic mice had continuous exposure to room air [146]. Generally, 

numerous studies examined the effects of IH in murine models for 60 events/hour by lowering 

the ambient cage oxygen levels with de-oxygenation and re-oxygenation events ranging from 

5% to 21% respectively; causing a change in murine arterial oxygen saturation [90,147,147].  

 

To gain a comprehensive understanding of the molecular sequelae leading to thrombosis in 

more detail and to further describe the function of neutrophil-driven thrombopoiesis in OSA, 

an intermittent hypoxic murine model was established in our Lab mimicking the hypoxic 

condition in human sleep apnea patients. Mice were placed in a chamber that exposed them 

to repetitive cycles of low oxygen levels (6% O2) by inducing a flow of nitrogen gas for 20 

seconds, followed by 40 seconds of normal oxygen levels (21% O2) every minute for a total of 6 

hours per day, simulating the physiological relevance and pathogenesis of OSA patients. 

Deoxygenation and reoxygenation cycles were taking place every minute for 60 events per 

hour (Fig. 4.8A). The appearance of oscillating cycles and the duration of the exposure were 

illustrated in the display attached to the chamber as shown in Fig. 4.8B. 

 

First, intermittent hypoxia was characterized at diverse time points; after 1 day, 3 days, and 7 

days of IH exposure for 6 hours/day in comparison to normoxic mice exposed to normal air. 

Interestingly, IH mice sacrificed directly after hypoxic exposure showed no difference in cell 

count. However, a meaningful increase in PDW values was shown and most importantly in 

circulating platelet count after one week of IH compared to normoxic mice (Fig. 4.8C-E); 

reflecting the analogous results shown before in OSA patients (Fig. 4.1A). Similar to other 

studies, this project will further elaborate on IH directly after consecutive seven days of 

hypoxic exposure. 
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Figure 4.8. Establishing and characterization of IH at different time points. 
(A) Experiments took place before IH exposure after 1 day, 3 days, and 7 days of IH exposure 
for 20 sec apneic events and 40 sec of reoxygenation. (B) The screen of hypoxia chamber 
established in our Lab presents the oscillating curve of intermittent hypoxia for 6 hours every 
day (the illustrative scheme is generated using PowerPoint). (C) Cell counts of WBC: white 
blood cell, NEUT: neutrophils, LYMPH: lymphocytes, and MONO: monocytes, (D) PDW along 
with MPV, (E) in addition to platelet count in blood at Day1 (D1), Day3 (D3) and Day7 (D7) 
were presented; n= 4-5 C57BL/6 animals per group. Significance levels are indicated with 
*<0.05 or ns, and determined using two-way ANOVA. 
 

 

40 sec of reoxygenation
From 6% to 21% O2

20 sec of apneic event
From 21% to 6% O2

60 events/hour
6 hours/day at different 
time points

Day 0 Day 1
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4.1.9 Thrombopoiesis is increased in mice exposed to IH 

 

To further investigate this murine IH model and the processes leading to enhanced 

thrombopoiesis, flow cytometry analysis was performed on mice after seven days of IH 

treatment. Not only platelet but also reticulated platelet counts were amplified in IH mice (Fig. 

4.9A); consistent with the results generated in OSA patients and presented in Fig. 4.1.  

 

To question whether elevated platelet counts arise from an altered clearance, platelet lifespan 

was determined in the blood and was unaltered in normoxia mice vs. IH mice (Fig. 4.9B). 

Comparably to OSA patients, IH mice also revealed an increase in PDW values after seven days 

of exposure to IH (Fig. 4.9C). This increase was not seen in MPV values in IH mice (Fig. 4.9C). 

Cell numbers remained unaltered in blood and BM; yet, B cells presented a decrease in 

number in the vasculature after IH exposure for 7 days (Fig. 4.9D). Further experiments are 

needed to investigate the exact role of B cells under intermittent hypoxia. In summary, 

amplified thrombopoiesis is detected using flow cytometry in mice under IH. 

 

 
Figure 4.9. Flow cytometry measurements of mice under normoxia and hypoxia. 
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(A) Platelet and reticulated platelet of C57BL/6 mice (n=8 animals per group) and (B) Platelet 
life span in blood (n=4) were quantified under normoxic as well as 7 days of IH conditions. (C) 
PDW along with MPV in blood in addition to (D) leukocytes within the blood and BM of 
C57BL/6 mice were quantified under IH conditions; n=6. Significance levels are specified using 
unpaired t-test and two-way ANOVA with *<0.05, **<0.01, and ns.  
 

 

4.1.10 Confocal imaging of BM shows larger megakaryocytes in IH mice 

 

Bone marrow is the primary site of thrombopoiesis where megakaryocytes (MKs) release 

platelets into the vasculature and where neutrophils develop from myeloid progenitors [1,29]. 

Using 3D imaging, MK size, number, and ploidy were investigated and quantified in the BM of 

normoxia mice and mice treated for one week under intermittent hypoxia (Fig. 4.10A). 

Consistent with published results, Fig. 4.10A illustrated the random distribution and dispersion 

of MKs in BM [148]. 

 

MKs in hypoxic mice were more prominent in size compared to normoxia mice as presented in 

Fig 4.10B. Yet, MK numbers were unaltered in both conditions (Fig. 4.10C (left)). During the 

maturation of MKs, DNA replication proceeds without cytokinesis developing mature MKs of 

increasing ploidy to a size up to 65 μm [148,149]. MK ploidy analysis showed that MK 

maturation was unaffected following IH exposure (Fig. 4.10C (right)). Although Levine and his 

colleagues (1982) stated that the large size of MKs is correlated to greater MK ploidy [149], the 

findings of this study showed that the larger diameter of murine MKs was not related to 

greater DNA content. The neutrophil number was quantified in confocal images and showed 

no difference in both normoxia and hypoxic mice (Fig. 4.10D). Thus, larger MKs are visualized 

in BM of IH mice but no difference in the number of MKs or neutrophils is found compared to 

normoxic mice. 

 



 61 

 

 
Figure 4.10. MKs in hypoxia mice have greater diameters under hypoxia. 
(A) Representative 3D whole mount confocal images of bone marrow (BM) in normoxia and 
hypoxia mice. CD41-FITC (MK in green) and Ly6G-PE (neutrophil in red); scale bar, 100μm. (B) 
The diameter of megakaryocyte (MK) in m of confocal imaging of whole bone staining and 
the mean number of MK (total number of MK per volume) in relation to the MK diameter (μm) 
were calculated (n=5 C57BL/6 animals per group). (C) MK number and ploidy (n=4 C57BL/6 
animals per group) were represented. (D) Neutrophils were counted in BM and compared in 
normoxia and hypoxia mice (n=5 C57BL/6 mice per condition). Significance levels are indicated 
using unpaired t-test and two-way ANOVA with *<0.05, and ns.  
 

 

4.1.11 MK comparison in BM and lung 

 

Megakaryocytes are the progenitors of circulating platelets and until lately MKs were generally 

considered merely resident in BM; yet, the lung has been discovered to host MKs producing 

platelets [150]. Moreover, the lung is the first organ to sense oxygen level change. Thus, the 

megakaryocyte compartments residing within the BM and lung were reconnoitered in this 

project. First, a significant distinction in the MK form and sphericity was detected between BM 

and lung (Fig. 4.11A). Then, the MK frequency was observed in both organs; MKs were rare in 

the lung compared to bone marrow (Fig. 4.11B). Likewise, MK frequency and number were 

investigated in other studies showing that MKs in the lung are much less than MKs majorly 

found in BM [151–153]. MK numbers remained the same in normoxia vs. hypoxia mice in lung 

and BM (Fig. 4.11B). To sum up, BM MKs have higher sphericity than lung MKs and are found 

abundantly in BM but rarely in the lung. Besides, the number of MKs in both BM and lung 
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showed no difference after exposing mice to IH; meaning that the number of MK cells is not 

involved with increased thrombopoiesis identified under IH. 

 

 
Figure 4.11. Murine BM and lung confocal imaging of MKs under normoxia and hypoxia. 
(A) Zoomed Representative confocal images of MKs within BM and lung, and sphericity of MK 
in both compartments are characterized (scale bar 20 μm, n=4 mice). (B) Illustrative 3D images 
of MKs and quantification of MK frequency within BM and lung (right panel) under normoxia 
and hypoxia conditions; CD41-FITC (MK in green) and Ly6G-PE (neutrophil in red); scale bar in 
BM 50 μm, scale bar in lung 15 μm (n=5 animals). Significance levels are quantified by unpaired 
t-test and illustrated as **< 0.01 and ns.  
 
 

4.1.12 ICAM-1 expression on lung arterial endothelium is higher in IH mice 

 

ICAM-1 was found to be expressed on the endothelial wall and essential for the adhesion of 

neutrophils and their trans-endothelial migration [154]. Endothelial dysfunction in the 

vasculature was detected in OSA patients in comparison with controls [155]. Furthermore, 

ICAM-1 is increased in the circulation of OSA which may result in cardiovascular complications 

[156]. In addition, expression of ICAM-1 was found to be enhanced in the lung tissue of mice 

subjected to hypoxia compared with normoxic control mice [157]. Therefore, ICAM-1 was 

studied in this project in the lung arterial endothelium in mice to check vascular endothelial 

dysfunction following intermittent hypoxia in comparison to normoxic mice. ICAM-1 

expression was quantified in their pulmonary endothelium and was found to be increased in 
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lung vessels of IH mice (Fig. 4.12). Consequently, ICAM-1 is differentially expressed in the lung 

endothelium and is found to be upregulated on the pulmonary epithelium of intermittent 

hypoxia mice; affecting neutrophil migration under IH. 

 

 
Figure 4.12. ICAM-1 is significantly expressed in the lung endothelium of IH mice 
Representative 3D images of ICAM-1 expressed on the vasculature (CD31) within the lung of 
normoxia and hypoxia mice and measurement of mean fluorescent intensity of ICAM-1 
expression using IMARIS software, n=5 animals in every condition. The significance level is 
indicated as *< 0.05 and assessed using unpaired t-test.  
 

 

4.1.13 MKs and neutrophils closely cooperate to increase thrombopoiesis under IH  

 

To elucidate whether thrombopoiesis was affected under intermittent hypoxia and to identify 

if there is an interaction between MKs and neutrophils inside the BM, multi-photon 

microscopy was used to visualize the thrombopoiesis in the calvarial bone of C57BL/6 mice at 

normoxia vs. IH conditions (Fig. 4.13A). MKs (in green) were labeled with GPIX antibody 

whereas neutrophils (in red) were characterized with Ly6G antibody. It was observed that 

proplatelet (PPL) release speed was faster and release time was shorter in IH mice; while PPL 

length was similar in both groups (Fig. 4.13B). Recent studies stated that neutrophils home 

back to BM along with hematopoietic cells (MKs) [158] stimulating platelet production; 

therefore, neutrophil-MK interactions were quantified at different compartments in the bone 

marrow. More neutrophil-MK interactions were located in the perisinusoidal niche close to the 

proplatelet budding sites (<20μm) in IH mice (Fig. 4.13C). Together, neutrophils are found to 

be in close engagement with MKs at the perisinusoidal PPL-budding set in the BM of IH mice 

promoting thrombopoiesis. 

 



 64 

 
Figure 4.13. The interaction between MKs and neutrophils is visualized using two-photon 
imaging in normoxia and hypoxia mice. 
(A) Representative image series of thrombopoiesis (green color characterizes megakaryocytes; 
red color represents neutrophils, an asterisk specifies proplatelet length and dash line displays 
the vessel border) and (B) video analysis of proplatelet growth speed, release time, and length. 
(C) Video analysis of MK-neutrophil interactions. 8 movies from control mice and 9 movies 
from IH mice were analyzed with IMARIS software, n=3 C57BL/6 animals per condition. 
Significance levels are indicated, *<0.05, and ns and determined with paired t-test along with 
two-way ANOVA. 
 

 

4.1.14 Cytokine profiling in BM is characterized under IH condition 

 

To further ascertain whether cytokine changes within the BM interstitial, are accountable for 

the disparities in platelet generation in IH mice, the levels of marrow cytokines were measured 

(Fig. 4.14A). Key cytokines that are known to be related to MK maturation (TPO, IL6, IL11, CSF) 

and thrombopoiesis including IL-1α, RANTE (CCL5), remained unaltered in both conditions (Fig. 

4.14B). Some cytokines showed significance in BM of normoxia and hypoxic mice such as 

CCL6/C10, Endostatin, IL-33, MMP-9, RAGE, and others presented in Fig. 4.14C. Hence, the 
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characterization of cytokine profile in the interstitial fluid of bone marrow indicates that 

megakaryopoiesis/thrombopoiesis remains unaltered following IH. 

 

 

 

 
Figure 4.14. BM cytokine is quantified in normoxia and hypoxia mice. 
(A) Cytokine level within the interstitial of bone marrow (BM) was quantified using a proteome 
profiler mouse XL cytokine kit in control normoxia mice and hypoxic (IH) mice. (B) The protein 
level of megakaryopoiesis/thrombopoiesis-related cytokines was quantified within BM 
interstitial and was examined by heat map and histogram analysis. (C) The significantly distinct 
cytokines levels in BM were also presented in histogram analysis by calculating the mean pixel 
density using FIJI/ImageJ and generating heat maps by Prism; n=4 animals per condition. 
Significance levels are designated (*<0.05, **<0.01, and ns) using unpaired t-test and two-way 
ANOVA. 
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4.1.15 Neutrophil-derived ROS level and CXCR4 expression in murine blood are 

amplified under IH 

 

CXCR4 was identified as a major regulator of neutrophil mobilization and stimulation from 

bone marrow under inflammatory conditions [32]. CXCR4 expression was quantified in the 

blood and BM of intermittent hypoxic mice. CXCR4 expression on neutrophils was not 

significantly increased in BM (Fig. 4.15B). Yet, aged neutrophils which are known to upregulate 

CXCR4 and downregulate L-selectin [159], were studied within the bone marrow and data 

showed increased CXCR4high neutrophils in murine bone marrow under IH (Fig.4.15C). 

 

CXCR4/CXCL12 axis accelerates MK-neutrophil interaction to enhance proplatelet formation by 

direct influence and stimulation of the ROS-related mechano-signaling [123]. ROS level in 

blood neutrophils was found to be higher in IH mice compared to normoxia mice (Fig. 4.15D). 

ROS levels in BM were unaltered under hypoxic conditions (Fig. 4.15D). To sum up, CXCR4 

expression and ROS level are increased in circulating neutrophils under IH, and aged 

neutrophils are found to be enhanced in BM of IH mice. 

 

   

 
Figure 4.15. IH increases the level of neutrophil-derived ROS and CXCR4 expression. 
(A) A representative histogram plot of the surface expression of CXCR4 on circulating 
neutrophils was presented. CXCR4 expression was quantified in blood and (B) in BM. (C) Flow 
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cytometer analysis of CXCR4 expression and L-selectin on BM neutrophils of normoxic versus 
hypoxic BL6 mice; n=4 mice per condition. (D) A histogram plot of neutrophil-derived ROS and 
its level was quantified in blood and BM neutrophils; n=7-9 mice per condition. Significance 
levels are indicated, *<0.05 or ns, and defined using unpaired t-test. 
 

 

4.1.16 Neutrophil CXCR4 are critical mediators of increased platelet production  

 

To address whether CXCR4-dependent neutrophil in close proximity to MK contributes to 

platelet production, the genetic ablation of CXCR4 was investigated in mice. Ablation of CXCR4 

decreased platelet and RP numbers under intermittent hypoxia conditions (Fig. 4.16A), while 

MK number and ploidy remained unaltered (Fig. 4.16B). Unquestionably, neutrophil numbers 

changed rigorously in murine blood and BM (Fig. 4.16C). Thus, the CXCR4/CXCL12 signaling 

pathway intervenes in the interaction between MK and neutrophils leading to enhanced 

production of platelets and RPs. 

 

 
Figure 4.16. Measurements of Mrp8-Cre/CXCR4fl/fl mice under normoxia and hypoxia. 
(A) Platelets and RPs in addition to (B) MK numbers and ploidy were measured in Mrp8-
Cre/CXCR4fl/fl mice under IH conditions. (C) Leukocytes of blood and BM were determined; (n=5 
Mrp8-Cre(-)/CXCR4fl/fl; n=6 Mrp8-Cre(+)/CXCR4Δ/Δ). Significance levels are presented, **<0.01, 
***< 0.001, ****< 0.0001 and ns. Unpaired Student’s t-test or two-way ANOVA was used to 
identify p-values. 
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4.1.17 LFA-1 neutrophil mobilization to places of inflammation increases platelet 

production under IH 

 

LFA-1 is a heterodimeric-integrin comprising two subunits (αL and β2), found on the surface of 

all neutrophils and leukocytes; besides, it is considered indispensable for recruiting neutrophils 

to inflamed sites [160]. Blockage of LFA-1 by antibody injection was used in this project to 

examine the outcomes of inhibiting neutrophils’ recruitment under IH. Data showed a 

substantial decrease in platelet and RP production in IH conditions after LFA-1 blockage (Fig. 

4.17C); while platelet lifespan, MK number, and ploidy along with cell count in BM and blood 

remained unaltered (Fig. 4.17D,E). Henceforth, when the neutrophil recruitment is reduced via 

CD11a antibody blockage, thrombopoiesis is considerably suppressed in mice exposed to IH. 

Thus, neutrophil recruitment is essential in triggering platelet production under intermittent 

hypoxia. 
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Figure 4.17. LFA-1 blockage lowers platelet and RP production in hypoxic mice. 
(A) An illustrative scheme of LFA-1/CD11a antibody blocking in IH mice. (B) Representative 
figures of LFA-1 isotope control and LFA-1 in the bone marrow of normoxia mice. (C) Platelet 
and reticulated platelet, (D) lifespan of biotin-labeled platelets in blood, MK numbers, and 
ploidy, and (E) leukocytes of BM and blood were quantified in LFA-1 blocking antibody injected 
mice under IH conditions; (n=4 C57BL/6 mice in every condition). Significance levels are 
indicated with **<0.01, and ns, if not indicated then it is considered as not significant. 
Unpaired t-test or two-way ANOVA were used to assess the p-values. 
 

 

4.1.18 Genetic ablation of neutrophil CXCR4 attenuates thrombus formation in IH 

mice 

 

It was reported that intermittent hypoxia accelerates the formation of arterial thrombosis 

[161], and OSA is highly associated with markers of atherosclerosis mainly in the carotid bed 

[162]. Accordingly, a mouse model of carotid arterial thrombosis was visualized in-vivo to 

study the effects of the augmented number of circulating prothrombotic RPs in mice exposed 

to IH. Thrombus was induced following Fe-III-chloride-induced injury of the carotid artery (Fig. 

4.18A). The frequency of occlusions and the size of the thrombus were increased following IH 

compared to normoxic C57BL/6  mice (Fig. 4.18B).  

 

To check whether CXCR4 neutrophil-driven thrombopoiesis is the main driver of exaggerated 

thrombus formation, the carotid arterial thrombosis was imaged in genetically ablated 

neutrophil CXCR4 mice (Mrp8-Cre/CXCR4fl/fl) exposed to IH conditions. Mrp8-Cre(+)/CXCR4Δ/Δ 

mice showed attenuated thrombus formation and reduced embolism (Fig. 4.18C) compared to 

their littermate controls. In summary, neutrophil CXCR4 enhances the recruitment of 

immature RPs, resulting in the increase of thrombus burden under IH. 



 70 

 

 
Figure 4.18. Abrogation of neutrophil CXCR4 reduces the thrombotic risk in IH mice. 
(A) Picture of a mouse under carotid artery injury using FeCl3. (B) Representative fluorescent 
images of the thrombus in both normoxia and hypoxia conditions followed by carotid surgery 
(left lane; thrombus in green and scale bar, 300μm) and then quantification of thrombus size 
over time in addition to calculation of the occlusion and embolism of every C57BL/6 mouse. (C) 
Representative fluorescent images of the thrombus formation in Mrp8-Cre(-)/CXCR4fl/fl along 
with Mrp8-Cre(+)/CXCR4Δ/Δ mice after 7 days of intermittent hypoxia followed by carotid injury 
(left lane; thrombus in green and scale bar, 300μm) and then quantification their thrombus 
size over the time in addition to calculation of the occlusion and embolism of every mouse; 
n=4 and significance levels are suggested, *<0.05, **<0.01, or ns. Unpaired t-test or two-way 
ANOVA was used to show p-values. 

 

 

4.1.19 Tail bleeding assay reflects impaired hemostasis in hypoxic mice 

 

Hemostasis is described as the body’s natural response to injury to cease bleeding and repair 

the damage. Platelets are responsible for the hemostatic plug formation as they rapidly form 

aggregates on the exposed subendothelium [163]. Subsequently, tail cut assay was used as a 

method to investigate hemostasis in mice under IH by measuring the time taken for platelet 

generation and vasculature constriction to happen. Data showed that IH has shortened tail-cut 

bleeding time (Fig. 4.19); consequently, prompt platelet hemostatic plug is accumulated in the 

surrounding tissue after vessel wall injury in mice exposed to intermittent hypoxia. 
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Figure 4.19. Tail bleeding assay shows reduced bleeding time in hypoxic mice. 
(A) Bleeding time (minutes) measurement of rapid immersion of the amputated tail tip in a 
warm water of around 37°C. (B) Pictures presenting the method and the alteration in the 
bleeding stream in C57BL/6  mice treated with IH (left Hypoxia) or untreated (right Normoxia) 
(n=6 per condition). The significance level is designated by *<0.05 using unpaired t-test. 
 

 

4.1.20 Intermittent hypoxia after 21 days exposure 

 

OSA is a chronic inflammatory disorder that exerts a long-term impact on the pathogenesis of 

cardiovascular events challenged by OSA patients. To better simulate these long-term effects 

and to validate the effectiveness of our installed IH model, mice were exposed to IH for an 

extended duration (21 days), allowing for a thorough analysis of the resulting alterations in the 

long term. Platelet and RP numbers were notably higher under IH as presented in Fig. 4.20A. 

Interestingly, MK ploidy showed the same trend as in seven days of IH treatment; yet with very 

significant differences at 8N and 16N nuclei DNA content developed when MKs undergo 

endomitosis. Despite the increased trend in blood, ROS level and CXCR4 expression did not 

indicate a significant change between normoxia and IH mice in the long term.  

 

In addition, cell counting showed no alteration except for T cell (CD3+) and B cell (CD45R+ 

(B220)) which decreased in blood drastically after 21 days of IH exposure. These findings are in 

line with results generated by Domagala-Kulawik et al. (2015) who detected a significant 

decrease (p value<0.05) in B cell lymphocyte subset (CD19+) in OSA peripheral blood; yet, T 

cells (CD3+) showed no significance when comparing OSA with healthy subjects [164]. It was 

reported that B cells secrete different cytokines and cofactors such as PD1-L2 (programmed 

death 1 ligand 2) and IL-10 which correlate with the stimulation of T cells apoptosis [165,166]; 

meaning that a notable decrease in B cells may also affect T cells by decreasing their number. 
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Nevertheless, it was stated by Xie et al. (2019) that CD19+ B cells augmented in moderate to 

severe OSA patients but CD3+ T cells showed no significant difference between OSA and the 

control group. This incongruity in results was justified by the fact that the recruited patients of 

Xie and his colleagues were not subjects of severe comorbidities; however, OSA patients from 

the study of Domagala-Kulawik had several comorbidities like metabolic syndrome (56%), 

diabetic disease (17%) in addition to lung diseases like COPD (chronic obstructive pulmonary 

disease, 8%) which may have affected the differentiation and expression of immune cells like B 

cells [164,167]. Of note, a mouse model of IH was used in this study and the positive 

population of CD45R(B220) marker detected B cells. It is argued that the CD19 antibody (used 

by Xie et al. and Domagala-Kulawik et al. to determine B cells in OSA patients) is more specific, 

as in humans than CD45R(B220) to determine murine B cell lineage [168]. In all cases, further 

experiments should take place to explore these lymphocytes (B cells and T cells) that can be 

involved in the systemic immune response in patients with OSA predisposing them to probable 

future complications. 

 

PDW and MPV values were not modified when comparing normoxia and IH 21-day mice. 

Together, data showed that after three weeks of IH exposure, lymphocytes B and T cells may 

be involved in the systemic immune response to IH, thrombopoiesis continued to be increased, 

and MK ploidy was drastically altered in hypoxic mice (21 days of IH). These results 

demonstrate that 7 days of exposure to IH studied in this project did not exhibit acute 

response; IH is indeed a chronic condition with lasting effects. 
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Figure 4.20. Measurements in mice after three weeks of IH exposure. 
(A) Platelet and reticulated platelet of C57BL/6 mice, (B) MK number and ploidy were 
quantified under normoxic and 7-day IH conditions. (C) ROS level, (D) CXCR4 expression, (E) 
Cell count within BM and blood in addition to (F) PDW in addition to MPV were quantified 
under IH; (n=4 animals per condition). Significance levels are shown as *<0.05, ***<0.001, ns, 
and assessed using unpaired t-test and two-way ANOVA. 
 

 

4.1.21 CPAP therapy reduces RPs related to thrombogenicity in OSA patients 

 

CPAP is the fundamental standard therapy for OSA [169,170], and studying its effect on OSA-

related mechanisms may open intriguing avenues for development in the realm of medicine. 

Accordingly, patients were investigated before and twelve weeks after the commencement of 

CPAP treatment. Upon initiation of CPAP, the severity of OSA (i.e. AHI) decreased radically 

indicating patient responsiveness to the therapy (Fig. 4.21A); accompanied by a significant 
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diminution in both total platelet counts and RP counts (Fig. 4.21B). Moreover, CPAP markedly 

downregulated CXCR4 expression on circulating neutrophils (Fig. 4.21C). These findings 

indicate the importance of CPAP treatment that may attenuate the effects of recurrent 

deoxygenation/reoxygenation cycles on OSA patients undergoing the right treatment. 

 

 
Figure 4.21. Flow cytometry measurements of OSA patients pre and post-CPAP therapy. 
(A) AHI values of OSA patients along with (B) measuring of platelets and RPs before and after 
three months of CPAP therapy were presented. (C) CXCR4 expression on circulating 
neutrophils before and after CPAP treatment; n=7-8 individual patients. Significance levels are 
presented as *<0.05, ***<0.001, and ****< 0.0001 and evaluated using paired t-test. 
 

 

4.1.22 CPAP therapy decreases the thrombotic risk in OSA patients 

 

CPAP therapy is pronounced to prevent the subsequent occurrence of major cardiovascular 

events in moderate to severe OSA patients and concomitant CAD [13]. To examine whether 

CPAP therapy alleviates the effects of the increased activation and aggregation of 

prothrombotic immature platelets in OSA patients, ex-vivo thrombus formation was assessed 

through arterial flow-coated chambers. Following CPAP therapy, data showed an enormous 

decrease in the accumulation of platelets in the blood of post-therapy patients in both 

collagen and plaque-coated surface flow chambers (Fig. 4.22A,B). Thus, CPAP treatment may 

diminish the risk of cardiovascular events by reducing the thrombus burden affecting OSA 

patients. 
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Figure 4.22. CPAP therapy minimizes platelet adhesion and aggregate generation in OSA. 
(A) Representative pictures (100 μm) of platelet adherence and accumulation on collagen-
coated flow chambers after 3 minutes of blood flow (left panel) and quantification of total 
surface coverage was automated and quantified by macro-scripting with ImageJ/FIJI (n=6 
patients per group). (B) Representative pictures (100 μm) of platelet aggregation on plaque-
coated flow chambers (left panel) and quantification of total surface coverage were automated 
and quantified by macro-scripting with ImageJ/FIJI (n=6 patients per group). Significance levels 
are measured using two-way ANOVA and presented with *<0.05 and **<0.01.  
 

 

4.1.23 CPAP therapy decreases platelet reactivity in OSA  

 

To investigate how CPAP treatment affects platelet activation markers and subsequently, the 

thrombus burden that OSA patients may encounter, frozen whole blood from OSA patients pre 

and post-therapy was analyzed on resting cells. Pop1 was the population greatly expressing 

platelets’ markers (Fig. 4.23C) with the highest frequency of parent (Fig. 4.23D). CPAP therapy 

showed a reduction in the prothrombotic activation markers in the platelet population (Pop1) 

(Fig. 4.23D) and decreased enormously the manifestation of its activation indicators (e.g., P-

selectin along with PAC-1) in patients after therapy (Fig. 4.23E). Moreover, the collagen 

receptor GPVI displayed a reduction in post-therapy patients as well (Fig. 4.23E). The 

population of pre-therapy patients was represented differently by heatmap and color-coded 

profiling than that of post-CPAP therapy patients as illustrated in Fig. 4.23G,H. Hence, CPAP 

therapy decreases the activation markers of platelets and consequently the thrombotic risk in 

OSA patients. 
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Figure 4.23. tSNE and flowSOM measurements of platelet markers pre and post-therapy. 
(A) Scheme of the gating strategy of platelet population by double positive gating of CD42b 
and CD41. (B) Color-coded flowSOM platelet populations and (C) a heatmap showing the MFI 
of all platelet subclusters in relation to the parent MFI value of the surface platelet marker are 
illustrated. (D) The rate of platelet populations and (E) platelet markers of sub-population 1 are 
presented. (F) Color-coded tSNE-flowSOM expressions of each of the markers are presented. 
(G) Heatmap clusters to show the difference in the expression of platelet markers. (H) Color-
coded clusters overlapped for further demonstration of the distinct populations; n=9 pre and 
post-CPAP therapy patients per group. Significance levels are shown as *< 0.05, **< 0.01, ***< 
0.001, ****< 0.0001  or ns and calculated using paired t-test or two-way ANOVA. 
 

 

4.1.24 Neutrophils from untreated OSA patients are characterized by upregulation of 

mitochondrial proteins 

 

High-resolution examinations on neutrophil biology are still needed, in particular at the 

proteomic level to further decipher their biomolecular interactions and alterations in the blood 

of patients. The aim was to better understand the underlying potential biomarkers of 

neutrophils in OSA using MS-based proteomics.  

 

Consequently, neutrophils were sorted from frozen whole blood (citrate blood) of eight pre 

and post-CPAP therapy patients and were set out to measure different protein trajectories. 

Enrichment analysis of neutrophils was performed for biological gene interpretation of sorted 

neutrophils from OSA patients and was tested with keywords and GOBP (gene ontology 

biological process), cellular component (GOCC), and molecular function (GOMF) using 
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student’s T-test. Data showed that there were no drastic protein changes in OSA patients 

before and after CPAP therapy (Fig. 4.24A); nevertheless, the keyword “mitochondria” had a 

high number of annotations in untreated OSA patients (Pre) reflecting the excessive ROS 

production in OSA (Fig. 4.24B-D). Indeed, mitochondria are pronounced as the main source of 

endogenous ROS production in response to hypoxia along with cellular membranes and other 

subcellular compartments [171,172]. Studies have explored the role of neutrophils possessing 

mitochondrial networks that maintain the potential of mitochondrial membrane to generate 

enhanced ROS levels in hypoxic conditions [173].  

 

In summary, there is upregulation of mitochondrial activity in OSA patients consistent with the 

increased neutrophil ROS production examined in this study; suggesting that CPAP treatment 

plays an important role at the proteomic level.  
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Figure 4.24. Functional enrichment analysis of sorted neutrophils in OSA pre- and post-therapy. 
After freezing blood of pre- and post-CPAP therapy from OSA patients (n=8 per group) and 
performing the sorting of neutrophils, (A) neutrophil proteomics were analyzed in volcano 
plots. (B) Enriched plotting analysis in pre-patients. Annotated in red are proteins related to 
the mitochondrion and mitochondrial inner membrane; protein values (and therefore 
differences) are in log10. (C) Volcano plots of functional enrichment analysis presenting pre-
therapy OSA patients (left side) and post-therapy OSA patients (right side); t-test was used and 
p-values are in -log10. Main keywords and GOCC (gene ontology cellular component) were 
presented as single dots, group size was annotated with color coding. (D) Table of the most 
significant keywords and GOCC of neutrophils. Sorted neutrophil samples were handed to 
Johannes Müller (Max Plank Institute of Biochemistry) who did the proteomics analysis. 
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4.2 Myocardial infarction/ischemia-reperfusion (MI/IR) murine model 

and STEMI patients 

 

 

Obstructive sleep apnea and intermittent hypoxia studied above are known to trigger 

cardiovascular disorders [174]. IH is described by cycles of deoxygenation followed by 

reoxygenation which may contribute to an increased risk of ischemic reperfusion injury [107]. 

Consequently, this project will focus on examining the same underlying processes investigated 

under IH but in myocardial infarction induced by ligation and followed by I/R injury. The main 

pathways that will be further explored in MI/IR are inflammatory immune activation, increased 

ROS formation and CXCR4 expression, in addition to platelet aggregation and thrombus 

formation. This project is aimed at elucidating the pathways contributing to the progression of 

cardiovascular conditions. 

 

 

4.2.1 MI/IR murine model is established to translate the responses in patients 

 

To decipher the wide range of effects evolving from I/R injury, a mouse model of MI/IR closely 

imitating the clinical condition in MI patients, was established to identify key aspects of I/R on 

thrombopoiesis and to understand the responses provoked by the disease. This mouse model 

was initiated by 1-hour transient left anterior descending (LAD) ligation followed by ischemia-

reperfusion (I/R) where blood flow is restored. The sham model was experiencing the same 

effects of the chest opening and cardiac injury but without enduring the 1-hour of reduced 

blood supply and reperfusion. To understand the progressive sequel of ischemic reperfusion 

damage specifically on bone marrow, this project investigated the initial response of I/R injury 

at 6-8 hours, then the continued cellular damage at 24 hours, and finally the outcome of the 

injury and tissue repair after 48hours (Fig. 4.25). 
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Figure 4.25. Establishing of MI after 1-hour ischemia-reperfusion and characterization. 
Labeled heart structure of LAD (left anterior descending coronary artery) and ligation injury 
including 1 hour of ischemia-reperfusion (I/R) at time-specific points. The illustrative scheme is 
generated using PowerPoint. 
 

 

4.2.2 Studying MI/IR model at different time points highlights the temporal dynamics 

of the injury on megakaryocytes  

 

To characterize the MI/IR model developed in this project closely, various time points (6-8 

hours, 24 hours, and 48 hours) were studied to elucidate the progressive development of the 

cardiac damage on the platelet progenitors (MKs) in BM. Whole-mount staining of BM was 

investigated by calculating the number and the diameter of MKs along with the volume and 

area of the imaged bone section using Imaris 3D software tools of the MI/IR model in 

comparison to the sham murine model. It was observed that MKs were larger in size in MI/IR 

mice and mainly in 48-hour MI/IR mice that showed 40-50 μm and more than 50 μm MK 

diameter bigger than other time-points BM samples (Fig. 4.26B). The results in Fig. 4.26C 

showed that MK sizes are greater at 6-8 hours MI/IR when reperfusion is initially generating 

stress and damage and the largest MK size was after 48 hours of I/R injury. Based on these 

results, all experiments in this study were performed two days following I/R injury and sham 

conditions. 
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Figure 4.26. Characterizing the established MI/IR model at different time points.   
(A) Representative 3D whole-mount images of BM in sham and I/R mice. CD144 VE-cadherin 
and Streptavidin 450 (vessels in grey), CD41-FITC (megakaryocytes in green) and Ly6G-PE 
(neutrophils in red); scale bar, 100 μm. (B) The mean number of megakaryocytes (MK) (total 
number of MK per volume) in relation to MK diameter in μm. (C) MK diameter of sham vs MI 
using confocal imaging of whole bone staining at different time points 6-8h, 24h, and 48h; 

6-8h Sham 6-8h MI

24h Sham 24h MI

48h Sham 48h MI
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(h=hour) n=3 mice per group. Significance levels are specified as **<0.01, ***<0.001 or ns, and 
calculated using unpaired t-test or two-way ANOVA. 
 

 

4.2.3 Thrombopoiesis is increased in ischemia-reperfusion myocardial infarction  

 

Platelets have been considered a key contributing aspect in understanding the onset of injury 

following ischemia-reperfusion [175]. Consequently, platelets in their mature and immature 

forms were quantified after I/R in mice. The data below showed that RPs and platelet counts 

were increased in the circulation of MI/IR mice; whereas PDW and MPV were unchanged (Fig. 

4.27A). MK number and maturity remained unaltered in both sham and MI/IR (Fig. 4.27B). Cell 

quantification was also investigated in blood and BM. Although white blood cells showed an 

increasing trend in MI; however, it was not significant (Fig. 4.27C).  Neutrophils and T cell 

counts were significantly enhanced in the circulation of MI mice but cell counts were not 

affected in BM (Fig. 4.27C). These findings showed that elevated platelet production is 

associated with I/R injury contributing to cardiac damage. 

 

 
Figure 4.27. Platelet and RP counts are amplified in MI/IR murine models. 
(A) Analysis of platelet and reticulated platelet counts in addition to PDW and MPV of 48h 
sham or MI. (B) Megakaryocyte number and ploidy are calculated in BM; n=7 mice in every 
group. (C) Quantification of white blood cells (WBC) (n=7 mice per group) and immune cells in 
blood and BM (n=4 mice per group). Significance levels are implied as *<0.05 and ns, and 
assessed using an unpaired t-test or a two-way ANOVA test. 
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4.2.4 Transferred neutrophils preferentially localize around BM MKs of MI  

 

To test the effect of neutrophil-driven thrombopoiesis following I/R injury, an adoptive 

neutrophil transfer experiment was performed using GFP expressing neutrophils harvested 

from Lyz2-eGFP mice as illustrated in Fig. 28A. The localization of homing neutrophils was 

studied under MI and sham conditions at 48h (Fig. 28B). The minimal distance between MK 

and neutrophil (edge-to-edge), total number of neutrophils in volume, and mean MK diameter 

were analyzed (Fig. 4.28C) by assessing the existing 2D sections to the complete 3D image as 

presented in Fig. 4.28D. Primarily, data revealed the interaction of neutrophil-MK by detecting 

close distances between MK and neutrophils of less than 5 m in the I/R model compared to 

the MK-neutrophil distances in sham models (Fig. 4.28B,C). To sum up, a favored localization of 

transferred neutrophils was found closely adjacent to MKs residing in BM in MI mice compared 

to sham.  
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Figure 4.28. Close MK-neutrophil interaction following adoptive neutrophil transfer.  
(A) Representative scheme of neutrophils transfer from Lyz2-eGFP (LysM-eGFP) mice to 
C57BL/6 operated mice. (B) Whole mount confocal images of GFP positive neutrophils inside 
the BM following 60 minutes of transfer. Anti-CD144 VE-cadherin (vessels in grey), anti-CD41 
PE (megakaryocyte in red), green anti-GFP (neutrophil); scale bar, 150 μm, and 30 μm for the 
zoomed imaged as indicated. (C) Localization of 3.4x106 transferred neutrophils (48h sham and 
48h MI I/R) relatively to megakaryocytes was quantified; n=5 animals per group. (D) 
Representative 3D picture of megakaryocyte (in red), eGFP neutrophil (in green), and vessels in 
grey was reconstructed using IMARIS software (24 layers, 2 μm depth); 10 μm scale bar, as 
indicated in the image. The descriptive mouse scheme is generated using PowerPoint. The 
significance level is shown as *< 0.05 and examined using two-way ANOVA. 
 

 

4.2.5 Direct engagement of neutrophils at PPL budding sites drives thrombopoiesis in 

MI 

 

To investigate in-vivo the neutrophil colocalization with PPL-forming MKs in the BM of MI 

model, the calvarian model was used to visualize cell-to-cell interaction (Fig. 4.29A,B). 

Accordingly, faster proplatelets release was observed in MI model in comparison to sham 

controls (Fig. 4.29C). The live imaging revealed the very close gathering of neutrophils to PPL 

budding sites of MKs within the perisinusoidal niche (Fig. 4.29B,D). These in-vivo findings may 

lead us to hypothesize that neutrophils play an active part in platelet production by direct 

interaction with PPL budding sites on MKs in BM. 
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Figure 4.29. Augmented thrombopoiesis and MK-neutrophil interaction are visualized under MI.  
(A) White arrows show the platelet release from MK into the vasculature (50 μm scale bar). (B) 
Representative figures of MK-neutrophil interaction (20 μm scale bar indicated in the image). 
Dotted lines present the linings of the vessels (in grey), MKs/platelets are in red, and 
neutrophils are in green. (C) Examination of PPL release time, speed of growth in addition to 
length (each symbol indicates individual PPL). (D) The interaction between MK and neutrophil 
is measured in diverse compartments (n=3 C57BL/6 mice in every group). Significance levels 
are presented with *<0.05 or ns, and calculated by the use of unpaired t-test or two-way 
ANOVA. 
 

 

4.2.6 Myocardial ischemia-reperfusion amplifies ROS production and CXCR4 on 

neutrophils  

 

CXCL12-CXCR4 signaling is disordered following MI permitting the mobilization of neutrophils 

to the peripheral blood [176,177]. CXCR4 was studied after MI/IR in mice to explore its role in 

our model. The expression of CXCR4 on neutrophils is enhanced in the bloodstream of MI 

although it showed no significance in BM (Fig. 4.30A). In addition, dysregulated increase in ROS 

production has been implicated in a host of cardiac diseases including myocardial I/R injury 

[178]. Following the induction of MI and I/R, ROS showed a significant increase in MI blood and 
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BM compared to sham mice (Fig. 4.30B). Thus, both ROS production and CXCR4 expression on 

neutrophils are boosted after MI/IR. 

 

 
 
Figure 4.30. Neutrophil-derived ROS and CXCR4 expression augment in MI/IR. 
(A) A representative histogram plot of CXCR4 expressed on circulating neutrophils was shown 
along with CXCR4 isotype in MI/IR or sham 48h operated C57BL/6 mice by flow cytometry. 
CXCR4 expression on blood and bone marrow neutrophils. (B) A representative histogram of 
the level of ROS in peripheral neutrophils; in addition, ROS level was quantified in blood and 
bone marrow neutrophils; n=4 animals per condition. Significance levels are designated with 
*<0.05 or ns and measured by unpaired t-test. 
 

 

4.2.7 Genetic ablation of neutrophil CXCR4 decreases platelet production after MI/IR 

injury 

 

Next, this project focused on the neutrophil CXCR4 role after MI/IR and studied if these 

ablated CXCR4 can affect the neutrophil involvement in producing platelets. Ablation of CXCR4 

diminished platelet and RP numbers notably following MI, while MK number and ploidy 

remained unaltered (Fig. 4.31A). White blood cell number in addition to cell count in blood 

showed no difference; yet, neutrophil number in BM decreased significantly in Cre+ mice (Fig. 

4.31B). Hence, neutrophil CXCR4 is a crucial mediator of platelet formation under 

inflammatory conditions. 
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Figure 4.31. Ablation of neutrophil CXCR4 affects platelet production after MI/IR injury. 
(A) Measuring of platelets along with RPs, MK numbers and ploidy, and  (B) white blood cells 
(WBC) along with cell count in blood and BM isolated from MI/IR or sham 48h operated mice; 
(n=4 animals Mrp8-Cre(-)/CXCR4fl/fl and n=3 animals Mrp8-Cre(+)/CXCR4Δ/Δ). Significance levels 
are defined p-values as *<0.05, **<0.01, and ns using unpaired t-test and two-way ANOVA. 
 

 

4.2.8 CXCR4 neutrophil-driven thrombopoiesis drives exaggerated arterial thrombus 

formation in MI 

 

To study arterial thrombosis in MI and to address the effects of augmented counts of 

prothrombotic platelets in circulation, MI/IR was provoked in mice. Subsequently, mice were 

visualized in-vivo for thrombus formation following arterial carotid injury. The frequency of the 

occluded vessels and the size of the formed thrombus were amplified after MI in comparison 

to sham mice (Fig. 4.32A).  

 

To ask whether CXCR4 neutrophil-driven thrombopoiesis is the main driver of amplified 

thrombosis burden, the thrombus formation as a result of carotid injury was visualized in 

Mrp8-Cre/CXCR4fl/fl mice who underwent MI/IR surgery. Mrp8-Cre(+)/CXCR4Δ/Δ mice showed 

attenuated thrombus formation and reduced embolism (Fig. 4.32B) compared to their 
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littermate controls. Targeting neutrophil CXCR4 signaling may correct the enhanced platelet 

production and can recover the thrombus burden under MI. 

 

 
Figure 4.32. Arterial thrombosis burden is corrected by abrogated neutrophil CXCR4 in MI/IR 
mice. 
(A) Quantification of thrombus size over the time following 48h after myocardial infarction 
surgery and FeCl3 carotid artery injury was performed on sham and MI/IR mice in addition to 
calculation of the occlusion of every mouse (vessel=mouse; n=8,9 C57BL/6 mice per group). (B) 
Quantification of thrombus size over the time following 48h after myocardial infarction surgery 
and FeCl3 carotid artery injury was performed on both Mrp8-Cre(-)/CXCR4fl/fl along with Mrp8-
Cre(+)/CXCR4Δ/Δ animals in addition to the calculation of the occlusion of every mouse (n=5,6 
Mrp8-Cre/CXCR4fl/fl mice per group). Significance levels are shown as *<0.05, **<0.01 or   
****< 0.0001, and measured using two-way ANOVA or unpaired t-test. 

 

 

4.2.9 RPs counts and neutrophil CXCR4 expression increase in ST-elevation 

myocardial infarction patients  

 

To clinically examine the effects of MI/IR on patients and to validate the findings found in 

animal models, STEMI patients enduring a percutaneous coronary intervention were examined 

in this study. Data showed a transient proliferation in RP amounts (i.e. RPs +50.7%), which 

were normalized to the RP counts detected in control subjects having stable CAD (at day 5) 

post-STEMI (Fig. 4.33A). It was stated that CXCL12-CXCR4 signaling is disturbed following MI, 
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resulting in the mobilization of neutrophils to the peripheral circulation which causes 

neutrophilia [177,179]. Accordingly, CXCR4 was investigated in this project and was found to 

be increasingly expressed on neutrophils of peripheral blood in STEMI patients (Fig. 4.33B). 

Consequently, these findings were correlated with murine results showing an increase in both 

RPs and neutrophil-derived CXCR4 in MI circulation. Therefore, these observations postulate a 

therapeutic approach targeting the underlying molecular mechanisms and the immune 

continuum to mitigate the disease progression. 

 

 
Figure 4.33. Measurements of platelets, RPs, and CXCR4 in STEMI patients. 
(A) STEMI patients were recruited having less than 12 h symptom onset and undertaking 
revascularization or control subjects as described above. Counts of platelets and RPs (n=10 
STEMI or control patients) in addition to (B) CXCR4 expression on neutrophils was analyzed 
using flow cytometry with n=5 control patients and n=7 STEMI. Significance levels are 
presented as *< 0.05, ***< 0.001, ****< 0.0001 or ns, and measured using one-way ANOVA. 
STEMI data were generated by Amin Polzin (Düsseldorf) and retrieved from [123].  
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5. Discussion 

 

5.1 Intermittent hypoxia and myocardial infarction enhance the 

production of mature and immature platelets 

 

Inflammatory disorders are identified to influence thrombopoiesis; nevertheless, the precise 

processes by which IH or MI affects bone marrow remain unclear. Hence, this project studied 

OSA patients and intermittent hypoxic mice to elaborate on the mechanism of intermittent 

hypoxia in bone marrow. Besides, we studied STEMI patients and myocardial 

infarction/ischemic reperfusion mice to investigate further the mechanisms of thrombopoiesis 

and if MI effects are similar to IH outcomes in individuals and mice. OSA patients and IH-

exposed mice display a prothrombotic phenotype that originated from increased reticulated 

platelet counts due to exaggerated neutrophil-driven thrombopoiesis. Higher numbers of 

reticulated platelets in the bloodstream have been demonstrated to be related to increased 

platelet reactivity, higher rates of cardiovascular (CV) outcomes in addition to increased 

mortality within the patient population suffering from CAD [180,181]. In addition, this study 

demonstrated that immature platelet formation is boosted in STEMI patients and mice that 

have been operated on after 48 hours following MI/IR; therefore increasing the threat of 

arterial thrombosis along with the recurring ischemic incidents after myocardial infarction. 

These findings along with previously published data insinuate the critical involvement of 

immature reticulated platelets on the enhanced threat of repeated ischemia in patients with 

MI [25] who possibly had sleep apneic events. 

 

 

5.2 Plucking neutrophils on proplatelet-forming megakaryocytes triggers 

thrombopoiesis and boosts thrombotic risk 

 

This research study elucidated the role of neutrophils and their association with inflammation, 

platelet production, and thrombotic risk. We demonstrated that neutrophils are responsible 

for thrombopoiesis by accelerating the growth and release of platelets and reticulated 

platelets into the vasculature. Indeed, neutrophils under hypoxic conditions and CV ischemic 
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reperfusion can influence platelet progenitors, megakaryocytes, at the perisinusoidal niche via 

CXCR4-CXCL12, leading to a substantial proliferation in platelet formation within the BM by 

direct physical interaction. This project showed that under IH or MI/IR, neutrophils interacted 

with PPLs at the perisinusoidal niche in a manner resembling the active plucking of neutrophils 

on PPLs until PPL parts were extricated into the vasculature. Plucking neutrophils to MKs in BM 

is a regulator of platelet homeostasis conserving platelet reckons under a steady state; 

nonetheless, it enhances the production of RPs during thromboinflammation causing increased 

thrombotic risk following OSA and MI/IR. The stimulation of mechano-signaling in MKs by 

neutrophils is commanded by the development of more platelets through NOX2-dependent 

ROS [123]. Neutrophils enhance the release of immature platelets by positioning close to PPL 

budding sites at MKs; consequently, augmenting the thrombus burden under hypoxic 

conditions as well as enhancing the rate of recurring ischemic occurrences after MI.  

 

 

5.3 Characterization of the BM cytokine profile following intermittent 

hypoxia  

 

Hypoxia, as well as ischemic injury (in which interruption of blood supply leads to tissue 

hypoxia), may drive inflammatory mechanisms manifested by increased cytokine levels in the 

body. Indeed, IH is directly correlated to an oxidative imbalance in ROS production and 

stimulation of an inflammatory cascade [66] by enhancing the pro-inflammatory cytokines, like 

IL-6 and IL-1. However, it remains unclear how IH influences the expression of cytokines in BM. 

No alteration was detected in IL-6 and IL-1 concentrations in BM of intermittent hypoxic mice 

investigated in this study. Characterization of cytokine profile in the interstitial fluid of bone 

marrow indicated that the most recognized regulators of megakaryopoiesis and 

thrombopoiesis including thrombopoietin and IL-1α were unaltered under intermittent 

hypoxia.  

 

It was shown that the multi-ligand receptor for the advanced glycation of end-products termed 

RAGE is downregulated within the lungs but relatively increased in the circulation of chronic 

hypoxia [182]. Interestingly in this project, RAGE was significantly increased in the BM of 

intermittent hypoxic mice. Indeed, RAGE was found to be the promoter region in which HIF1-α, 

which is the principal molecular effector of hypoxia signaling, binds to its binding site and 
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activates the genetic transcription [183]. It is important to note that chronic sustained hypoxia 

increases HIF1-α  by enabling it to relocate into the nucleus forming HIF transcription complex; 

yet, HIF1-α activation and regulation under IH from OSA is still ambiguous [184]. It was 

mentioned that the induction of IH of the synthesis and stability of HIF1-α is due to augmented 

ROS generated by NADPH oxidases, mainly NOX2; suggesting that NOX2 is critical for the 

activation of HIF1 by IH [185]. Besides, it was described that RAGE expression is boosted in the 

ischemic heart of rats after IR injury in the myocardium [186]. Together, RAGE may have a key 

role in hypoxic/ischemic conditions which need further investigation to develop interventions 

decreasing the tremendous effects of hypoxia followed by reperfusion in OSA and MI.  

 

The largest and most complex member of gelatinaseB identified as the matrix of 

metalloproteinase-9 (MMP-9) [187], was also found to be significantly increased in BM of IH 

mice in this project. MMP-9 is recognized to trigger the vascular endothelial growth factor-A 

(VEGF-A) [188] by inducing the recruitment of BM-derived myeloid cells (CD45+) [189]. 

Emerging evidence is detected in the contribution of HIF1-α and its downstream axis as SDF-

1α/CXCL12 along with VEGF-A in the mobilization and retainment of leukocytes in settings of 

angiogenesis [189–191]. Together, these findings may suggest that MMP-9 may be an effector 

protein in neutrophil recruitment and homing in BM under hypoxic/ischemic conditions. 

 

 

5.4 Reticulated platelets are better prognostic markers than 

controversial platelet indices (PDW and MPV) in OSA and MI 

OSA patients showed an alteration within the platelet compartment, given that elevated MPV 

[192], as well as PDW, were reported [193]. In this study, platelet count was not correlated 

with AHI (severity of OSA disease); however, MPV and PDW were significantly correlated with 

AHI suggesting increased platelet production in OSA patients. It was reported that MPV and 

PDW values in OSA patients were higher than those of control individuals [192–194]. Yet, other 

studies showed that MPV and PDW are not sensitive platelet indices and PDW only shows high 

values in severe OSA patients [195]. Although MPV was found to be elevated in acute MI and is 

associated with a higher chance of reoccurring infarction [196], MPV and PDW values were not 

elevated in MI mice operated in this study. Moreover, MPV and PDW are easily affected by 

genetic polymorphisms, sex, or lifestyles [197]; thus, deciding whether the patient has a 
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normal or slight increase in MPV is challenging [198]. Despite the multiple investigations on 

MPV, it was stated that MPV is increased in patients with thrombotic profiles due to the 

augmented counts of RPs and platelet activation markers [198,199]. Accordingly, measuring 

RPs and platelet activation markers may represent a more adequate and direct approach than 

the modest standard method of measuring MPV which cannot define diagnosis and prognosis 

in any disease [198]. Reticulated platelets in this project showed a strong correlation with AHI 

values in a limited number of patients and exhibited significant changes before and after 

therapy. In addition, MI/IR-operated mice along with STEMI patients indicated an eminent 

increase in RPs counts; therefore, RPs might be a useful marker for predicting thrombotic risk 

in patients with sleep apnea or myocardial infarction. 

 

5.5 Hyperactive reticulated platelets act as prothrombogenic drivers in 

IH and MI 

 

Immature platelets showed a hyperactive phenotype, accelerating thrombogenicity and 

platelet aggregation in patients with CV diseases such as acute MI [15]. Parallelly, OSA patients 

showed an increased level of platelet activation indicators (e.g. CD63 and CD62P) [200]. This 

study detected a higher expression trend of P-selectin and CD63 in immature platelets (TO 

stained) compared with mature platelets in OSA patients and healthy donors; meaning that 

RPs are the platelet fractions majorly contributing to platelet hyperactivity. In addition, 

adopting high dimensional flow cytometry analysis on concatenated resting platelet 

populations distinguished and quantitated the distinct platelet subsets in OSA and controls by 

color-coded tSNE-flowSOM and heatmap clusters; importantly, these platelet populations 

expressed an upsurge of platelet activation markers (P-selectin, PAC-1, and CD63) in OSA. 

Thus, it can be hypothesized that platelets were activated differently and exhibited a higher 

activation profile under inflammatory conditions encountered by OSA patients. In conclusion, 

increased number and activity of reticulated immature platelets may be helpful to be a new 

prognosis biomarker to highlight patients at elevated risk of CV events. 

 

OSA and STEMI patients displayed prothrombotic platelet characteristics linked to increased 

reticulated platelet counts. In this project, flow chamber studies of the blood of OSA patients 

on collagen showed a significant increase in thrombus formation than in healthy individuals. 
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Originally, Wright and his colleague (1942) detected that platelet adhesiveness varied by 

differences in the concentration of anticoagulants in the circulation of postoperative and 

postpartum samples. It was proposed that the intensification of platelet stickiness is due to the 

increased rapid proliferation of young platelets into the circulation; hence, immature young 

platelets may be more adhesive than mature old platelets [201]. Afterward, evidence was 

provided indicating that reticulated platelets had a higher adhesiveness to collagen than the 

older platelet compartments by in-vivo and ex-vivo studying of rabbits [202]. Indeed, altered 

molecular and intrinsic properties are found in hyperactivated immature platelets [203] and 

upregulation of various prothrombotic transcripts in reticulated platelets including the 

collagen receptor GPVI,  thromboxane receptor A2, thrombin, and ATP receptors postulating a 

first biological clarification for the hyperactivity of immature platelets [204]. Indeed, amplified 

recruitment of RNA-rich RPs of OSA patients to collagen was identified in this project. Hence, 

RPs elucidated a higher activated profile accelerating platelet aggregation and inducing 

coagulation at injury sites.   

 

It was hypothesized that immature prothrombotic platelets comprise more RNA and increased 

arterial thrombotic activity in comparison to older counterparts [205,206]. Primarily, this 

research project explained that RPs were excessively driven to regions of vascular impairment 

leading to arterial thrombus formation following intermittent hypoxia or myocardial ischemic 

reperfusion. The results of this project are consistently aligned with other investigations 

hypothesizing that immature platelets have a boosted tendency to be involved in arterial 

thrombus formation compared to older mature platelets [206]. Still, immature RPs are shown 

to be less responsive to available dual antiplatelet treatments with aspirin and clopidogrel 

[181]. Hence, focusing on platelet production stimulated by neutrophils to diminish the 

development of thrombogenic RPs may foster an antithrombotic methodology to constrain 

recurring ischemic events in the first stages of MI and other conditions of 

thromboinflammation that can also be experienced under intermittent hypoxia. In summary, 

neutrophil-driven thrombopoiesis is identified in this study as an indicator of thrombotic CV  

events, accentuating its future implication as an innovative antithrombotic target.  
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5.6 Excessive production of neutrophil-derived ROS may lead to severe 

cardiovascular outcomes 

This project uncovered the evidence validating the concept of recurrent apnea related to 

hypoxic/reoxygenation events in OSA, similar to ischemia-reperfusion in MI, enhancing 

oxidative stress (ROS). Reperfusion injury implies damage happening as an outcome of 

restoring the flow of blood to the hypoxic (ischemic) tissue. While numerous processes impose 

this impairment, it is mostly ascribed to ROS formation throughout the cycles of 

reperfusion/reoxygenation [94,207–209]. OSA is accompanied by apneic/hypoxic events 

followed by intermittent rapid reoxygenation of the blood which may be similar to the 

repeated reperfusion injury due to ROS production [210]. ROS formation is investigated 

especially where a duration of hypoxia exposure is followed by reperfusion, and studied during 

a stroke that is clinically elucidating the myocardial infarcts’ consequences. ROS was identified 

directly when the ischemic heart’s blood circulation was repaired [207,211,212]. Reperfusion 

injury has been associated with OSA during which transient episodes of hypoxia (airway 

obstruction) are followed by reoxygenation cycles [94]. This project showed that neutrophils 

exposed to intermittent hypoxia in OSA and ischemic reperfusion in MI indicated an increased 

production of ROS that has been extensively associated with inflammatory CV responses and 

thrombosis [213]. CPAP treatment guided neutrophils to a fast and extended reduction of 

oxidative stress in OSA [214]. Similarly, ROS production decreased drastically in this study after 

CPAP therapy of sleep apnea patients. Hence, oxidative stress (ROS) is a crucial player in the 

hypoxia/reoxygenation processes that may lead to increased CV morbidity in OSA and MI. 

 

 

5.7 Targeting neutrophil-driven thrombopoiesis diminishes platelet 

overproduction and thrombus burden 

Targeting neutrophil-driven thrombopoiesis attenuates platelet and young platelet activation 

which may have the potential to limit thrombus formation under hypoxia/reoxygenation 

conditions in OSA and MI. CXCR4 is a chemokine receptor that has been indicated to be 

important in controlling neutrophil migration as well as its function [15]. Neutrophils 

developing increased expression of CXCR4 are implicated in various diseases, including lung 
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inflammation and infectious diseases [140]. This project now illustrates that inhibition of 

neutrophil-driven thrombopoiesis by LFA-1 blockade or genetic ablation of CXCR4 in 

neutrophils efficiently reduced RP fraction in the OSA mouse model. Besides, the abrogation of 

neutrophil CXCR4 also decreased the augmented formation of platelets and RPs in murine 

models of MI/IR. 

CXCR4-deficient neutrophils of Mrp8-Cre(+)/CXCR4Δ/Δ mice failed to increase thrombopoiesis 

by considerably lowering platelets and reticulated platelets production after IH 7-days 

exposure of mice and following 48h MI/IR murine injury in comparison to normoxic mice and 

sham mice, respectively. Inhibitors and modulators of CXCR4 signaling are tested as co-

medication and modulators in cancer therapy and inflammatory diseases [215]. In this project, 

data showed that CXCR4 was highly expressed in the circulating neutrophils of IH and MI/IR, 

and interestingly CXCR4high neutrophils under hypoxic conditions were increasingly observed 

within the bone marrow of IH mice. This finding was in line with a study reporting that 

neutrophils do not die at the place of damage; instead, they return into the blood flow then 

they traffic in the lung to subsequently travel to bone marrow via CXCR4 [216]. The findings of 

our study highlighted the complex interactions between neutrophils, their microenvironment, 

and the chemokine receptor CXCR4 that regulate their function and homing back to BM under 

inflammatory conditions (IH and MI). 

Increasing evidence was uncovered that OSA patients, who may manifest CV disease burden, 

are indeed experiencing endothelial malfunction [64]. ICAM-1 expression was seen to be 

increased in the pulmonary tissue of mice exposed to hypoxia compared to normoxic mice 

[157]. In this project, increased ICAM-1 expression was likewise observed in the pulmonary 

endothelium of IH mice. It was found that a disturbance in endothelial vasculature is 

manifested in OSA patients compared to controls [155]. OSA patients were described to have 

moderated resistance-endothelial dilation to acetylcholine that boosts the release of NO in the 

endothelium leading to vasodilation, in comparison with control subjects [217]; consequently, 

predispose OSA patients to heart failure.  

Hence, dysfunction of vascular endothelium, increased CXCR4 expression on circulating 

neutrophils as well as enhanced RP formation may exacerbate sequelae of CV events in OSA 

patients. 
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5.8 CPAP therapy alleviates the thrombotic risk of intermittent hypoxia 

 

This project demonstrated that CPAP, which is the standard intervention for severe OSA, can 

attenuate excessive platelet production. Despite its humble long-term adherence as well as its 

variable efficacy [218,219], CPAP therapy has already been reported to reduce platelet 

reactivity and aggregability in patients with OSA [194,220,221] and can also attenuate the 

oxidative stress in OSA patients [222]. In this study, CPAP therapy enormously reduced the 

activation of platelet markers (P-selectin and PAC-1); in addition, the GPVI collagen receptor 

was also reduced in the platelet population of patients post-therapy. Stimulated platelet 

population markers after treatment with CPAP were downregulated and were illustrated with 

a normal profile comparable to healthy controls. The findings of this project emphasized the 

importance of CPAP therapy that decreased CXCR4 expression on circulating neutrophils; 

relieving OSA patients from the consequences of recurrent deoxygenation/reoxygenation 

cycles which they have encountered before using this therapy. 

 

Moreover, to better understand the biomolecular interactions and changes in circulating 

neutrophils of OSA patients before and after CPAP therapy, a functional proteomic analysis 

was performed in this study on sorted neutrophil cells. Upregulated mitochondrial regulations 

were mainly reported in untreated OSA patients, which may advocate the important role of 

neutrophil-derived ROS production in OSA. Based on former studies, it is postulated that 

mitochondrial dysfunction may reflect the excessive ROS production under IH and OSA 

[223,224]. Hence, CPAP therapy may intervene in the regulation of cellular neutrophil 

components by diminishing neutrophil-related mitochondrial activity in sleep apnea patients. 

 

In addition, it was also investigated that this CPAP intervention in OSA diminished the 

possibility of CV morbidity leading to myocardial infarction, stroke, and acute coronary disease 

[104,225]. Many favorable outcomes have been attributed to CPAP therapy in the literature, 

which is considered a “stent” for the airway [226]. It was demonstrated that CPAP decreases 

arterial stiffness and blood pressure in patients with existing CV diseases and concomitant OSA 

[227]. This beneficial effect was detected after the first night and increased robustly after 6 

months of CPAP treatment [227]. Moreover, CPAP therapy was associated with a repairing 

capacity on endothelial function attributable to decreased inflammation and oxidative stress, 

along with enhanced NO availability [228]. Nevertheless, recent studies suggested that these 
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effects might not result in a reduction of CV risk. Particularly, trials in SAVE (sleep apnea CV 

endpoints) [229] and RICCADSA (CPAP Randomized Intervention in CAD and OSA) [230] 

revealed the disappointment of CPAP therapy in diminishing the future CV events in OSA 

patients. This failure may be due to the experimental limitations which are worth mentioning.  

One of these limitations was the absence of a real sham CPAP consisting of a mask and its tube 

without applying pressure which might disturb patients during sleep and negatively affect the 

patients (in the RICCADSA study). An additional limitation was the adherence criterion of CPAP 

duration (mainly in the SAVE study) which is described as not less than 4 hours of CPAP usage 

every night and not all patients met this norm. Accordingly, it is difficult to draw assumptions 

that may misjudge the advantages of CPAP in OSA patients. 

 

Importantly, the findings of this project demonstrated that CPAP therapy decreases the 

thrombotic risk by reducing reticulated platelet production in OSA patients. Patients post-CPAP 

treatment showed a significant decrease in platelet adhesion and aggregate formation ex-vivo 

underflow on both collagen and plaque. Taken together, this project identified RPs as a 

prothrombotic diagnostic tool in monitoring the response of patients with sleep apnea to CPAP 

therapy. 

 

It is necessary to mention that research endeavors may face challenges from patients with CV 

diseases who may have asymptomatic OSA [231]. It has been reported that treating patients 

with OSA without daytime symptoms using CPAP therapy does not improve their subjective 

well-being [232]. Continued research in this field is essential, as investigation of possible 

targets for novel therapies to complement CPAP may alleviate the injurious effects of CV 

events. The data provided in this project can pave the way for investigators to improve health 

outcomes in patients with or prone to CV disease by identifying potential therapeutic targets 

and addressing sleep-related breathing disorders. 
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5.9 Limitations of this study 

 

Several important caveats apply to this research investigation. Most importantly, bone marrow 

of OSA and STEMI patients samples was not examined in this study; only murine bone marrow 

was investigated. Yet, similar results from circulating platelets and neutrophils were observed 

in both mice and human samples. Lungs are the primary sites to sense the fluctuations of 

oxygen levels and hypoxia. The in-vivo pulmonary investigation was not done in this study due 

to technical difficulties attributed to the respiratory rate of the pulmonary area and the 

palpitation cardiac rhythm.  

 

IH murine chamber has limitations as a model of OSA, lacking features of thoracic pressure 

variation, airway closure, complete synchrony with sleep, and hypercapnia. The model used in 

this study mimics only the intermittent hypoxic episodes occurring in OSA patients but fails to 

reproduce transient hypercapnia determined by airway occlusion observed in OSA; 

nonetheless, permitting us to separate the mechanical effect of obstruction from the 

consequences of IH itself. In addition, this project lacks the development of a sophisticated 

animal model that may mimic the CPAP therapy to explore a wide range of biological activation 

of the pivotal signaling pathways and to make a development in treating sleep apnea and 

consequently myocardial infarction risk. The study is constrained by difficulties in matching 

controls to patients with the same age, gender, and BMI. Furthermore, not all controls 

underwent polysomnography since most of the controls were recruited by advertisement. 
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6.  Conclusion and Future Work 

 

 

The close cellular interaction between neutrophils and megakaryocytes at the proplatelet 

budding niches in bone marrow increases the production of both mature and immature 

platelets; and consequently, elevates the thrombotic risk under cardiovascular diseases and 

intermittent hypoxic conditions. 

 

To summarize, exaggerated neutrophil-driven thrombopoiesis not only enhances the CV risks 

in an acute inflammatory condition such as myocardial infarction, but it also displays a 

prothrombotic phenotype that originated from excessive reticulated platelet recruitment in 

conditions of intermittent hypoxia. Immature reticulated platelets are hyperactive and 

abundant at the site of injury resulting in arterial thrombus formation following intermittent 

hypoxia or ischemia-reperfusion myocardial infarction. Despite the controversial results 

regarding the validation of reticulated platelets as a prognostic marker, this study showed that 

reticulated platelets can be used as a promising diagnostic biomarker for evaluating the risk of 

CV occurrences in individuals having OSA and MI. Quantifying the level of reticulated platelets 

in the circulation, along with targeted pharmacological interventions to inhibit the overflow of 

these cells, may serve as a method for shaping personalized antithrombotic treatments in OSA 

and MI patients; aiming to minimize adverse CV events. CPAP therapy alleviated the 

detrimental outcomes of IH in OSA by decreasing the augmented reticulated platelet 

production and reducing the thrombus burden. Since immature platelets revealed their 

insensitivity to current antiplatelet therapy, targeting neutrophil-derived thrombopoiesis may 

open prodigious avenues in diminishing the formation of prothrombotic immature reticulated 

platelets and inhibit recurrent CV outcomes in OSA and correspondingly MI.  

 

OSA is repeatedly undertreated and underestimated in cardiovascular practice. Limited 

published data have elucidated the processes by which sleep apnea can accelerate thrombotic 

risk or precipitate myocardial infarction. The findings achieved in this study may provide a key 

understanding of the cellular mechanisms for additional investigations to prevent myocardial 

infarction risk and attenuate recurrent hypoxic/ischemic events.  
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This study can be further developed by investigating the direct physical forces induced 

between neutrophils and MKs. Additional translational studies are required to dissect novel 

therapeutic strategies to decrease the thrombotic risk in both MI and OSA conditions. More 

research is needed to explore the possible clinical benefits of targeting immunothrombopoiesis 

of the various immune cells, not only neutrophils; but also monocytes, lymphocytes B and T 

cells may be also further investigated with platelet production under IH and myocardial 

ischemia-reperfusion. In-depth future explorations into the biology of RPs, especially at the 

proteomic level, are essential to gain a deeper understanding of the cellular processes driving 

their heightened reactivity. Oxygen levels in tissues were not investigated and might be 

subsequently examined to further clarify the exact role of intermittent hypoxia in tissues. 

 

The results of this project might deepen our understanding of the cardiovascular burden on 

OSA patients. Nevertheless, studying the relationship between MI and OSA is limited; 

therefore, additional experiments are required to completely elucidate the putative 

involvement of OSA with increased cardiovascular risk in MI. 
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