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Abstract 

Red blood cells (RBC), the essential oxygen-transporters of the human body, are near 

constantly exposed to deforming forces (i.e., shear stress) as they traverse the circulatory 

system. Given that the diameter of microcirculatory blood vessels may be as narrow as        

~2 µm, RBC with a resting diameter of ~8 µm require an exceptional capacity to deform and 

change shape, while sustaining cell function. RBC are equipped with unique physical 

properties to accommodate cellular deformation under mechanical stress; the characteristic 

bi-concave disc-shape yielding favourable surface area to volume ratio, paired with a flexible, 

cytoskeletal mesh-network in the cell membrane, support flexibility of RBC. Recent studies, 

however, support the notion that RBC deformability is actively regulated by pathways 

involving second messenger molecules, primarily calcium-ions (Ca2+) and nitric oxide (NO). 

Exposure of RBC to shear stress is thought to increase endogenous production of NO 

enzymatically via nitric oxide synthase (RBC-NOS), while mechanically-gated ion channels 

permit entry of Ca2+ under shear. 

The physiological magnitude of shear stress exerted upon blood is thought to be limited to 

~15 Pa; however, when patients require extracorporeal circulatory devices such as rotary 

blood pumps or dialysis machines, the resulting mechanical forces approximate values of 

>100 Pa, that are known to impair the physical properties of RBC. Thus, the aim of the 

current thesis was to explore the physical and biochemical properties of RBC when exposed 

to either physiological (i.e., <15 Pa) or supraphysiological (i.e., ~64 Pa) shear stress. To 

assess the primary aims, three distinct studies comprised of multiple respective experiments 

were conducted. In Study One, the recoverability of shear-induced changes in cell 

deformability was assessed by exposing RBC for 300 s to either 10 or 64 Pa shear stress (i.e., 

“shear conditioning”), using an ektacytometer (Experiment One). Moreover, the subsequent 

sensitivity to repeated shear exposure was investigated by exposing RBC to a second bout of 



 

 

the respective shear conditioning protocol (Experiment Two). Shear conditioning with 10 Pa 

resulted in a reversible increase in RBC deformability, indicating involvement of short-lived 

alterations potentially induced by second messenger molecules (e.g. Ca2+ and NO), while 

shear conditioning with 64 Pa induced a less reversible decrease in RBC deformability, which 

may indicate physical alterations of the cell membrane. To further characterise the 

biochemical alterations that may govern augmentation of RBC deformability observed post-

shearing with 10 Pa, Study Two was designed to assess the effect of free radicals on 

biochemical pathways that govern cell deformability (Experiment One). Moreover, the 

potential of physiological shear conditioning to reverse negative effects induced by free 

radical exposure was also investigated (Experiment Two), with a primary focus on 

endogenous, enzymatic NO-generation by RBC-NOS, which is activated via the PI3/Akt 

kinase pathway facilitating cell deformability. Intracellular free radical generation 

significantly impaired the PI3/Akt kinase and RBC-NOS pathway in RBC, resulting in 

impaired cell deformability. Physiological shear conditioning activated the PI3/Akt kinase 

and RBC-NOS pathway in RBC exposed to free radicals, which partly restored cellular 

deformability that was previously impaired by free radical exposure. NO-mediated 

alterations, however, explained only part of the observed response of RBC to physiological 

shear conditioning; therefore, the final study was designed to investigate Ca2+-mediated 

responses of RBC to supraphysiological (i.e., 64 Pa for 300 s) and physiological (i.e., 10 Pa 

for 300 s) shear conditioning (Experiment One). Moreover, a novel system was developed 

that enabled shearing of RBC using a pressurised micropipette (tip diameter ~5 µm), coupled 

with visualisation and assessment of intracellular calcium-levels using fluorescent 

microscopy (Experiment Two). Addition of 2 mM CaCl2 in the shearing medium significantly 

impaired RBC deformability; in particular, cellular elongation at shears >5 Pa was limited. 

Physiological shear conditioning partly reversed these calcium-induced impairments, while 



 

 

supraphysiological shear conditioning appeared to paradoxically (albeit marginally) increase 

cell deformability that was previously impaired by calcium. Intriguingly, single RBC that 

were aspirated into the micropipette showed increases in intracellular calcium during passage 

of the aperture, indicating that maximal elongation facilitated influx of Ca2+. Moreover, the 

rate of Ca2+-influx was found to be proportional with the shear stress applied; increased shear 

stress led to more rapid influx of calcium.  

Collectively, the present thesis demonstrated that the response of RBC to shear stress is 

regulated by complex intracellular messaging in addition to classically-described external 

forces, which becomes “active” primarily when RBC are exposed to shears within the 

physiological range (i.e., <15 Pa). Upon supraphysiological shear exposure, however, the 

physical properties of RBC become significantly impaired; potential alterations in the 

intracellular messaging system that appears to regulate cell deformability post-mechanical 

damage remain elusive and worthy of future exploration. 
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Chapter 1  

Introduction and Literature review 

The heart keeps ~5 litres of blood circulating through the cardiovascular system of a 

healthy, adult human. The primary function of blood, more specifically the red blood 

cells (RBC), is the transport of oxygen to bodily tissues, and concurrent removal of 

metabolic waste products such as carbon dioxide. The vascular compartments, which 

RBC use a comprehensive vehicle to achieve tissue oxygenation, present with diameters 

ranging between 2.1 cm in the ascending aorta, to ~2-4 µm [1] in microcirculatory 

capillaries. The capillaries join the blood vessels carrying oxygenated blood to working 

tissues – arteries – with the vessels carrying deoxygenated blood to the heart – veins, 

and gas exchange takes place within those capillaries. Therefore, it is of vital 

importance that the movement of blood (i.e., blood flow) remains unimpeded, enabling 

RBC to exert their function of oxygen supply, and thus sustain life. 

1.1 Blood rheology and blood viscosity 

Haemorheology is the study of the determinants that govern blood flow. Blood is a two-

component fluid, consisting of formed elements (i.e., RBC, white blood cells, and 

platelets) suspended in a liquid phase (i.e., plasma). The composition of blood leads to it 

having unique physical properties, including its viscosity. The viscosity of a fluid 

represents its internal friction, which corresponds with the capacity to resist deforming 

forces. The viscosity of Newtonian fluids (such as plasma) is constant and independent 

of the applied shear rate, whereas blood, due to the presence of the formed elements, is 

considered a non-Newtonian and shear-thinning fluid. Specifically, blood viscosity is 

dynamic and dependent upon the applied shear rate; blood viscosity shares an inverse 
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relation with instantaneous shear rate (Fig. 1.1). Given plasma is a Newtonian fluid, the 

shear-thinning characteristics of blood are largely determined by the physical properties 

of RBC [2].  

 

Figure 1.1: Blood viscosity exponentially decreases with increased shear rate, and is 

thus considered a non-Newtonian, shear-thinning fluid. Displayed on a semi-log axis to 

illustrate the dramatic decrease in blood viscosity between 0~10 s-1 (figure sourced from 

[3]) 

 

1.2 Low shear viscosity is determined by red blood cell aggregation 

The relatively high blood viscosity under low shears is principally determined by the 

amount of cellular aggregates. At stasis, and under low shears (1~40 s-1), RBC have a 

tendency to form aggregates that closely resemble a stack of coins (Fig. 1.2), termed 

“Rouleaux” [4]. The rate and magnitude of RBC aggregation represents a balance 

between pro- and dis-aggregating forces.  
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The primary pro-aggregating factors include haematocrit (i.e., increased likelihood of 

cell-cell contact), plasma fibrinogen concentration (according to the “depletion model” 

theory of aggregation; for a review see [5]) and excess surface area relative to volume 

due to unique RBC geometry (which facilitates cell-cell contact). In brief, the central 

hypothesis of the depletion model explaining RBC aggregation assumes that high 

molecular weight molecules in the plasma, such as fibrinogen, exert oncotic forces 

strong enough to attract fluid. A lack of fluid barrier between individual cells, caused by 

the macromolecules present in the adjacent plasma, promotes cell-cell contact and thus 

facilitates RBC aggregation. 

At any given time, concurrent dis-aggregating forces counteract these pro-aggregating 

factors, including the intrinsic negative cell-charge (promoting cell-cell repulsion) and 

exposure to mechanical shear forces, which disrupts aggregates through physical 

agitation. Sialic acid, a monosaccharide bound to glycophorin on the RBC membrane, is 

thought to account for ~80% of the negative charge that RBC possess [6]. The negative 

cell-charge, largely determined by cellular sialic acid content, promotes hydrophilic 

membrane properties, which prevents adherence of RBC to endothelial walls, and thus 

sustains healthy blood flow. Collectively, increased RBC aggregation induces 

augmented blood viscosity at lower shear rates given that aggregates have an effectively 

larger particle size and thus increase the local resistance to flow. With increased shear 

rate, however, mechanical disaggregation of RBC reverses this process and thus leads to 

decreased blood viscosity. It is important to note that RBC aggregation is a normal 

physiological process and entirely reversible, unlike other irreversible processes such as 

coagulation and clot formation. 
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1.3 Red blood cell deformability determines high-shear blood viscosity 

The disaggregation of Rouleaux by mechanical shears has a dramatic effect on lowering 

blood viscosity; however, further increases in shear result in ever decreasing blood 

viscosity, even once RBC have been entirely disaggregated. This additional decrease in 

blood viscosity with increasing shear is primarily attributed to the exceptional capacity 

of RBC to deform. The RBC is unique among human cells, given that following 

exposure to shear forces, it may change its morphology entirely and upon removal of 

the shear field, may return to its initial shape. Importantly, this deformation process is 

known to occur without associated impairments in cell function. 

Given that gas exchange and nutrient delivery take place in the microcirculation, this 

capacity of RBC to deform from its resting state (~8 µm in diameter) is vital to facilitate 

passage through the narrow apertures of the smallest capillaries (~2-3 µm in diameter). 

Figure 1.2: Red blood cells suspended on a microscope slide; pro-aggregating forces 

cause the cells to form Rouleaux structures (image acquired with 600x magnification). 
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Moreover, the capacity of RBC to deform upon exposure to increased flow rates causes 

RBC to align with bulk blood flow and migrate from the endothelial regions into the 

centre of the blood stream (Fig. 1.3). This “axial migration” of RBC is hypothesised to 

facilitate blood flow and contribute to endothelial-mediated vasoregulation by altering 

viscosity of near-wall regions (i.e., the cell-poor layer). Classically, it was thought that 

RBC deformability is determined solely by passive properties; however, the 

involvement of active regulation by second messenger molecules is becoming 

increasingly understood.  

 

 

 

Figure 1.3: Red blood cells deform as they flow through a vessel at high shear rates; 

cells migrate towards the centre of the blood stream, facilitating the formation of a cell-

poor layer near the endothelial wall [7] 
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1.3.1 Red blood cells are structurally adapted to withstand mechanical 

forces 

RBC are equipped with unique properties enabling them to change their shape (i.e.,  

elongate), when exposed to shear forces [8]. The bi-concave disc-shape yields a 

favourable surface area-to-volume ratio that promotes cellular deformation. 

Furthermore, the intracellular viscosity (~6 mPa·s [9]), stabilised by a stretchable 

cytoskeleton, promotes cell elasticity; the RBC membrane is observed to independently 

rotate around the cytoplasm in flow (i.e., tank-treading motion). The cytoplasm of RBC 

is primarily composed of haemoglobin and water, with an average haemoglobin 

concentration of 33 g·L-1 [10]. Haemoglobin is an iron-containing protein, capable of 

binding and releasing oxygen according to its partial pressure gradient, and therefore 

plays an essential role in gas exchange. Given that the viscosity of water is much lower 

(~1 mPa·s) than the cytosol, haemoglobin content is considered the major determinant 

of intracellular RBC viscosity.   

 

Figure 1.4: Structure of the mesh-network that, in conjunction with the lipid bilayer, 

comprises the red blood cell membrane. Spectrin (lines) connecting with ankyrin 

(ellipses) to form a flexible yet stable cytoskeleton [11]. 

Spectrin Ankyrin 
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Therefore, increased haemoglobin concentration translates to increased intracellular 

viscosity, which in turn impairs RBC deformability. Likewise, decreases in water 

content elevates the relative concentration of haemoglobin; thus, smaller RBC present 

with decreased RBC deformability, while increased cell size due to increased water 

content has been demonstrated to increase cellular deformability [12]. Given that over 

the 120 days of their life-span, RBC are continuously exposed to pushing and pulling to 

achieve tissue oxygenation of the entire body, it is necessary that the RBC membrane is 

structurally adapted to withstand mechanical forces and prevent deterioration. 

Surrounding the intracellular matrix, RBC are equipped with a cytoskeletal mesh-

network comprised of α- and β-spectrin filaments, which are anchored to a lipid bilayer 

by the protein ankyrin (Fig. 1.4). The mesh-structure formed by spectrin and ankyrin 

provides an exceptional capacity to distribute the forces exerted upon the cell when 

traversing narrow apertures and high-shear regions.  

Ankyrin is an adaptor protein, linking spectrin filaments with the integral anion 

exchanger Band 3 [13], thereby establishing a connection between the cytoskeleton and 

the lipid bilayer (Fig. 1.4). Band 3, with an estimated 1x` 106 copies per cell, is one of 

the two essential integral proteins of the RBC membrane. Not only does it link ankyrin 

to the cytosol, but it is also responsible for anion exchange across the membrane [13], 

releasing Cl- and taking up carbon dioxide in the form of HCO3
-. Another pivotal 

integral protein of the lipid bilayer is glycophorin. Glycophorin links the cytosol to the 

skeletal protein network via binding sites with protein 4.1/actin filaments (Fig. 1.5). It is 

thought that alterations of the structural integrity and binding configuration of the 

proteins that make up the RBC membrane are associated with a loss of membrane 

stability and deformability, which could give rise to shortages in oxygen supply in 

bodily tissues [14].   



Introduction and Literature review 

 

8 

 

 

Figure 1.5: Schematic illustration of the red blood cell membrane structure and links 

between skeletal and integral proteins. Figure adapted from Takakuwa et al [15] 

 

Actin binds to spectrin in the presence of band 4.1, forming junctional complexes that 

are stabilised by additional proteins adducin, tropomyosin and tropomodulin. These 

proteins stabilise the junctional complexes by preventing actin depolymerisation, which 

would cause a conformational change of actin and result in significant destabilisation of 

the RBC membrane through weakening of spectrin-actin bindings [16]. Band 4.1 

interacts with both spectrin and actin, binding to spectrin in the same region – the 

junctional complexes – as actin [13]. Phosphorylation of band 4.1 by protein kinase C 

(PKC) alters binding sites associated with spectrin and actin proteins (i.e., cytoskeletal 

network), shifting 4.1 binding affinities, which facilitates loosening the cytoskeletal 

network, and increasing cell stretchability. While post-translational modifications of 

membrane proteins imply immediate alterations of RBC membrane stability, which 

ultimately determines RBC deformability, further signalling pathways may be involved 

in regulating cellular responses to mechanical forces. 
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1.3.2 Nitric oxide signalling within red blood cells: responses to 

mechanical stimuli 

Over the last decade, evidence indicating an active regulation of cellular deformability 

that involves second messenger molecules has accumulated. Specifically, nitric oxide 

(NO) and calcium ions (Ca2+) have been proposed to play important roles in regulating 

RBC deformation. In 2006, it was discovered that RBC express a functional, 

endothelial-type nitric oxide synthase (eNOS), termed RBC-NOS [17]. While the 

unearthing of a functional NOS enzyme in RBC is a recent advancement, NOS-type 

enzymes in the endothelium have been well-described as a contributor to the vascular 

NO-pool and vasodilatory response (for a review, see [18]). Activation of eNOS is 

Ca2+/calmodulin-dependent and relies on the presence of co-factors flavin adenine 

dinucleotide (FAD), flavin mononucleotide (FMN), tetrahydrobiopterin (BH4) and 

nicotinamide adenine dinucleotide phosphate (NADPH) [19]. Upon increased Ca2+ 

influx, calmodulin, a calcium-carrying protein that facilitates calcium-regulated 

responses by attaching to target proteins [20], becomes active and binds to eNOS. eNOS 

is subsequently activated at serine residue 1177, translocating to the cytosol to undergo 

phosphorylation by protein kinase B (PKB, Akt), which stimulates further eNOS 

activity [21]. Although RBC-NOS is considered to share common activation pathways 

with eNOS, RBC-NOS regulatory pathways are not yet completely elucidated due to the 

RBC being devoid of organelles that play an important role in eNOS activation. It has 

been shown, however, that RBC-NOS activation is dependent upon Ca2+-flux into RBC, 

phosphorylation at serine1177 by Akt kinase, and the presence of the substrate L-arginine 

[17]. L-arginine is also the primary substrate of the enzyme arginase; it is thought that 

RBC-NOS and arginase compete for abundant L-arginine. Arginase is part of the urea 

cycle, metabolising L-arginine to L-ornithine, while producing urea as a by-product. 

After several years of debate, the current consensus is that cross-talk does exist between 
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RBC-NOS and arginase through competition for the common substrate L-arginine, and 

these enzyme co-regulate one another [22]. This tight regulation of NO-production is 

necessary to sustain oxidative balance within the RBC. NO molecules possess a singular 

electron on its π - orbital, and therefore seek to extract another electron to complete a 

pairing. The kinetically most favourable reaction to achieve electron pairing is for NO 

to react with another molecule that possesses an unpaired electron, such as superoxide 

(O2
-), or the ferrous heme (Fe2+) group of oxy-haemoglobin (Hb). It is currently under 

debate whether RBC-produced NO contributes to the vascular NO-pool and is thus 

relevant for blood flow, due to the high abundance of oxy-Hb in RBC. Haemoglobin is 

a potent scavenger of NO, leading to questions of whether RBC-generated NO can 

actually escape the cell [23]. Inside the RBC membrane, however, NO is involved in 

regulation of RBC deformability via s-nitrosylation of spectrin [24]. With Ca2+-

dependent activation of RBC-NOS, it is of interest to investigate the reactive pathways 

that involve Ca2+-ions. 

 

1.3.3 Calcium-flux contributes to regulation of cellular deformability 

Ca2+ levels inside RBC are kept low through tight regulation (~30-60 nM), while 

extracellular Ca2+ concentration is relatively high (~1.8 mM; [25]). To facilitate 

maintenance of intracellular calcium concentrations, RBC possess a powerful ATP-

dependent calcium pump in the plasma membrane that transfers excess Ca2+ to the 

extracellular space [26]. While the RBC membrane is near impermeable to Ca2+ ions, a 

variety of ion channels allowing Ca2+ influx have been described. Piezo1 has recently 

been identified as a mechanosensitive calcium channel [27], which induces Ca2+ influx 

during cellular deformation. However, the stretching of cells in this study was 

performed using a micropipette technique rather than flow models, and the blood used 
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was collected from a mouse-model. Thus, implications for conditions in humans should 

be developed carefully, as the mouse RBC proteome shows substantial differences 

compared with human data [28]. CaV2.1, a voltage-dependent calcium channel [29, 30], 

and other non-selective voltage-dependent cation channels, have been partly 

characterised. It was shown that not only Ca2+ ions are able to permeate, but Mg2+ and 

Ba2+ are also brought into the cell through these channels. Kaestner et al. [31] reported 

opening voltages at +30 mV, with an open state probability of close to 1 at +70 mV, 

indicating that given a membrane potential of +30 mV, few ion channels open, while at 

+70 mV most ion channels are in an open state.  Recently, a transient receptor potential 

cation channel (TRP) C6-type calcium channel was discovered, which requires 

diacylglycerol as a ligand to induce calcium influx. Foeller et al. [32] report a 

significant role of TRP C6, as it contributes to Ca2+-induced eryptosis (i.e., 

suicidal/programmed cell death of erythrocytes) under oxidative stress and ATP 

depletion. Inside the RBC, calcium binds to a variety of different proteins and enzymes, 

thus causing significant alterations of cell function, cell volume, and RBC lifespan. 

While numerous ion channels have been identified, further research focussing on the 

characterisation of calcium channel function in RBC is required.  

Few proteins directly interact with calcium; rather, many are sensitive to the effects of 

the calcium-carrying (i.e., dependent) protein, calmodulin. Calmodulin has been shown 

to bind to and at least partly regulate, RBC-NOS [33], band 4.1 [34], Ca2+-ATPase 

(PMCA) [35], and adducin [36]. Curiously, these proteins play major roles in the 

regulation of RBC deformability. Increased free-calcium concentration induces: i) 

phosphorylation of regulatory proteins, including band 4.1 [37], band 3 [38] and RBC-

NOS [39] via its effect on various protein kinases; ii) increased exposure of 

phosphatidylserine [40] leading to eryptosis (cell death), and; iii) opening of the 

calcium-dependent Gardos channel [41]. The Gardos channel is a KCa3.1-type 
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potassium channel that transports potassium ions out of the RBC. Intracellular loss of 

potassium ions results in water leakage, thus decreasing RBC volume. Recent studies by 

Danielcok et al [42] provide evidence that when RBC enter narrow capillaries forcing 

RBC to stretch and change shape, calcium-ions enter the cell. The transient influx of 

calcium results in a peak of intracellular calcium concentration, which is large enough 

to activate the Gardos channel, and induce micro-volume loss. Consequently, cell size is 

decreased, facilitating cell passage of microcirculatory blood vessels; upon cessation of 

the mechanical stimulus imposed by the forced deformation of RBC in thin capillaries 

(<5 µm), RBC return to initial homeostasis (Fig. 1.6). 

 

 

 

Figure 1.6: Proposed calcium dependent mechanisms of red blood cells that occur upon 

deformation, while traversing narrow capillaries (<8 µm); A: Control, B: Inhibition of 

piezo1 mechanically-activated cation channels, C: Inhibition of Gardos channel, D: 

Inhibition of both channel-types. Figure adapted from Danielzcok et al [42] 

 

A C D B 



Introduction and Literature review 

 

13 

 

1.3.4 Shear stress-induced alterations of RBC deformability 

Shear stress exposure is well-known to induce biphasic changes in RBC mechanical 

properties. Cells exposed to shear stress within the ‘physiological range’ (i.e., ~0.3-9 

Pa; [43]) generally present with increased deformability, wherein the level of 

improvement is dependent upon the duration and magnitude of shear stress [44, 45]. 

Similarly, RBC exposed to mechanical stress well-above physiological ranges (i.e., 

those typical of many rotatory blood pumps used in clinical settings [46]) exhibit 

impaired cellular deformability [47-49]. In recent years, interest in the mechanical 

damage to RBC, and subsequent increase in high-shear blood viscosity and thus 

attenuated blood flow, has grown.  

A haemolytic threshold has long been established, representing the breakpoint, at which 

exposure to mechanical forces overcomes the physical integrity of RBC, defined by 

both magnitude of force (Pa) and exposure duration (seconds). Beyond this breakpoint, 

cells rupture, releasing the cytosolic contents into the blood stream (i.e., haemolysis 

[50]). Although current generation blood pumps and extracorporeal circulatory devices 

have adapted to avoid mechanical forces large enough to induce significant levels of 

haemolysis, the occurrence of complications faced by patients with such implant 

devices has decreased marginally [51]. Patient outcomes have not improved, indicating 

that exposure of RBC to supraphysiological, yet subhaemolytic shear stress may induce 

changes in RBC that lead to blood-related, systemic complications. Indeed, it was 

noticed that RBC exposed to supraphysiological shear stress, although below the 

haemolytic threshold, presented with a significantly impaired capacity to deform. Given 

the shortcomings of assessing blood tolerance relative to the haemolytic threshold, 

Simmonds and Meiselman [45] pioneered a method that explored the relative tolerance 

of RBC to shear stress, and in doing so, systematically defined the so-called “sub-

haemolytic threshold” for the first time. It was demonstrated that a breakpoint exists 
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where RBC deformability becomes significantly impaired when exposed to discrete 

magnitudes and durations of shear stress. Recent findings have built upon this model, 

suggesting that exposure to supraphysiological, yet sub-haemolytic shear stress also 

increases the tendency of RBC to aggregate, potentially impeding blood flow and 

aggravating tissue perfusion [52]. The observed increases in RBC aggregation were 

associated with transient decreases of sialic acid content and thus the electronegative 

charge of RBC; sialic acid concentration in the surrounding medium increased in a 

linear manner, indicating that sialic acid was physically removed from the cell 

membrane, explained the reduced cell-charge and therefore increased cellular 

aggregation.  

The mechanisms that underlie mechanically-induced impairments in cell deformability, 

however, remain poorly understood. Given the multitude of effects that shear stress 

induces across the physiological range, it is plausible that an interplay of different 

factors, possibly of both physical and biochemical nature, are responsible. Meram et al 

[44] conducted the first comprehensive characterisation of shear stress-induced 

improvements in cellular deformability, reporting that shear-induced improvements are 

dependent upon the magnitude of shear, given a fixed, prolonged exposure time (e.g., 

300 seconds). The onset of such improvements was observed to be extremely rapid (i.e., 

<5 s), while the reversibility of this response was much slower. The authors 

hypothesised that second messenger molecules, activated and regulated by shear stress, 

were likely to be responsible for the improved cellular deformability, given that the 

level of improvement was consistent, but highly distinct for different magnitudes of 

shear. Accordingly, Meram et al conducted further experiments where either calcium 

chloride (CaCl2) was supplied in the suspending medium, or calcium was chelated by 

addition of ethylenediaminetetraacetic acid (EDTA). The level of improvement 

increased significantly when calcium-ions were chelated; however, presence of CaCl2 at 
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>2 mM blunted this beneficial effect. Therefore, it was concluded that biochemical 

processes were likely to be responsible, possibly facilitated by accumulation of 

‘products’ during the shearing periods, leading to improved cellular deformability. 

Specifically, the authors hypothesised that shear stress induced calcium-influx, and 

subsequent protein phosphorylation along with modulation of nitric oxide generation 

(known to alter cellular deformability), were key candidates explaining their 

observations. While exposure to supraphysiological shear forces, such as when blood is 

passed through circulatory assist devices or extracorporeal circulation, can have 

deleterious effects on RBC mechanics that may ultimately impede blood flow, 

maintenance of the oxidative balance within RBC is also of great importance. 

Disruptions of the oxidative balance arise with an overabundance of highly reactive 

compounds (i.e., free radicals), as present in numerous pathological conditions, such as 

diabetes type II, heart failure or chronic kidney disease [53-55]. These patient 

populations, characterised by elevated levels of circulating free radicals, are of 

particular interest, given that they typically exhibit markedly decreased RBC 

deformability [56]. 

 

1.3.5 Red cell redox signalling interferes with regulation of cell 

deformability 

Superoxide is a highly reactive free radical, primarily produced enzymatically through 

xanthine oxidase (XO) redox metabolism and nicotinamide adenine dinucleotide 

phosphate-oxidase (NADPH-oxidase) in RBC through the following reactions:  
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Eq. I   RH + H2O + 2 O2 ↔ ROH + 2 O2
− + 2 H+ 

Eq. II   NADPH + 2 O2 ↔ NADP+ + 2 O2
− + H+ 

RH: Atomic residue (e.g. in amino acid chains) with an exposed hydrogen atom 

ROH: Residue with an exposed alcohol group (OH) 

 

Given that O2
- possesses an unpaired electron and is abundant in biological systems due 

to production facilitated by ubiquitously expressed enzymes (XO, NADPH oxidase), it 

is plausible that the reaction of O2
- and NO is both rapid and biologically significant.  

O2
- and NO form peroxynitrite (ONOO-), which scavenges the vasodilator NO, while on 

the other hand defuses the potential oxidative threat posed by O2
-. ONOO-, however, has 

been linked to several pathologies (e.g., neurodegenerative diseases, for a review on 

interactive mechanisms involving O2
-, NO and ONOO- see [57]). In the healthy state, a 

balance exists within the production of reactive oxygen species (i.e., NO and O2
-), thus 

limiting the potential for ONOO- production. Although if the balance is shifted (i.e., 

uncontrolled production of either NO or O2
-), ONOO- is produced at increased rates, 

which poses a threat to intact cell function and inherent cell survival. Given their 

primary function as carriers of oxygen (O2), RBC are more likely to encounter oxidative 

compounds, i.e., reactive oxygen species (ROS). Accordingly, the abundance of 

antioxidant molecules and enzymes within RBC is physiologically unique, providing an 

effective antioxidative defence.  

The antioxidant defence system is multi-layered. The first line of defence against ROS 

is primarily comprised of antioxidant enzymes to pro-actively defuse potentially 

harmful, oxidative substances (for a review of the RBC antioxidant system, see [58]). 

Specifically, antioxidant enzymes act to quench O2
-, decompose hydrogen peroxide 

(H2O2) and sequester metal ions, such as ferric iron (Fe3+). Superoxide dismutase (SOD) 

reduces O2
-, produced primarily by xanthine oxidase in the plasma, or NADPH oxidase 
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within RBC, to form H2O2 [Eq. III]. Thereafter, catalase facilitates the decomposition of 

H2O2, which results in the production of one molecule of H2O and molecular oxygen (O, 

[Eq. IV]). Alternatively, H2O2 is reduced to H2O by glutathione peroxidase (GSH), 

which oxidises GSH to form glutathione disulfide (GS-SG, [Eq. V]). RBC are 

constantly exposed to meaningful concentrations of ROS, due to the periodic uptake and 

release of oxygen, which can easily be transformed to superoxide. It is plausible that 

antioxidant enzymes within RBC exhibit most significant activity, when compared to 

other bodily tissues. 

Eq. III  O2
- + 2H+→ O2 + H2O2 

Eq. IV  2 H2O2 → 2 H2O + O2 

Eq. V  2GSH + H2O2 → GS–SG + 2 H2O 

The second line of defence is comprised of antioxidant, molecular compounds, which 

directly scavenge ROS by undergoing oxidation, e.g., glutathione, vitamin C, uric acid, 

albumin or bilirubin. Despite this powerful antioxidant system, when ROS are present 

in substantial concentrations, cellular damage occurs. If the oxidative substances 

overcome the antioxidant defence, a state of oxidative stress may be described. 

Oxidative stress is pivotal in the aetiology and progression of several disease states, and 

is more likely to ensue with advanced age, given that antioxidant efficiency decreases, 

while ROS production simultaneously increases (for a review on ROS and aging, see 

[59]).  
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Figure 1.7: Illustration of protective antioxidant pathways within red blood cells. NADPH 

oxidase may produce superoxide radicals (O2
-), which are rapidly defused by superoxide 

dismutase (SOD) and catalase (CAT). Red blood cell nitric oxide synthase (RBC-NOS) 

produced nitric oxide (NO) may interact with superoxide to form peroxynitrite (ONOO-); it 

may also react with oxygenated haemoglobin (oxy Hb) to produce methaemoglobin (Met 

Hb). 
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Although oxidative stress is typically associated with the oxidative status of a large-

scale system (i.e., the human body), small-scale systems (i.e., a singular RBC) follow 

the same principle. RBC-NOS (discussed in Section 1.4.2), parallel to endothelial type 

NOS, is thought to be able to undergo uncoupling, prompting the enzyme to facilitate 

production of O2
- , rather than NO [60]. Baskurt and Meiselman established that 

extracellular O2
- production primarily leads to impaired RBC aggregability, while 

intracellular O2
- production (e.g., induced by uncoupled NOS) causes retardation of cell 

deformability [61], likely related to cross-linking of haemoglobin and membrane 

structures (i.e., spectrin, Fig 6). Moreover, O2
- radicals readily oxidise 

tetrahydrobiopterin molecules (BH4), an essential RBC-NOS co-factor, to form 

dihydrobiopterin (BH2). Decreased BH4 / BH2 ratio leads to NOS-uncoupling and thus 

prevents NO generation, which culminates in impaired cell mechanics. 

Phenazine methosulfate (PMS), a well-described intracellular superoxide-generating 

system, has previously been utilised to induce intracellular oxidative stress, and study 

cell responses of RBC ([62]; Fig. 1.9). PMS converts oxygen to O2
- radicals in a two-

step redox reaction; PMS accepts one hydrogen atom from the proton-donor NADH 

[VI], subsequently, PMS is oxidised by reacting with O2, and thus recycled [VII].  

 

Eq. VI  NADH + PMSox → NAD+ + PMSred  

Eq. VII PMSred + O2 → PMSox + O2
- 

PMSox: Phenazine methosulfate in the oxidised conformation, which favours acceptance of one proton. 

PMSred: Phenazine methosulfate in the reduced conformation, which favours donation of one proton. 
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Figure 1.8: Illustration of altered oxidative pathways within red blood cells when exposed to 

acutely increased intracellular superoxide (O2
-) -generation. Superoxide may react with 

methaemoglobin (Met Hb) to induce cross-linking with the cell membrane, which results in 

diminished cell mechanics. Moreover, superoxide may alter tetrahydrobiopterin (BH4), a 

substrate for enzymatic nitric oxide (NO) production, prompting nitric oxide synthase (NOS) 

to produce further superoxide radicals. Increase superoxide levels may lead to increase 

peroxynitrite production (ONOO-) via reaction with nitric oxide. 
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Ulker et al [63, 64] provided convincing evidence to support that RBC-NOS responds to 

shear stress exposure by increased NO production, which is thought to be calcium-

dependent. Increased NO abundance in RBC has been linked with increases in cellular 

deformability; moreover, exposure to shear stress in the physiological range (i.e., ~0.3-

9.1 Pa) was shown to be associated with improved RBC deformability [44]. The effects 

of physiological shear stress on RBC under oxidative stress, however, remain unclear. 

Therefore, the concerted effects of shear stress and oxidative stress on RBC 

deformability and NOS activity will be explored in the current thesis.  

 

1.3.6 Regulators and recoverability of red cell responses to shear    

Despite RBC being the most exhaustively investigated human cells, the regulation of 

cell mechanics in the natural state of the RBC, that is in flow (i.e., under shear stress), is 

incomplete. The current thesis aims to explore the reversibility of shear-induced 

alterations in RBC deformability and the underlying mediators that govern such 

changes. The insight that signalling processes recently discovered in RBC may exert 

major influences on the regulation of RBC deformability and RBC responses to shear 

was established a mere decade ago. Accordingly, studies exploring to which extent and 

under what conditions molecular mediators, such as NO or Ca2+, contribute to RBC 

mechanics, are limited. The involvement of such short-lived compounds would imply 

that their effect, when stimulated by prolonged shear conditioning, is temporary. 

Likewise, although decreased cellular deformability following supraphysiological shear 

conditioning is well-characterised, no studies to date have investigated whether these 

impairments are reversible or permanent, specifically when RBC are exposed to 

repeated shear conditioning. Oxidative stress, induced by overabundance of free radicals 

is known to also result in dramatic decreases of RBC deformability. The mechanisms of 
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such impairments, however, are largely unknown. Moreover, while limited studies have 

attempted to explore improvements of RBC deformability, triggered either 

pharmacologically or via mechanical stimuli, it is currently unknown how these 

treatments interact with oxidatively damaged RBC. Given the importance of RBC-NOS 

derived NO, and thus also Ca2+ in regulating RBC deformability, it is of special interest 

to investigate interactions between these messenger molecules, intracellularly-generated 

free radicals and shear conditioning. Meram et al. [44] attempted to employ calcium 

concentrations reflective of the physiological plasma (i.e., 2 mM) when assessing shear 

conditioning of RBC. It is currently stressed, however, that given these authors 

employed a very low RBC count (0.05 L·L-1 Hct; approximately 1/80th of in vivo Hct), 

the concentration gradient of calcium was well-beyond physiological conditions. 

Therefore, further experiments are required to explore potential mediators of improved 

cellular deformability employing physiological conditions of key molecules.  

 

1.4 Aims and hypotheses 

The overall aim of the current thesis was to explore RBC responses to exposure of 

conditioning shear stress known to either increase, or decrease cellular deformability. 

Moreover, the involvement of signalling molecules in regulating RBC deformability 

following prior shear exposure was a primary focus. Specifically, three distinct series of 

experiments were performed: 

Study 1: The aim of the first study was to investigate the reversibility of shear-induced 

alterations in RBC deformability, wherein shear-magnitude duration combinations 

known to either increase or decrease cellular deformability were utilised. A secondary 

aim was to assess whether repeated shear conditioning with the respective shear 

protocols would result in a compounding effect of the primary responses.  
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Hypothesis: Physiological levels of shear stress exposure would result in 

temporarily increased RBC deformability, while supraphysiological shear 

conditioning would result in permanently decreased RBC deformability.  

Study 2: The aim of the second study was to assess whether impaired RBC 

deformability, induced by intracellular free radicals, could be reversed using 

physiological shear conditioning. Moreover, the concerted effects of oxidative and 

mechanical stress on important proteins involved in regulation of cell deformability 

were examined. 

Hypothesis: Free radical exposure would impair RBC deformability; however, 

shear conditioning with physiological levels of shear stress would partially 

reverse the level of impairment. It was also hypothesised that RBC-NOS 

activation would be decreased in the presence of free radicals, although 

physiological shear conditioning would, at least in part, reactivate this protein.  

Study 3: The aim of the final study was to determine the effect of extracellular calcium-

concentrations on RBC deformability, when RBC were previously exposed to 

physiological or supraphysiological shear conditioning. Moreover, it was sought to 

design an experimental system that would allow for monitoring changes in intracellular 

RBC calcium content under shear, while concurrently enabling visualisation under a 

microscope. 

Hypothesis 1: Low concentrations of extracellular calcium would increase RBC 

deformability, while high concentrations of extracellular calcium would 

decrease RBC deformability irrespective of prior shear conditioning. 

Hypothesis 2: When RBC are exposed to shear stress, the level of calcium-flux 

into the cell would be dependent upon the magnitude of shear stress applied. 



 

 

24 

 

Chapter 2  

Methods 

The following section provides an overview of the common methods utilised in the 

present thesis. Each experimental chapter will provide discrete Method sections to 

provide study-specific detail of the experimental protocols and procedures employed.  

2.1 Recruitment of participants and experimental designs 

Subjects were recruited randomly, from a convenience population at Griffith University 

(Gold Coast campus, Australia), for participation in the present studies. Volunteers were 

selected without bias in race or physical conditioning within the inclusion criteria. 

Females were excluded to provide as much homogeneity of blood samples as possible, 

given the differences in endocrinal composition of blood between males and females 

[65]. Participation was thus limited to freely volunteering males, aged 18-40 years. 

Participants were asked to report any known chronic diseases, medications, excessive 

alcohol consumption, smoking habit, supplements, blood pressure, recent high-volume 

blood donation (i.e., 450 mL) and recreational drug use; participants who were positive 

for any of the aforementioned conditions were excluded from the respective study. In 

each study, blood from each subject was only used once; however, subjects were 

permitted to participate in the separate studies if they expressed interest. The risks and 

benefits of participation as well as potential outcomes of the studies were explained to 

the subject in detail, and upon subject approval, witnessed informed consent was 

obtained. The experimental protocols performed in the current thesis were reviewed and 

approved by the Human Research Ethics Committee of Griffith University (Ref No. 

2014/566), and are in accordance with the Code of Ethics of the World Medical 

Association (Declaration of Helsinki). 
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2.2 Blood sample collection 

All blood collection and handling techniques were performed with close and careful 

adherence to the protocols published in the “New guidelines for hemorheological 

laboratory techniques” [66]. Blood samples were collected from volunteers by a 

competent phlebotomist. A tourniquet was placed around the upper arm of the subject 

and subsequently tightened. Within 90 s, a sterile 10 mL syringe with a sterile 21 gauge 

needle attached was used to puncture a prominent vein in the antecubital region. 

Immediately post-collection, blood was transferred into a collection tube coated with 

1.8 mg·mL-1 ethylenediaminetetraacetic acid (Becton Dickinson, USA) and inverted 

several times to facilitate adequate mixing of the anticoagulant. Collection tubes were 

subsequently kept on a slowly rotating mixer, to provide adequate distribution and 

prevent sedimentation until analyses. All experiments were performed within 4 hours of 

blood collection to minimise the effects of ex vivo blood ageing. All washing 

procedures (if necessary) were performed using phosphate buffered saline solution 

(PBS), unless otherwise specified. PBS solution was prepared to the standard of pH = 

7.4 ± 0.5; osmolality = 290 ± 5 mOsm·kg-1 (refer Chapter 2.3).  

2.3 Chemicals 

Substance       Supplier 

Sodium chloride      Sigma Aldrich, Australia 

Potassium chloride      Sigma Aldrich, Australia 

Sodium phosphate dibasic     Sigma Aldrich, Australia 

Potassium phosphate monobasic    Sigma Aldrich, Australia 

Sodium hydroxide      Sigma Aldrich, Australia 



Methods 

 

26 

 

Hydrochloric acid      Sigma Aldrich, Australia 

Polyvinylpyrrolidone 360 kDa    Sigma Aldrich, Australia 

D(+)-glucose monohydrate     Merck Millipore, Australia 

Magnesium sulfate, anhydrous    Sigma Aldrich, Australia 

Calcium dichloride      Sigma Aldrich, Australia 

N-(2-Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid); Sigma Aldrich, Australia 

HEPES        

Tris(hydroxymethyl)aminomethane    Merck Millipore, Australia 

Paraformaldehyde      Merck Millipore, Australia 

Bovine serum albumin      Sigma Aldrich, Australia 

Fluo-4 acetoxymethyl ester Thermo Fisher Scientific, 

Australia 

Trypsin from porcine pancreas Sigma Aldrich, Australia 

Methanol Merck Millipore, Australia 

Hydrogen peroxide 30% Merck Millipore, Australia 

Polyclonal anti-phospho eNOS Rabbit Antibody (Ser1177) Merck Millipore, Australia 

Phospho-Akt (Ser473) Rabbit Antibody Cell Signaling, USA 

Goat anti-Rabbit IgG (H+L) Cross- Thermo Fisher Scientific, 

Adsorbed Secondary Antibody, Alexa Australia 
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Fluor 568 

Normal goat serum Sigma Aldrich, Australia 

Tween® 20 polysorbate Merck Millipore, Australia 

Horseradish peroxidase Sigma Aldrich, Australia 

3,3'-diaminobenzidine Sigma Aldrich, Australia 

Ethanol undenatured 100% Chem-supply, Australia 

Xylenes Sigma Aldrich, Australia 

Entellan® Merck Millipore, Australia 

Phenazine methosulfate Sigma Aldrich, Australia 

4,5-Dihydroxy-1,3-benzenedisulfonic acid disodium salt Sigma Aldrich, Australia 

Senicapoc Focus Bioscience, Australia 

2.4 Preparation of solutions 

Phosphate buffered saline solutions (0.1 M) were prepared as follows: 8.00 g NaCl, 0.20 

g KCl, 1.44 g Na2HPO4 and 0.24 g KH2PO4 were diluted in 1000 mL deionised water 

under constant stirring at room temperature, until all solutes were dissolved. 

Subsequently, pH was measured using a pH meter (pH 209, Hanna Instruments, 

Australia) and adjusted to 7.4 ± 0.5 using NaOH or HCl, respectively. Similarly, 

osmolality was measured in an osmometer (3MO plus, Advanced Instruments, USA), 

and adjusted to 290 mOsm ± 5 by adding either NaCl or deionised H2O. 

Polyvinylpyrrolidone (PVP) solutions were prepared by dissolving 50 g powdered PVP 

(360 kDa) in 1000 mL deionised water, whereafter 8.00 g NaCl, 0.20 g KCl, 1.44 g 

Na2HPO4 and 0.24 g KH2HPO4 were added under constant stirring at room temperature, 
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until solutes were dissolved. Solutions were adjusted to isotonic pH and osmolality as 

described above. Furthermore, viscosity of PVP solutions at a shear rate of 150 s-1 was 

first quantified using a cone and plate viscometer (DV-II+Pro, Brookfield Engineering 

Labs, USA), and thereafter adjusted to 29.0 ± 0.5 mPa·s by further addition of PVP 

powder or deionised H2O in order to increase (added PVP) or decrease (added H2O) 

solution viscosity. 

Tyrode’s buffered solution was prepared by dissolution of the following compounds in 

1000 mL deionised water: 2.05 g NaCl, 0.40 g KCl, 1.80 g glucose, 0.12 g MgSO4, 0.11 

g CaCl2 and 2.38 g HEPES. Thereafter, pH was adjusted to 7.35 as described above. 

TRIS buffered solution was prepared by adding 6.057 g tris-hydroxymethyl-

aminomethane and 8.766 g NaCl to 1000 mL deionised H2O, whereafter pH was 

adjusted to 7.6 as outlined above. 

Paraformaldehyde (PFA) solution was prepared by dissolving 4 g powdered PFA in 50 

mL PBS (0.2 M). Adequate dispersion and dissolution of PFA was facilitated by placing 

the reagent vessel on a heating plate (60 °C) for 2-3 h, while stirring. Thereafter, 1 M 

NaOH was added until turbidity disappeared, and the solution was filtered. Deionised 

H2O was added to achieve 100 mL final volume, and the solution was adjusted to pH = 

7.4 as described above; the final solution thus contained 4% PFA. 

2.5 Processing of blood samples 

Blood samples were distributed within the collection tube manually by slowly inverting 

the collection tube, and subsequently being centrifuged at 1500 × g for 5 min. Plasma 

supernatant was removed without disturbing the cell pellet, and transferred into a 10 mL 

tube to be stored at 4 °C for later use. The remaining plasma and buffy coat (i.e., white 

blood cells and platelets) were discarded, and packed RBC were washed with isotonic 
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PBS (0.1 M). Subsequently, RBC suspensions were centrifuged at 1500 × g for 5 min, 

and the washing procedure was repeated twice. 

2.5.1 Incubation methods  

Washed, packed RBC were resuspended in PBS containing 0.1% bovine serum albumin 

(BSA) at a haematocrit of 0.4 L·L-1, to account for intra-donor variability in 

haematocrit. Samples were incubated with the respective testing compound at 37°C 

using a water bath (Axyos Technologies, Australia), for discrete durations. Immediately 

post-incubation, RBC suspensions were centrifuged at 1500 × g for 5 min, and washed 

twice with isotonic PBS. Packed RBC (2.5 µL) were then suspended in 1 mL PVP 

solution for cellular deformability assessment. Parallel “control” conditions were 

incubated with PBS only, given that RBC deformability measurements are sensitive to 

both presence of plasma and the incubation process (see Appendix 1). 

2.5.2 Sample preparation for Fluo-4 measurements 

RBC intended for determination of intracellular calcium concentration via Fluo-4 

fluorescent labelling were separated from plasma and all other cellular components, and 

thereafter washed three times with Tyrode’s physiological saline solution according to 

the protocol described by Wang et al [67]. RBC were then incubated in PBS with 5 µM 

Fluo-4 AM under constant agitation for 1 hour while protected from light, at a 

haematocrit of approximately 0.01 L·L-1. Immediately post-incubation, RBC were 

separated by centrifugation at 1500 × g for 5 min, and washed with Tyrode’s solution 

three times. Finally, RBC were resuspended in Tyrode’s solution at approximately 0.01 

L·L-1 to provide adequate cell distribution, which would be suitable for single cell 

analysis. 
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2.6 Shearing systems 

The investigation of shear stress exposure on biochemical and biophysical parameters in 

RBC required a shearing system that allowed for precise control and quantification of 

the shear applied to the fluid. In the current thesis, a Couette-type shearing system, a 

cone and plate shearing system, and a micropipette shearing system were utilised to 

expose RBC to mechanical stimuli. 

2.6.1 Couette shearing system  

Shear stress in laminar flow was created using an ektacytometer (LORCA MaxSys, RR 

Mechatronics, The Netherlands), consisting of an outer, rotating cup and an inner bob 

(Fig.  2.1, B). The velocity, at which the outer cup rotates around the inner bob can be  

 

Figure 2.1: Schematic of the Couette-type shearing device employed to create 

quantifiable shear stress; A: Flow profile and distribution of forces across the fluid 

layer, B: Geometry of the ektacytometer 

A 

B 

η = constant  
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controlled; therefore, the shear stress (τ) exerted upon the cells located in the gap 

between the two cylinders (diameter, z = 300 µm), is also quantifiable. Moreover, given 

that the flow profile within the gap is laminar (Fig. 2.1, A), the shear stress across the 

range of the gap is equal, so long as fluid viscosity (η) is constant (Fig. 2.2). This is vital 

to ensure that all RBC sheared within the device are exposed to a comparable magnitude 

of shear stress with minimal error in the obtained results. 

 

Figure 2.2: Depiction of the relationship between the magnitude of shear stress and the 

distance to the rotating plate for a constant velocity 

 

 Eq. VIII  τ (shear stress) = η (viscosity) ⋅ γ (shear rate) 
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Blood viscosity is dynamic (discussed in Section 1.2, Fig. 1.1), which is primarily due 

to cell aggregation and the deforming properties of RBC. Therefore, viscosity of RBC 

suspensions must be standardised; in the present thesis, viscosity was set to 29 ± 0.5 

mPa·s by dilution in of RBC in PVP solution, at a low haematocrit of 0.05 L·L-1 in 

accordance with [66].With a given viscosity (η) and a controllable rotating speed (i.e., 

shear rate; γ), shear stress (τ) can be precisely calculated (see Eq. VIII). 

The same device was used to apply shear stress to whole blood (Chapter 4, Study 2). 

For this purpose, the viscosity of whole blood from each individual participant was 

measured at 1500 s-1. Given that blood viscosity is shear-thinning and changes only 

marginally >1000 s-1 (refer Fig. 1.1), blood viscosity at 1500 s-1 was considered 

‘pseudo-Newtonian’, and thus the shear rate required to induce a given shear stress 

could be determined (see Eq. VIII).  

2.6.2 Cone and plate shearing system  

A cone and plate viscometer (DV-II+Pro, Brookfield Engineering Labs, USA) was used 

to apply a constant and quantifiable shear stress to whole blood (Study 2; Chapter 4). 

Based on the previously measured values of blood viscosity from the individual 

participants at high shear rates (i.e., 1500 s-1), a shear rate was subsequently calculated 

that would yield a desired shear stress (see Eq. VIII). The shear profile within the cone 

and plate system is laminar, and thus comparable to the shear profile discussed for the 

Couette shearing system. 

2.6.3 Micropipette aspiration system 

Micropipettes were produced by pulling borosilicate glass capillary tubes (0.5 mm inner 

diameter, Sutter Instruments Company, USA) using a micropipette puller (P-1000, 

Sutter Instruments Company, USA). Micropipettes were subsequently adjusted to a tip 

diameter of ~5 µm using a custom-built heating system. Given that RBC present with a 
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diameter of ~8 µm, this diameter would ensure physical deformation of RBC as they 

were forced through the micropipette tip by application of negative pressure. Washed, 

Fluo-4 loaded RBC suspensions were diluted to achieve 0.4 g·L-1 BSA concentration 

and such low haematocrit (<0.001 L·L-1) that single RBC could be exposed to suction 

pressures and traverse the narrow aperture of the micropipette, without accumulation of 

cells in the pipette causing clogging. The micropipette was pre-filled with Tyrode’s 

buffer containing 0.4 g·L-1 BSA, and pressurised using a water manometer (Fig. 2.3), 

which was visualised using an inverted microscope (IX 73, Olympus Corporation, 

Japan).  

 

Figure 2.3: The pressure-controlled micropipette system, attached to an inverted 

microscope coupled with a high-speed camera 

 

Adjustable water column  

High-speed camera 

Micropipette 

Custom-built 

microscope stage 

Micromanipulator 
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The micropipette was lowered into the Tyrode’s buffer containing 0.4 g·L-1 BSA and 

RBC at a very low haematocrit, and negative pressure was subsequently applied via 

increasing the height of the water column, such that it was above the fluid level within 

the pipette. The pressure generated by the difference in fluid level between the pipette 

and the column was measured. Live imaging of the experiments was captured at ~71 Hz 

using a high-speed camera attached to the inverted microscope; video recordings of 

single RBC entering the micropipette were captured under light microscopy, and the 

cells were tracked as they traversed the pipette tip. Given that the geometry of the 

micropipette entry point was known, and the distance (x) that single cells travelled 

could be tracked over time (t), it was possible to calculate the velocity (v) of RBC 

within the pipette tip using the following formula:  

 

Eq. IX     v = 
𝑥 (µ𝑚)

𝑡 (𝑚𝑠) 
 

 

It follows that by measuring the tip diameter (d) at a given cell location, and knowing 

the velocity at which cells were travelling, it was possible to calculate shear rate (γ): 

 

Eq. X      γ =  8 ·
𝑣 (

𝜇𝑚

𝑠
)

𝑑 (𝜇𝑚)
 

 

Using the calculated local shear rate within the tip, shear stress was able to be deduced 

by the product of shear rate and viscosity of the buffer solution (1.25 mPa·s). Single 

RBC were thus captured entering the micropipette tip using light microscopy (Fig. 2.4).  
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Figure 2.4: Typical representation of a single red blood cell (RBC) 

being aspirated through the micropipette tip as recorded using 

brightfield microscopy with 200 x magnification. The water 

manometer provided a discrete negative pressure forcing RBC to 

deform as they passed through the ~5 µm diameter tip. 
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2.7 RBC deformability measurements 

The capacity of RBC populations to deform when exposed to a given shear stress was 

assessed using the rotational ektacytometer, which was used as a shearing system 

previously (Section 2.6). The device is comprised of a rotatable outer glass cup, and a 

fixed inner bob, separated by a gap of 300 µm. A laser beam is directed from the inside 

of the inner bob through the cell suspension located in the gap, and the outer cylinder, 

onto a charge-coupled device video camera. Cell suspensions in the gap produced a 

laser diffraction pattern, as the beam converged around cellular content. The resultant 

diffraction pattern thus reflected the average deformation of cells within the sample; 

diffraction patterns are circular for cells at stasis, while with increasing shear stress, 

diffraction patterns become progressively elliptical as cell populations deform (Fig. 

2.6). The altered shape of the diffraction patterns under high shear results from the 

increased area of more elliptical (i.e., stretched) cells, which causes the laser beam to 

increasingly scatter and thus create more horizontal points to form an elliptical shape. 

B 
C 

A 

b 

a a 

b 

Figure 2.5: Images of acquired laser diffraction patterns generated by cell populations at 

(A) stasis and (B) under shear; typical plot of cell population elongation index versus shear 

stress applied ranging from 0.3-50 Pa (C) 



Methods 

 

37 

 

Typically, laser diffraction patterns are produced and analysed for cell populations 

exposed to shear stress ranging from 0.3-50 Pa. The laser diffraction patterns are 

analysed by calculating the Elongation Index (EI), using the following formula:  

 

Eq. XI  EI =     
𝑙𝑒𝑛𝑔𝑡ℎ (𝑎)   −    𝑤𝑖𝑑𝑡ℎ (𝑏)

𝑙𝑒𝑛𝑔𝑡ℎ (𝑎)   +   𝑤𝑖𝑑𝑡ℎ (𝑏)
 

 

The resulting sigmoidal curves were further analysed by curve-fit, using a non-linear 

modification of the Lineweaver-Burk plot as pioneered by Baskurt et al [68], producing 

the parameters EImax and SS1/2. EImax represents the theoretical maximal elongation, 

obtained by extrapolation of the curve-fit over a theoretical, infinite shear stress, 

whereas SS1/2 represents the shear stress necessary to induce half maximal elongation 

(i.e., EIhalf). Increases in SS1/2 indicate decreased capacity of RBC to deform, as a larger 

shear stress stimulus is required to induce half maximal elongation. Expressing the 

parameters as a ratio of one another (SS1/2:EImax) yields a powerful index of RBC 

deformability, and is therefore preferably reported in the literature [68]. RBC 

populations that were mechanically damaged by exposure to supraphysiological shear 

stress exhibit a paradoxical increase of EI over low shear stresses (Fig. 2.6), which has 

been described in several studies [45, 69]. Given that this paradoxical increase in EI is 

likely due to artefact, and to avoid inaccuracies when fitting a curve to calculate SS1/2 

and EImax parameters, RBC deformability measurements of damaged cells were 

analysed for all shear stresses >0.5 Pa. Analyses of control RBC populations were 

matched when appropriate. 
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Figure 2.6: Depiction of a typical elongation index-shear stress (EI-SS) curve shape, 

obtained from mechanically damaged red blood cell (RBC) populations. The curve not 

only exhibits a significant right-shift compared to Control RBC, but also paradoxically 

elevated EI at very low shear stress (0.3 Pa), distorting the curve-fit. 

 

2.8 Immunohistochemical procedures 

Whole blood samples for immunohistochemical measurements were diluted in 4% PFA 

solution at a ratio of 1:1. Cell suspensions were incubated with the fixative for 20 min at 

room temperature, following which they were centrifuged gently at 150 × g for 3 min, 

and washed with PBS. A further 5 min incubation was performed at room temperature 

and RBC suspensions were centrifuged 150 × g for 3 min. Finally, RBC were 

resuspended in PBS at a ratio of 1:1, and blood smears were prepared according to the 

protocols of Suhr et al [39]. Blood smears were heat fixed to a microscope slide 

(Superfrost Ultra Plus, Thermo scientific, USA) and subsequently left to dry overnight. 
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On the dried microscope slide, a control and a testing area were separated using a lipid 

pen (PAP pen, Sigma Aldrich, Australia). RBC on both areas were washed with TBS 

three times, and subsequently treated with 0.1% Trypsin for 30 min at 37°C in an 

incubation chamber to permeabilise the cell membranes, thus enabling subsequent entry 

of non-membrane permeable substances. Immediately post-incubation, tap water      

(i.e., the fluoride molecules present in tap water) was used to stop the enzymatic 

digestion of the membrane, and RBC were washed three times with TBS. In density-

staining, slides were then exposed to an 80% methanol / 5% H2O2 / 15% deionised H2O 

solution for 30 min; for immunofluorescence, this step was skipped. Non-specific 

binding of the primary antibody was inhibited on both areas using 3% milk powder 

(Coles Supermarkets Homebrand, Australia) in TBS, following which the test area was 

incubated with the primary rabbit antibody diluted in 0.3% milk powder containing 

0.09% Tween ® 20 to facilitate cell entry for 1 hour at room temperature.  The control 

area was incubated with only the vehicle. Slides were washed three times with TBS and 

non-specific binding of the secondary goat antibody was inhibited using 3% normal 

goat serum for 30 minutes. For immunofluorescence, RBC were then incubated with a 

secondary goat anti-rabbit antibody containing a fluorescent residue (Alexa Fluor 568, 

Molecular Probes, Thermo Fisher, USA) for 30 min. For density based immunostaining, 

RBC were washed three times with TBS and incubated with a horseradish-peroxidase 

complex for 30 min, which displayed high binding affinity to the secondary antibody. 

Finally, the staining was developed by applying a 3,3'-diaminobenzidine solution. 

Subsequently, slides were dehydrated using an alcohol gradient of increasing saturation, 

exposing the slides to 70%, 90% and 100% ethanol, and finally, 100% xylene. Cover 

slips were fixed to the slides with Entellan ® (Merck Millipore, USA) and left to dry 

overnight for microscopic analysis. 



Methods 

 

40 

 

2.9 Microscopic acquisition and data analysis 

Immunohistochemically prepared and stained RBC were analysed using an inverted 

microscope setup (IX 73, Olympus Corporation, Japan), equipped with a high-speed 

camera (optiMOS scMOS, QImaging, Australia) and a fluorescent light source. 

Density-stained RBC were analysed in bright field, while fluorescence-tagged RBC 

were analysed when excited by a laser beam at 595 nm (emission: 615 nm); at least 

three images of random spots in the test area were acquired, and at least two images of 

random spots in the control area using an objective with 400-times magnification. 

Density of either grey staining (HRP) or fluorescence emission (TXRED) of at least 100 

test RBC and 50 control RBC were quantified using ImageJ software (National 

Institutes of Health, Bethesda, USA). Subsequently, the average densities of the 

background and the control RBC were subtracted from the average density of the test 

RBC to provide the normalised, desired signal.  

2.10 Statistical methods 

Raw EI-SS data were compared utilising a two-way analysis of variance (ANOVA) 

with Bonferroni post-hoc correction. From the raw curves, a non-linear curve-fit was 

performed, yielding a global index for cell deformability (i.e., SS1/2:EImax) as described 

in Section 2.7. Statistical differences in SS1/2:EImax between samples were determined 

using a one-way ANOVA with Bonferroni correction when three or more conditions 

were compared, or a paired t-test when comparing two groups. Immunohistochemistry 

data was analysed using one-tailed paired t-tests when comparing between pre- and 

post-shear conditions, as well as when comparing between conditions where inhibited 

phosphorylation was expected (i.e., oxidatively damaged cells) and control conditions. 

An alpha level of 0.05 was considered statistically significant throughout, and all 

statistical analyses were carried out using a commercial statistical package (Prism 7, 
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GraphPad Software Inc., La Jolla, USA). Data are reported as mean ± standard error, 

unless stated otherwise. Note that specific statistical analyses are described in further 

detail in the respective chapters. 
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Chapter 3  

Study 1: Recovery time course of erythrocyte deformability 

following exposure to shear is dependent upon conditioning shear 

stress 

The aim of the first study (published in 2018; [69]) was to characterise the 

recoverability of altered cellular deformability when RBC were exposed to shear 

conditioning known to either i. improve cell deformability or ii. impair cell 

deformability. Preliminary studies revealed that the greatest improvements of cell 

deformability were triggered by exposure of RBC to a shear conditioning of 10 Pa for 

300 seconds, which was congruent to previous observations in the literature [44]. 

Moreover, shear stress conditioning of 64 Pa for 300 seconds is known to induce 

significantly retarded cell deformability [47], and was therefore used to induce 

mechanically impaired deformability. Further experiments were conducted to assess the 

reversibility of the shear conditioning; RBC suspension were left to rest for 300 seconds 

post-shear conditioning, and thereafter exposed to a second bout of matched shear 

conditioning. It was hypothesised that improvements in RBC deformability, triggered 

by exposure to physiological shear conditioning (i.e., 10 Pa for 300 s) would be 

reversible, which would indicate a biochemically regulated mechanism. In contrast, it 

was hypothesised that impairments in RBC deformability, generated by exposure to 

supraphysiological shear conditioning (64 Pa for 300 s), would not be reversible. This 

would indicate physical disruption of cell structures in the membrane/cytoskeletal 

network. 
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3.1 Introduction 

Red blood cells (RBC) possess unique properties that facilitate dynamic changes in 

morphology when exposed to shear force [8]. The bi-concave disc shape of RBC, for 

example, yields a favourable surface area-volume ratio, permitting exceptional 

responsiveness to mechanical stress. Furthermore, higher relative intracellular viscosity 

(∼6 mPa·s [9]) – which is principally determined by haemoglobin content – than the 

fluid phase, and the flexibility of the surrounding cytoskeletal mesh-network, 

contributes to unique membrane dynamics of RBC. While structural components of 

RBC respond passively to external forces, recent works indicate an active regulation of 

cell response to shear stress occurs via second messenger molecules, including nitric 

oxide (NO) and calcium ions (Ca2+) [25, 64, 70]. 

RBC express a functional endothelial-type nitric oxide synthase (NOS), termed RBC-

NOS [17]. Covalent attachment of NO to membrane proteins – most likely spectrin – is 

possible, and it is thought this post-translational modification (i.e., S-nitrosylation) of 

the RBC cytoskeleton augments cell deformation [24]. It is proposed that RBC-NOS 

activity is calcium-dependent; specifically, RBC-NOS may be activated secondary to 

the binding of calmodulin [60]. Recently, a piezo1-type mechanically-activated calcium 

channel was detected in the RBC membrane, which facilitates tight regulation of 

calcium-influx upon deformation of the cell [27]. Calcium levels inside RBC (∼30-60 

nM) are regulated by a powerful Ca2+-ATPase, exporting calcium against an ∼30,000-

fold gradient. Although excessive accumulation of calcium within RBC was classically 

associated with rigidification of the cell, recent works indicate mechanically augmented 

cell deformability via increased intracellular NO accumulation requires an influx of 

calcium [17, 39, 64]. It thus appears that shear stress is responsible for both causing 

abrupt changes in RBC morphology; when levels are within the physiological range, 
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further cell deformation is accommodated actively by mechanotransductive pathways 

[71]. 

Shear environments exceeding the physiological limits (>10–15 Pa), such as those 

within mechanical circulatory support devices, reduce RBC deformability. In 

ventricular assist devices, for example, shear stress of >100 Pa are employed [46] which 

negatively impacts RBC deformability [48, 49]. In addition to the well-defined 

‘haemolytic threshold’, which represents the combination of duration and magnitude of 

shear stress exposure required to overtly rupture the RBC [50], a ‘subhaemolytic point’ 

was recently reported [45]. Exposure to mechanical stress exceeding the duration and 

magnitude predicted by the subhaemolytic point results in RBC having decreased 

deformability and increased sensitivity to future mechanical stress. 

Two important changes in RBC mechanics, detailed earlier, have thus been described 

following discrete doses of shear exposure: low shears increase deformability, while 

high-shear exposure decreases cell deformability. It is yet to be elucidated, however, 

whether such changes induced by mechanical stress are permanent, or alternatively 

whether a temporary and reversible change in cell mechanics is at play. These findings 

are of value given that the ∼8 μm RBC must transit apertures of ∼2.5 μm in the 

microcirculation [1], thus the importance for cell deformation and subsequent return to 

initial shape, without damage, is essential for gas exchange and nutrient delivery – 

particularly for patients whose blood is exposed to high shear environments, such as 

mechanical circulatory support. 

The current study was thus designed to determine the time course of cell deformability 

dynamics following shear exposure previously reported to (i) increase or (ii) decrease 

this physical property of RBC. It was hypothesised that increases in cell deformability 
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would be temporary following low-shear exposure, given the likely involvement of 

second messenger molecules – which typically have a short half-life – while decreases 

in cell deformability following high-shear exposure would be permanent likely due to 

structural changes of the RBC membrane. 

3.2 Methods 

3.2.1. Subjects and sample collection 

Subjects were healthy males (age: 28 ± 7 yr; height: 177 ± 7 cm; body mass: 75 ± 6 kg), 

free from known cardiovascular, metabolic, pulmonary, neurological, and blood 

disorders; no participant was using pharmacological agents or had provided a large-

volume (e.g., 1 unit) blood donation in the previous 12 months. Witnessed and written 

consent was provided following an explanation of the risks and benefits of participation. 

Blood was collected from a prominent vein in the antecubital region and transferred into 

a blood collection tube containing ethylenediaminetetraacetic acid (1.8 mg · mL−1) 

within 90 s of applying a tourniquet to the upper arm. Blood tubes were placed on a 

slowly rotating tube roller until sample preparation. All experimental protocols were 

completed within 4 h of blood collection. The experimental protocols and procedures 

were reviewed and approved by the Human Research Ethics Committee (Griffith 

University, Australia) and are consistent with The Code of Ethics of the World Medical 

Association (Declaration of Helsinki). 

3.2.2. Blood sample preparation 

Samples were prepared in small batches immediately prior to analysis which was 

conducted in a randomised order to minimise potential effects of ex vivo blood ageing. 

Whole blood (25 μL) was suspended in 5 mL of a viscous, isotonic solution of 

polyvinylpyrrolidone (PVP; 360,000 Da, dissolved in 0.1 mol · L−1 phosphate buffered 
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saline; viscosity = 29.0 ± 0.5 mPa · s at 37°C, pH = 7.37, 293 mOsmol · kg−1); this 

solution was prepared using a viscometer (DV-II+Pro, Brookfield Engineering Labs, 

Middleboro, MA), osmometer (3MO Plus, Advanced Instruments, MA), pH meter (pH 

209, Hanna Instruments, Melbourne, Australia), and balance (AUX220, Shimadzu 

Corp., Kyoto, Japan), each calibrated at manufacturer suggested intervals. The PVP 

solution was checked each morning before testing to ensure viscosity was stable (i.e., 

within 0.5 mPa·s) using the same viscometer. Blood suspensions were subsequently 

analysed within 20 min of preparation. All reagents were obtained from Sigma Aldrich 

CO LLC (Sydney Australia), unless otherwise specified. 

3.2.3. Shear-conditioning of blood 

The cell suspensions in PVP were exposed, for 300 s, to discrete magnitudes of shear 

stress to induce either increased (10 Pa) or decreased (64 Pa) cell deformability; these 

shear stress-exposure duration combinations (i.e., “shear conditioning”) were based on 

previous studies [44, 45, 47] and were confirmed to have the desired effect during pilot 

testing. Specifically, a previous report showed that 300 s shear exposure to 

physiological shear stress was significantly more effective at inducing increased cell 

deformability when compared to a 30 s exposure. Given the objective of the current 

study was to assess the phenomenon of shear-induced alterations in cell deformability, 

conditions inducing the greatest effect respectively were chosen. The experimental 

procedures thus involved multiple conditions, requiring 28 samples to be prepared for 

each subject; all experimental conditions for a given subject were performed using 

freshly-prepared samples, thus eliminating potential carry-over/compounding effects of 

multiple experimental assessments being performed to a given sample. Shearing was 

carried out at 37°C in a Couette-type shearing system (gap: 300 μm) which was 

subsequently used to provide ektacytometry data (see Section 2.4). To serve as a 



Study 1: Recovery time course of erythrocyte deformability following exposure to shear 

is dependent upon conditioning shear stress 

 

47 

 

Control, RBC in PVP suspensions were left stationary for 5 min, and then RBC 

deformability was quantified (described below); this process was repeated after the 

experiment to assess whether ex vivo blood ageing occurred. For both shear 

conditioning protocols (i.e., 10 and 64 Pa), cell suspensions (prepared fresh for every 

condition) were exposed to the discrete shear stress for 300 s (Fig. 3.1(A)), after which 

cellular deformability was determined: immediately (i.e., “0 s”), or after 3, 5, 60, 120, 

240, or 300 s of “rest” (i.e., cell suspensions were at stasis). 

 

Figure 3.1: Schematic of the shear conditioning and subsequent measurements during 

“rest” period following cessation of shear in Experiment 1 (A) and Experiment 2 (B). 

After discrete conditioning at 10 or 64 Pa (illustrated at 10 Pa, above), RBC 

deformability was measured immediately (a), or after 3 (b), 5 (c), 60 (d), 120 (e), 180 

(f), or 300 s (g) of rest; each of these trials were performed with discrete and fresh blood 

suspensions. Experiment 2 only incorporated RBC deformability assessments 

immediately (a) or 300 s (g) following cessation of shear; however, a second duty cycle 

was also incorporated to assess residual effects of prior shear conditioning on a further 

300 s of shear, and subsequently RBC deformability was measured immediately (h) or 

300 s (i) following the second duty cycle. In all experimental conditions, a fresh blood 
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sample was prepared: thus Experiment 1 required seven samples, and Experiment 2 

required four samples, at each discrete shear condition (10 and 64 Pa, respectively). 

 

To determine whether changes following the shear-conditioning experiments influenced 

cell response to future shear stress exposure, an additional set of experiments were 

performed using fresh cell suspensions that were subjected to the same shear (i.e., 10 

and 64 Pa) conditioning for a second duty cycle (Fig. 3.1(B)). That is, following 300 s 

shear exposure and 300 s “rest” (representing duty cycle 1), an additional duty cycle (of 

equal shear conditioning and rest) was applied to these previously sheared suspensions, 

and cell deformability was quantified immediately after the second shear exposure (“0 

s”) and at the end of the final rest period (“300 s”). 

3.2.4. Measurement of RBC deformability 

Deformability of RBC was quantified using a laser diffraction ektacytometer 

(LORRCA, MaxSis, Mechatronics Instruments B.V., Zwaag, The Netherlands); the 

details of this device have been discussed elsewhere [72]. The instrument employs a 

Couette-shearing system consisting of an outer cylinder that rotates around a fixed inner 

cylinder. Whole blood suspended in PVP (1:200, 293 ± 5 mOsm, 29.0 ± 0.5 mPa · s and 

7.37 ± 0.05 pH) was carefully transferred into the gap between the two cylinders. The 

inner cylinder contains a laser that projects through the cell suspension, with the 

resultant diffraction pattern being captured digitally via a video camera and stored for 

image analysis. RBC deformation was calculated across a range of shears (0.3 to 50 Pa) 

through measurement of the long and short axes of the diffraction pattern at each 

discrete shear stress; the diffraction patterns are circular at low shear, and become 

increasingly elliptical with increased shear stress. The elongation index (EI) could thus 
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be calculated based on the geometry of the ellipse, using the formula: EI = (length − 

width)/(length + width). 

3.2.5. Data analysis 

EI-shear stress curves for RBC that were previously exposed to damaging magnitudes 

of shear stress (i.e., 64 Pa for 300 s) presented with atypical EI data in the low shear 

region (0.3–0.53 Pa) as described earlier [45], resulting in non-sigmoidal response 

curves affecting regression analysis; these paradoxical increases in EI at low shear are 

thought to reflect an artefact of rigid subpopulations of cells not aligning with flow, thus 

disrupting the laser diffraction patterns and generating spuriously increased EI [45, 47]. 

Consequently, EI values for shear stress <0.53 Pa were excluded from non-linear 

regression curve-fit procedures, which provided (i) maximal theoretical elongation at 

infinite shear stress (EImax), and; (ii) the shear stress required to achieve half maximal 

elongation (SS1/2). For standardisation, the 10 Pa conditioned samples and Control were 

analysed in the same manner with EI < 0.53 Pa excluded. 

3.2.6. Statistical analysis 

Data are presented as mean ± standard error from 13 participants (Experiment 1) or 

from 8 participants (Experiment 2). Results were compared utilising a one-way analysis 

of variance with repeated measures to detect significant differences in the means 

between each condition using commercially-available software (Prism, GraphPad 

Software Inc, Release 6.07, USA). A two-way analysis of variance with repeated 

measures was used to determine differences in the EI-shear stress curves following 

shear exposure using the raw data. Post-hoc comparisons were performed using 

Bonferroni corrections. A significance level of 0.05 was used for all analyses. 
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3.3 Results 

3.3.1. RBC deformability subsequent to shear exposure 

The cellular deformation of RBC (EI) to shear stress is demonstrated in Fig. 3.2; typical 

sigmoidal response to shear was observed in the unsheared samples (Control). RBC 

deformability following 300 s of shear conditioning with 10 Pa (Fig. 3.2(A)) or 64 Pa 

(Fig. 3.2(B)) are presented which was measured immediately (0 s) and after resting for 

300 s; for clarity, only data for 0 and 300 s of rest are presented (i.e., data measured 3, 

5, 60, 120, 240 s of rest are not illustrated). 
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Figure 3.2: Red blood cell (RBC) elongation index (i.e., deformation) measured over a 

discrete range of shear stresses (0.3–50 Pa) without prior shear conditioning (black), 

and also immediately (dotted) and 300 s (dashed) after shear conditioning at 10 Pa (A) 

and 64 Pa (B) (a) 0 s significantly different from Con, (b) 300 s significantly different 

from Con, (c) 300 s significantly different from 0 s. 

Shear conditioning at both 10 Pa and 64 Pa for 300 s significantly influenced RBC 

deformability. Prior exposure to 10 Pa shear stress induced a left-shift (i.e., 
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improvement) in EI at all shears between 0.3 and 2.91 Pa (p<0.01) when measured 

immediately following pre-conditioning (i.e., 0 s rest). Increased RBC deformability 

was sustained after 300 s rest, albeit over a narrower range of shears (0.3–0.53 Pa; 

p<0.001), with a normalisation of increased EI between shears of 0.53 to 2.91 Pa 

(p<0.01). 

Exposure to 64 Pa shear stress for 300 s resulted in significantly impaired cellular 

deformability immediately following shear conditioning (i.e., 0 s rest). Prior exposure to 

64 Pa shear stress induced a right-shift (i.e. impairment) in EI over a wide range of 

shears (1.65–9.09 Pa; p<0.001) and an atypical increase in EI at 0.3 Pa (Fig. 3.2(B)). 

Allowing 300 s of rest following shear conditioning failed to reverse the decrease in 

RBC deformability, whereby no significant differences were detected between 

immediate (i.e., 0 s) and delayed (i.e., 300 s) RBC deformability measurements at 

various shears (0.53–50 Pa; p>0.05). 
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Cellular deformability, expressed as SS1/2:EImax, measured immediately following 

exposure to 10 Pa shear stress increased by 19.5 ± 0.3% (p<0.0001 ; Fig. 3.3(A)). The 

increased deformability induced by 10 Pa conditioning partially-reversed with 

additional rest time; that is, the level of increased cellular deformability reduced to 7.2 ± 

0.4% (still beneficial) after 300 s of rest, compared with Control (p<0.001 ). Exposure 

of RBC to 64 Pa shear stress for 300 s resulted in significantly decreased cellular 

deformability (30.5 ± 13.9%, p<0.0001; Fig. 3.3(B)). The duration of rest following 

shear conditioning with 64 Pa trended towards less absolute decrease in cell 

deformability, although RBC deformability remained significantly decreased when 

compared with Control. Allowing 300 s of rest, for example, resulted in decreased RBC 

deformability still being detected (19.3 ± 9.4%; p<0.0001), albeit to a lesser degree than 

when measured immediately (i.e., 0 s). 

Figure 3.3: Red blood cell deformability presented as a single parameter (SS1/2:EImax), 

for cell suspensions that were shear conditioned with 10 Pa (A) or 64 Pa (B); 

measurements were subsequently obtained after discrete periods of rest (0 to 300 s). 

Significant differences from Con; ∗∗∗∗p<0.0001, ∗∗∗p<0.001, ∗∗p<0.01. 
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3.3.2. Effects of prior pre-conditioning shear stress on future mechanical 

responses 

The EI-shear stress relationship for RBC subjected to repeated duty cycles of 

conditioning shear stress with discrete rest periods are presented in Fig. 3.4. As reported 

earlier (Fig. 3.2(A)), 10 Pa shear conditioning significantly increased cellular 

deformation measured under low shear (i.e., 0.3–1.65 Pa) compared with Control (Fig. 

3.4(A)). A second duty-cycle of shear conditioning maintained increased EI as observed 

following the first duty cycle, while also uniquely increasing cell deformability 

measured at 2.91 Pa (p<0.0001 ), which did not reach significance following the first 

exposure (p=0.064 ). 
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Figure 3.4: Red blood cell (RBC) elongation index (i.e., deformation) measured over a 

discrete range of shear stresses (0.3–50 Pa) without prior shear conditioning (black), 

and also 300 s after one (dotted) or two (dashed) duty cycles of shear conditioning at 10 

Pa (A) or 64 Pa (B). (a) Duty Cycle 1 significantly different to Con, (b) Duty Cycle 2 

significantly different to Con. 

 

Figure 3.4 (B) depicts the effect that one and two duty-cycles of 64 Pa shear 

conditioning for 300 s had on RBC deformability. The decrease in EI previously 
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described following a single exposure to 300 s at 64 Pa were observed again (p<0.05 ), 

although the repeated duty cycle resulted in an exacerbation of the decreased 

deformability to include all shears < 0.5 Pa, and also 1–16.04 Pa inclusive (p<0.05 ). In 

summary, the second duty-cycle at 64 Pa for 300 s resulted in a further right-shift of the 

EI-shear stress curve. 

The RBC deformability response to two duty-cycles of shear conditioning at 10 or 64 

Pa for 300 s is presented in Fig. 3.5. Single exposure to 10 Pa shear conditioning 

induced increased cellular deformability (p<0.01) demonstrated by decreased SS1/2: 

EImax, while 300 s of rest duration facilitated reversal of this effect, as described 

previously (Fig. 3.3(A)). The second exposure (i.e. duty cycle 2) to 10 Pa conditioning 

shear led to a further increase of cellular deformability (i.e., additionally decreased 

SS1/2: EImax) compared to Control (p<0.0001), with the majority of the effect reversed 

Figure 3.5: Red blood cell deformability presented as a single parameter (SS1/2:EImax) for 

cell suspensions that were shear conditioned with one or two duty cycles for 300 s at 10 

Pa (A) or 64 Pa (B); measurements were subsequently obtained after discrete periods of 

rest (0 and 300 s). Significant differences from Con; ∗∗∗∗p<0.0001, ∗∗∗p<0.001, ∗∗p<0.01. 
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after 300 s rest (p<0.05 ). 

Exposure to a single bout of 64 Pa conditioning shear induced a decrease in cellular 

deformability (p<0.01), while 300 s rest led to a mild reversal as described earlier (Fig. 

3.3(B)). The second exposure (i.e. duty cycle 2) to 64 Pa shear conditioning caused 

further decrease of cellular deformability when compared to Control (p<0.001). It was 

observed that 300 s of rest, following the second duty cycle, did not facilitate any 

reversibility of the decreased cellular deformability, which remained lower compared 

with Control (p<0.01). 

3.4 Discussion 

The salient findings of the present study were that shear stress-induced increased RBC 

deformability appears to be of temporary and reversible nature, whereas decreased 

deformability induced by supraphysiological levels of shear stress appears to have a 

much slower recovery, and thus are potentially irreversible relative to the time periods 

relevant to the circulatory system (i.e., 30-300 s). That is, given the average duration for 

blood to traverse the circulatory system and return to the heart is ~60 s, 

supraphysiological shear exposure via a circulatory assist device would re-occur prior to 

a potential reversal of impaired RBC deformability. It was also found an additional duty 

cycle of shear exposure resulted in compounding of the increased cellular deformability, 

supporting that a “priming” effect occurs during the first shear exposure; priming could 

reflect an accumulation of molecules known to promote enhanced cell deformability 

[70]. In a similar manner, RBC that had been previously conditioned with 

supraphysiological shear stress were more sensitive to subsequent duty cycles of 

“damaging” shear, supporting a compounding of mechanically-induced impairment, 

which would occur repeatedly for example in a patient currently possessing a 

circulatory assist device Importantly, the distinct effects triggered by shear conditioning 



Study 1: Recovery time course of erythrocyte deformability following exposure to shear 

is dependent upon conditioning shear stress 

 

58 

 

were most pronounced when measuring deformability under lower shear stresses (i.e., 

0.3–9.09 Pa), which are typical of the in vivo environment [1]. These data collectively 

indicate that conditioning shear exposure has potential to both promote and retard the 

physical properties of erythrocytes that determine blood fluidity, depending on the 

magnitude of shear conditioning employed, and thus highlights the value of carefully 

monitoring mechanical stresses in circulatory support and blood handling processes. 

The present study demonstrated that the priming effect triggered in RBC by exposure to 

physiological levels (<10 Pa) of shear stress [44] appears to be a reversible process. The 

level of increased cellular deformability was time-dependent, decreasing from ∼20% 

immediately following priming to ∼7% after 300 s at stasis (Fig. 3.3(B)). Reversal of 

the priming effect was previously observed by Meram et al. [44], who subjected RBC to 

5-20 Pa shear stress, and reported an incomplete reversal after 60 s. The current study 

not only confirms this observation, but provides evidence that normalisation is still not 

complete after 300 s of rest. 

Novel observations of the priming effect induced by low-shear (10 Pa) conditioning in 

the present study include the implementation of a second duty cycle. When already 

primed RBC suspensions were further exposed to a repeated bout of 10 Pa conditioning 

shear for 300 s, cell deformability increased significantly following recovery from the 

initial duty cycle. The reversibility (i.e., temporary nature) of the priming effect 

indicates that there may be biochemical factors mediating the shear-induced increase in 

RBC deformability. Shear-induced increase of RBC deformability is suggested to result 

from greater intracellular NO bioavailability, facilitated by increased NO-production via 

RBC-NOS [63]. RBC-NOS activity is dependent upon calcium concentration in the 

RBC, which might be increased during physiological shear exposure and mediated by a 

recently discovered mechanosensitive calcium channel (i.e., piezo1 [27]). 
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These biochemical responses, while not directly explored in the present study, may 

explain the increased cell deformability that persisted several minutes following the 

cessation of shear conditioning. Moreover, it is plausible that the additive increase of 

RBC deformability observed during the second duty cycle may be the result of 

subsequent promotion of NO bioavailability produced during the first duty cycle, 

whereby time for S-nitrosylation of cytoskeletal components (i.e., spectrin [24]) may 

have been optimised, and thus facilitated augmented cell deformation during future 

shear exposure. While it is tantalising to consider that the present findings provide 

indirect insight into the time course of the biochemical responses underlying shear-

induced increased cell deformability, future studies should endeavour to directly explore 

biochemical processes within single RBC following shear conditioning to test this 

hypothesis. 

The level of increase, and the time course of reversibility in RBC deformability 

following shear conditioning are meaningful: >240 s would be required for shear-

mediated increase of cell deformability to return to baseline levels (Fig. 3.3(A)), which 

in the context of the circulatory system, is far longer than the period of transit from one 

high shear region to reach another high shear region, even under resting metabolic 

conditions. 

The impaired RBC deformability observed following 64 Pa shear conditioning supports 

previous reports [45, 73]. The increased EI measured under low shear (Figs 3.2(B), 

3.4(B); see “uptick” of EI between ∼1 to ∼0.3 Pa) following supraphysiological shear 

conditioning has also been previously reported; it is thought that these atypical 

responses actually indicate dysfunctional RBC membrane properties of a subpopulation 

of cells that disrupts cell dynamics, local fluid properties, and thus the laser diffraction 

patterns used to analyse cell deformability [45]. The laser diffraction pattern generated 



Study 1: Recovery time course of erythrocyte deformability following exposure to shear 

is dependent upon conditioning shear stress 

 

60 

 

by ektacytometry reflects the mean response of the population of cells being examined, 

and can be manipulated by non-uniform cell populations. Sickle cell RBC, for example, 

disrupt the laser diffraction pattern in a predictable manner (i.e., a “cross-like” pattern is 

generated): non-sickled RBC from these patients deform and align with flow, while 

sickled RBC are more rigid and do not, thus the EI measured under low shears is 

atypically increased due to a merging of the laser diffraction patterns induced by these 

two responses [74]. In the context of mechanically stressed blood, it is pertinent that 

RBC do not respond to mechanical stress in a uniform manner, but rather, younger cells 

appear more resilient, while older cells are more sensitive to supraphysiological shears 

[75]. It is suggested that mechanically sensitive (i.e., likely older and rigid) RBC may 

be unable to align with flow following supraphysiological shear exposure, possibly due 

to altered membrane elasticity, which would alter the cells transitioning shear that 

facilitates tank-treading motion from cell-tumbling in flow [45]. The consequence of 

older and more rigid cells tumbling in lower shear, while younger and more deformable 

cells align with flow, would be an altered diffraction pattern and increased EI compared 

with a normal and uniform response. 

The present study extended these earlier studies, however, demonstrating that while 

impairments of RBC deformability following supraphysiological shear conditioning 

decreased gradually (i.e., started to normalise) over a period of 300 s at rest, cellular 

deformability remained impaired by ∼19% compared to Control (Fig. 3.3(B)). Full 

recovery, if possible, would take well-beyond 300 s; in the context of the circulatory 

system, this duration is longer than that required for cells to transit high shear 

environments [48, 49], and it may thus be considered a “functionally permanent” effect. 

This observation is supported by our second experiment, which demonstrated that RBC 

previously exposed to supraphysiological mechanical stresses (i.e., duty cycle 1) are 
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more sensitive to a second shear conditioning. The accumulation of mechanical damage, 

reflected by increased SS1/2:EImax, is in conflict with results reported by Horobin et al. 

[49], who reported RBC deformability during 1-s exposures to supraphysiological shear 

stress increased during repeated duty cycles. This may reflect differences in magnitude 

and duration of shear stress application, given Horobin et al. [49], subjected RBC to 100 

Pa shear stress for 1 s every 60 s, and also observed gradual haemolysis. It is known that 

haemolysis is most evident in fragile, older cells [75]; thus, given the present study used 

shear stress-exposure durations known to be free of haemolysis [47], the compounding 

effects of impaired deformability in these rigid cells may explain the differences 

between the present observation and that of the earlier study [49]. 

The mild reversibility of impairment after 300 s of rest after the first duty-cycle (Fig. 

3.3(B)) was no longer evident following a second duty-cycle of supraphysiological 

shear conditioning (Fig. 3.5(B)). This distinct response to the second shear exposure 

likely indicates a permanent alteration of RBC mechanical properties caused by 

repeated exposure to supraphysiological and subhaemolytic shear. That is, it appears 

that RBC are permanently (i.e., physically) damaged by repeated exposure to 

supraphysiological and subhaemolytic shear stress. Supraphysiological shear exposure 

is known to increase RBC membrane permeability to cations [76, 77] due to physical 

disruptions of the membrane, which might, in conjunction with increased Ca2+-influx 

through the mechanically activated Ca2+-channel piezo1, contribute to impaired cell 

deformability [78]. It is also plausible that cell membrane elasticity is irreversibly 

altered following high shear exposure, reflecting interruption of the cytoskeletal 

structure, which appears non-recoverable [79]. The present and novel observation that 

the atypical increase (uptick) in EI at low shears following supraphysiological shear 

exposure was not reversible after 300-s rest (Fig. 3.2(B)) is consistent with this 
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hypothesis, and indicates that while cell responsiveness to higher shears (e.g., >1 Pa) 

may partially recover (Fig. 3.3(B)), that the processes causing the “uptick” are distinct. 

Future works should endeavour to define the alterations of RBC membrane and 

subcellular properties following damaging shear stress exposure. 

The results of the present study indicate that while physiological-level shear 

conditioning results in “priming” of RBC, this effect appears to be temporary and 

reversible; the time course of increased deformability is relevant in the context of the 

circulatory system, lasting >300 s following conditioning shears. Assuming this 

response to be temporary, it is plausible to conclude that the priming effect is dependent 

upon biochemical regulation as opposed to physical alterations to the cell. 

Supraphysiological shear conditioning, on-the-other-hand, appears to induce 

impairment that following a single exposure has a very slow rate of recovery, and 

following multiple exposures appears to result in more permanent changes to RBC 

dynamics. It is thus likely that RBC undergo physical, and less likely biochemical, 

alterations when exposed to such magnitudes of shear stress. Considering the 

supraphysiological shear that mechanical circulatory support devices impose on blood is 

double that utilised in the present study, and 15-fold above physiological levels, 

permanent impairments to RBC function following exposure to these shears may 

explain the systemic complications observed post-circulatory support [80]. Further 

understanding of the subcellular/molecular changes in RBC following high-shear 

exposure may facilitate improved design of circulatory support systems, and thus 

ultimately aid in minimising associated complications. 

3.5 Conclusion and link to further studies 

The results of the presented study strongly indicate that improved cell deformability, 

caused by physiological shear conditioning is likely biochemically-mediated, given that 
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the effects were both entirely reversible after 300 s, and accumulated by multiple 

exposures. Shear stress-induced impairments in cell deformability, however, appear to 

be much less reversible after 300 s, and not reversible at all following multiple 

exposures. These results indicate that supraphysiological shear conditioning is likely to 

alter physical properties of the cell membrane (e.g., breaking of spectrin-actin-band 4.1 

junctions), which would permanently retard the physical properties of blood. To further 

elucidate the mechanisms involved in the improved deformability observed after 

physiological shear conditioning, the following study was designed to i. confirm that 

shear conditioning improves cell deformability, ii. assess activation of RBC-NOS to 

establish whether endogenous NO-production is correlated with improved RBC 

deformability after shear, and iii. investigate the concerted effects of shear stress and 

oxidative stress on RBC deformability and RBC-NOS activity. It was hypothesised that 

activation of RBC-NOS would be upregulated following shear stress exposure, and 

increased NO-production would contribute to improved cell deformability. Further, it 

was hypothesised that the oxidative stress-induced impairments in cell deformability 

could be partially prevented by physiological shear conditioning, due to an increase in 

NO-production via increased RBC-NOS activity, given that NO is known to rapidly 

react with O2
-. 
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Chapter 4  

Study 2: Mechanical stimulation reduces free radical damage to 

erythrocytes due to increased nitric oxide synthase activity 

4.1 Introduction 

The physical properties of blood are key determinants of flow within the circulatory 

system. Within larger vessels, viscosity of plasma and blood are linked to fluidity, while 

at the smaller scale of the microcirculation, the mechanical properties of red blood cells 

(RBC) become increasingly important for tissue perfusion [8]. The unique capacity of 

RBC to deform under shear is related to distinct cell properties. The geometry of RBC, 

for example, is characterised by a biconcave-discoid shape that provides excess surface 

area relative to the cell’s volume, therefore enabling deformation without expanding 

surface area. While the RBC membrane exhibits visco-elastic properties owed to the 

organization of its skeletal protein network, cytosolic viscosity is determined by 

intracellular haemoglobin concentration. Although RBC deformability has long been 

attributed to such passive determinants, active regulation of RBC deformability has 

been proposed [24, 44, 70]. It remains unknown how active deformation of RBC is 

regulated; however, the involvement of nitrogen species appears central. S-nitrosylation 

of RBC membrane proteins, most likely α- and β-spectrins, has been linked to 

augmented RBC deformability [24]. Nitrosylation occurs when the second messenger, 

nitric oxide (NO), is incorporated into an organic molecule. Specifically, NO may 

reversibly attach to cysteine-residues by covalent binding to form an s-nitrosothiol. 

Given that RBC express a functional endothelial-type nitric oxide synthase (i.e., RBC-

NOS [17], it is plausible that endogenous generation of NO via RBC-NOS may 

contribute to actively modulating cellular deformability in RBC. The activity of RBC-
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NOS is amplified when RBC are exposed to shear stress, subsequently leading to an 

increased production of NO, and augmented RBC deformability [63, 64, 70]. While the 

molecular mechanism for mechanically-stimulated RBC-NOS activity remains unclear, 

recent reports indicate that phosphorylation of RBC-NOS at serine residue1177 (Ser1177) 

is associated with increased RBC-NOS activity, which in turn may be dependent upon 

the P13K/Akt kinase pathway [24]. Free NO in blood reacts rapidly with several 

partners, such as superoxide (O2
-), due to its redox properties. Superoxide is a 

ubiquitous free radical that is produced constantly during multiple enzymatic processes, 

the turnover of oxygen and the development of muscle force [81, 82]. O2
- readily reacts 

with NO to form peroxynitrite (ONOO-); increased ONOO- quantities are associated 

with vascular diseases, ischaemia-reperfusion injury, circulatory shock, inflammation, 

chronic pain, and neurodegeneration [83]. Once the amount of damaging free radicals in 

the blood overcomes the antioxidant defence system of RBC, a state of oxidative stress 

occurs. Oxidative stress is present in a variety of pathological conditions including 

metabolic disease, chronic inflammation, and myocardial ischemia [53, 84, 85]. 

Exposure of RBC to excessive reactive oxygen species (ROS), including O2
-, is known 

to decrease RBC deformability [61, 62], although it remains unclear whether 

interventions known to improve deformability may reverse the damaging effects of 

oxidative stress. Meram et al. and Simmonds et al. [44, 47] provide evidence indicating 

that shear conditioning (i.e., prior exposure of RBC to shear), using physiological shear 

stress magnitudes of ~5-20 Pa, is capable of enhancing cell deformability. Other groups 

independently reported that shear-mediated increases in RBC-NOS activity led to 

increases in RBC deformability [24]. Given that shear stress increases NO production 

within RBC, and also increases cell deformability, it is plausible to consider whether 

mechanical stimulation may serve as a method to counter the negative effects of 
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oxidative stress in these cells. The current paper thus reports the effect of concurrent 

mechanical and oxidative stresses on important biochemical processes that govern RBC 

deformability. Several experiments were performed to explore the effects of i. free 

radicals on RBC deformability; ii. free radicals on important biochemical processes that 

govern RBC deformability; iii. physiological shear conditioning as means to minimize 

the negative effects induced by free radicals. 

4.2 Materials, Methods and experimental design 

4.2.1 Selection of Subjects and blood sample collection 

All subjects were healthy males (age: 27 ± 5 yr; height: 179 ± 8 cm; body mass 77 ± 11 

kg) with no known cardiovascular, respiratory, or endocrine dysfunction. Participants 

were not using any medication at the time of the experiments. The risks and benefits of 

the study were explained to each participant, whereafter the participants provided 

written and witnessed consent. Blood was collected from a prominent antecubital vein 

by an accredited phlebotomist. Blood was transferred into a tube coated with 

ethylenediaminetetraacetic acid (1.8 mg·mL-1) within 90 s of tourniquet application. 

The experimental procedures were carried out within 4 h of blood collection and each 

participant’s blood was used once in this study. The protocols of the present study were 

reviewed and approved by the Human Research Ethics Committee (Griffith University, 

Australia) and are consistent with The Code of Ethics of the World Medical Association 

(Declaration of Helsinki). 

4.2.2 Chemicals 

Phenazine methosulfate, bovine serum albumin, polyvinylpyrrolidone 360 kDa, and 4,5-

dihydroxy-1,3-benzene disulfonic acid were purchased from Sigma-Aldrich Pty Ltd 
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(Castle Hill, NSW, Australia). All other chemicals, if not stated otherwise, were 

obtained from Merck Millipore (Bayswater, VIC, Australia). 

4.2.3 Experimental protocol 

The present study was conducted as a series of interconnected experiments to address 

the primary aims. Experiment One was designed to interrogate the mechanisms of 

intracellularly-generated superoxide via phenazine methosulfate (PMS) on RBC 

deformability; specifically the activation state of RBC-NOS and the activation of an 

important regulatory protein upstream (i.e., Akt). Experiment Two was subsequently 

designed to examine whether a known positive stimulator of RBC-NOS activation – 

shear stress – was able to reverse inactivation of RBC-NOS by superoxide, and 

subsequently restore native cell deformability. Given the high reactivity of NO and 

superoxide (even with other), an antioxidant compound (Tiron) was used to elucidate 

whether shear stress-mediated improvements in cellular deformability were mimicking 

antioxidant effects. These discrete experiments will be subsequently addressed.  

Experiment One 

RBC were separated from the plasma phase (1500 x g for 10 minutes), and the buffy 

coat (i.e., leukocytes and platelets) was removed. The RBC pellet was subsequently 

washed with isotonic phosphate buffered saline (PBS; pH 7.4) twice, before being 

resuspended in 1% bovine serum albumin and PBS to create a 0.4 L·L-1 haematocrit 

solution. The resuspension was subsequently incubated with either 50 µmol·L-1 PMS or 

PBS (as Control) for 60 min at 37°C. Immediately following incubation, each sample 

was spun at 1500 x g for 5 minutes and washed twice with PBS. Samples were 

subsequently aliquot for measurement of cell deformability, and also fixed in 
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paraformaldehyde (PFA) for immunohistochemical analysis. The remaining sample was 

stored at -80 °C for quantification of intracellular free radical concentrations. 

Experiment Two 

To determine whether shear conditioning could reverse the impairments induced by 

superoxide, and provide insights into the underlying mechanism, the same superoxide 

generating protocol was conducted described for Experiment One; however, following 

incubation with/out PMS, cell suspensions were subsequently exposed to 300 s of shear 

stress (e.g., 5 Pa). Concurrently, cells were incubated with a superoxide scavenger (1 

mmol·L-1 4,5-dihydroxy-1,3-benzene disulfonic acid; Tiron), wherein a 10 minute pre-

incubation was performed to allow intracellular accumulation of the compound. 

Immediately following shear exposure, samples were divided for measurement of cell 

deformability, and also fixed in paraformaldehyde (PFA) for subsequent 

immunohistochemical analysis.  

4.2.4 Shear conditioning of blood samples 

Cell suspensions were diluted in isotonic polyvinylpyrrolidone solution (30 ± 0.5 

mPa·s; 7.4 ± 0.5 pH; 290 ± 5 mOsm·kg-1), and exposed to either 5 or 20 Pa shear stress 

for 300 s, using a cup-and-bob Couette shearing system (Mechatronics, Hoorn, The 

Netherlands). Cells were inserted into a 300 µm gap between the cylinders; the outer 

cylinder rotated around the inner cylinder at a discrete velocity, which was adjusted to 

generate the desired shear stress. The selected combinations of shear stress-exposure 

duration have been previously reported to consistently induce significant improvement 

in cellular deformability [69]; these were confirmed in the present study during pilot 

testing. Experiments were repeated in a cone-plate viscometer using blood adjusted to 

0.4 L·L-1 haematocrit to confirm findings and increase the cell number for 
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immunohistochemistry. Whole blood samples were subsequently exposed to a discrete 

shear rate for 45 min that corresponded to a shear stress of 0.5 Pa shear stress to confirm 

findings previously reported [63]. Upon completion, RBC were collected from the 

viscometer and immediately fixed using 4% PFA for subsequent immunohistochemical 

procedures. In an additional experiment, whole blood was sheared at 5 Pa for 300 s in 

the ektacytometer to confirm whether the observed effects are applicable to potential 

alterations in cell deformability, given identical shear conditioning protocols (please 

refer to Appendix 4). 

4.2.5 RBC deformability measurement 

RBC deformability was measured using a laser diffraction ektacytometer (Laser Optical 

Rotational Cell Analyser, MaxSis, Mechatronics, Hoorn, the Netherlands). The details 

of this device have been described in detail [72], thus in brief: the system consists of a 

co-axial, Couette cylindrical shearing system. Two cylinders (300 µm gap) provide a 

reservoir for cell suspensions (1 mL; RBC in polyvinylpyrrolidone; 30 ± 0.5 mPa·s; 7.4 

± 0.5 pH; 290 ± 5 mOsm·kg-1) that may be sheared and analysed. The inner cylinder is 

static, and the outer cylinder rotates at a desired velocity to induce shear. A laser (670 

nm; 4 mW) is housed within the inner cylinder, which projects through the blood 

suspension and generates a diffraction pattern that reflects the average cell morphology 

in the sample. The diffraction pattern is stored digitally and analysed in real-time. RBC 

were sheared at ten discrete shear stresses over the range 0.3-30.0 Pa such that an ellipse 

could be fit to the resultant laser diffraction pattern; diffraction patterns are circular for 

cells at stasis/under low shears, and become progressively elliptical under higher shears. 

An elongation index (EI) was calculated at each shear stress using the long and short 

axes of the ellipse (a and b, respectively) via the equation: EI = (a - b)/(a + b). The EI-

SS curves were parameterised using a non-linear version of the Lineweaver-Burk 
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equation, as described by Baskurt et al. [68], yielding the theoretical, maximal 

elongation over infinite shear stress (i.e., EImax) and the shear stress necessary to induce 

half-maximal elongation (i.e., SS1/2). Subsequently, SS1/2-values were normalised to 

maximal elongation (EImax) of cell suspensions and are reported herein as a global index 

for RBC deformability (i.e., SS1/2:EImax). Increases in this ratio represent impaired cell 

deformability, while decreases represent improved cell deformability. All measurements 

were conducted at 37 ± 0.2 ºC.  

4.2.6 Immunohistochemical procedure 

RBC were fixed in 4% PFA and blood smears were prepared following an established 

method [39]. The smears were heat-fixed using a laboratory gas burner and left to dry 

overnight. A hydrophobic pen was used to create a test region and control region on 

each slide. The cells in both areas were washed with tris buffered saline (0.1 mol·L-1, 

pH 7.6) twice before treatment with 0.1% Trypsin solution for 30 minutes at 37°C in 

order to permeabilize the cell membrane. The slides were then bathed in solution (2% 

hydrogen peroxide; 80% methanol) for 30 min at room temperature, followed by a 30 

minute incubation (room temperature) with 3% skim milk in tris buffered saline to 

block non-specific binding. The test field of each slide was then incubated with a 

primary antibody (Phospho-eNOSSer1177; or Phospho-AktSer473; Cell Signaling, 

Massachusetts, USA) diluted at 1:150 in a 0.3% skim milk solution for 60 minutes at 

room temperature. A “Control field” was treated identically, except it did not receive 

the primary antibody. Excess and unbound primary antibody was washed out using tris 

buffered saline prior to treatment with a secondary antibody (goat anti-rabbit; dilution: 

1:400, Dako, Glostrup, Denmark) for 30 minutes at room temperature. In order to 

develop the staining, a 3,3-diaminobenzidine-tetrahydrochloride solution (Sigma, St. 

Louis, USA) in 0.1 mol·L-1 TBS was utilised. The slides were dehydrated by exposure 
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to alcohol solutions of increasing concentration and covered. Images of the cells were 

acquired using an inverted microscope (IX73, Olympus Corporation, Tokyo, Japan) and 

integrated camera (optiMOS sCMOS, QImaging, Surrey, Australia) at 400-fold 

magnification and analysed with open-source software (Image J, National Institutes of 

Health, Bethesda, MD, USA). At least 100 individual RBC per test area, and 50 cells 

per control area, from at least two different regions on each slide were randomly chosen 

and their grey values were determined. The grey values were averaged before the 

background value of each area was measured and subtracted from the former value. The 

control area value was subtracted from the test area value to determine the final protein 

signal. 

4.2.7 Free ROS level 

A commercial immunoassay (OxiSelect In Vitro ROS/RNS Assay Kit, Cell Biolabs 

Inc., San Diego, USA) was used to quantify free radical concentrations in RBC as 

previously described [86]. A proprietary quenched fluorogenic probe is utilised in this 

assay, dichlorodihydrofluorescin DiOxyQ, which is specific for reactive oxygen and 

nitrogen species (i.e., ROS, RNS). The DCFH-DiOxyQ probe was first processed to 

receive a highly reactive DCFH form. ROS in the sample may react with DCFH, which 

is rapidly oxidised to the highly fluorescent 2’,7’-dichlorodihydrofluorescein form. The 

prepared dichlorodihydrofluorescin probe was added to lysed RBC and standards, and 

the reaction was allowed to proceed for 45 min at room temperature. Fluorescence was 

read with a fluorescence plate reader (Fluoroskan Ascent Microplate Fluorometer; 

Thermo Fisher Scientific) at 480 nm excitation and 530 nm emission. Samples were 

then measured against a dichlorodihydrofluorescin standard and concentration was 

calculated by linear regression.  
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4.2.8 Statistical analysis 

All results are shown as mean ± standard error. Raw RBC elongation indexes were 

compared utilising a two-way analysis of variance (ANOVA), while curve-fit 

parameters (e.g., EImax, SS1/2) were compared using one-way analysis of variance in 

order to detect significant differences in mean values. To compare fold-changes in 

protein phosphorylation pre- and post-intervention, paired t-tests were utilised. 

Statistical analyses were carried out using commercial software (Prism. 7, GraphPad 

Software Corp., La Jolla, USA) and an alpha level of 0.05 was considered statistically 

significant. 

4.3 Results 

Experiment 1: Effect of free radical production on RBC physiology 

4.3.1 Free reactive species 

The concentration of total free radical species (i.e., ROS and RNS) following incubation 

with (PMS) and without (Control) a superoxide-generating agent is presented in Figure 

4.1A. Incubation with PMS significantly increased intracellular ROS/RNS in RBC by 

~64% when compared with Control (p<0.0001).  
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4.3.2 RBC deformability 

 

A 

C 

B 

Figure 4.1: The concentration of total reactive oxygen species (ROS) was significantly 

increased by ~64% (p<0.0001; n = 5) in phenazine methosulfate-treated cells (PMS) 

compared to healthy red blood cells (RBC; Control, Panel A). RBC elongation indices 

(EI), quantified over a range of shear stresses (0.3-30 Pa), were significantly decreased 

(p<0.0001) in PMS-treated RBC when compared to control RBC (Panel C). At 0.3 Pa, an 

atypical increased EI was observed in PMS-treated RBC. RBC deformability, expressed as 

a single parameter, was significantly impaired by ~61% (p<0.0001; Panel B) in PMS-

treated RBC compared to healthy control RBC. ****p<0.0001, **p<0.01 compared to 

control. n = 14 unless otherwise specified 
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The cellular deformability of RBC following exposure to an intracellular superoxide-

generating agent (PMS) is presented in Figure 4.1C. Incubation with PMS resulted in a 

significant “right-shift” in the elongation index-shear stress response, indicative of 

impaired cellular deformability, at all measured shears (p<0.0001). This impaired 

deformability response was most pronounced at 1~10 Pa. An atypical increase in 

elongation index of PMS-treated cell suspensions was observed at the lowest shear 

stress employed (i.e., 0.3 Pa). A curve-fit parameter that reflects global cellular 

deformability (i.e., SS1/2:EImax) is illustrated in Fig. 4.1 B: incubation of RBC with the 

intracellular superoxide-generating agent (PMS) induced a significantly increased 

SS1/2:EImax (i.e., impaired cell deformability) by ~61% (p<0.0001).  

 

4.3.3 Free radical effects on activation state of RBC-NOS and Akt 

The active site of RBC-NOS (i.e., Serine 1177) was examined following exposure of 

RBC to a superoxide-generating agent (PMS) when compared with Control cells (Fig. 

4.2). Incubation of RBC with PMS resulted in inactivation of RBC-NOS (i.e., 0% 

pRBC-NOS Ser1177; p<0.05). Immunohistochemical staining of phosphorylated protein 

kinase B (i.e., Akt kinase) at serine residue 473 (i.e., pAkt Ser473) demonstrated that 

PMS treatment reduced Akt to an inactive state (i.e., 0% activity; Fig. 4.3).  
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Figure 4.2: Relative density of immunostained red blood cells (RBC) treated with 

primary antibody against phosphorylated RBC-NOS Ser1177; RBC incubated with the 

intracellular superoxide-generator phenazine methosulfate (PMS) and with the 

addition of a superoxide scavenger (PMS + Tiron) are reported as relative changes 

compared to Control RBC (i.e., Control = 1). ****p<0.0001, **p<0.01 significant 

differences compared to PMS-treated RBC (n = 8) 
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Figure 4.3: Relative density of immunostained red blood cells (RBC) treated with 

primary antibody against phosphorylated Akt Ser473; RBC incubated with the 

intracellular superoxide-generator phenazine methosulfate (PMS) and with the addition 

of a superoxide scavenger (PMS + Tiron) are reported as relative changes compared to 

Control RBC (i.e., Control = 1). ****p<0.0001, **p<0.01 significant differences 

compared to PMS-treated RBC (n = 7) 

 

Experiment 2: Reversibility of superoxide impairments to RBC  

4.3.4 Shear-mediated augmentation of RBC deformability 

To determine whether shear conditioning could reverse PMS-induced impairments in 

RBC physiology, combined mechanical stress and oxidative stress were examined. The 

effect of shear conditioning significantly modulated the RBC deformability response 

even in PMS-treated RBC (Fig. 4.4); that is, shear conditioning caused a left-shift (i.e., 

improvement) of the elongation index-shear stress curves independent of the presence 
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of superoxide. Specifically, Control RBC that were exposed to 20 Pa for 300 s in the 

absence of PMS demonstrated an improvement in deformability, as manifested by an 

increase of elongation index when measured at 0.83 and 1.39 Pa (p>0.05; Fig. 4.1, B). 

This was confirmed when exploring a global parameter of RBC deformability, where 

shear conditioning using 20 Pa for 300 s significantly decreased SS1/2:EImax (i.e., 

improved cell deformability) of Control cells by ~11% (p<0.01). Exposure to 20 Pa for 

300 s also induced an improvement in cell deformability for RBC previously exposed to 

PMS, as manifested by an increase in the elongation index when measured at a wide 

range of shears (0.5-3.87 Pa, p<0.05). This shear-induced improvement in cell 

deformability of PMS-treated cells was reflected by ~18% decrease in SS1/2:EImax 

(p<0.0001).  
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Figure 4.4: Cellular deformability of red blood cell (RBC) suspensions exposed to 

oxidative stress (PMS) and/or physiological shear conditioning (SS), with (Tiron) or 

without presence of superoxide scavenger, expressed as a single parameter                            

(i.e., SS1/2:EImax). 
****p<0.0001, ***p<0.001, *p< 0.05 as determined by One-Way ANOVA        

(n = 14) 

 

 

4.3.5 Shear conditioning reversed impairments to RBC-NOS  

The active site of RBC-NOS (i.e., Serine 1177) was examined for RBC following 

exposure to shear stress and combined shear stress and PMS (PMS + SS), when 

compared with Control cells (Fig. 4.5). Shear stress exposure significantly increased 

RBC-NOS1177 activation compared with Control (p<0.05). When RBC were incubated 

with PMS, subsequent exposure to shear stress restored RBC-NOS1177 activation 

(p<0.01) to levels comparable with Control cells previously exposed to shear.  
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4.3.6 Antioxidant treatment reversed PMS-induced impaired RBC 

deformability  

Cellular deformability expressed as a single parameter (i.e., SS1/2:EImax) is illustrated in 

Fig. 4.4. Tiron treatment (i.e., a Vitamin E analogue) did not affect baseline RBC 

deformability. Upon the addition of PMS, however, Tiron treatment was effective at 

partially restoring ROS impaired cell deformability, reflected by a significant decrease 

of SS1/2:EImax by ~32.5% (p<0.001; Fig. 4.4). Moreover, shear conditioning of these 

samples resulted in a further decrease of SS1/2:EImax by ~9% and ~12% using 5 and 20 

Pa shear stress, respectively. 

 

4.3.7 Antioxidants augmented RBC-NOS and pAkt activation 

Immunohistochemical staining of phosphorylated RBC-NOS at Ser1177 demonstrated 

that shear conditioning significantly increased phosphorylated RBC-NOS at Ser1177 in 

all conditions (p<0.05; Fig. 4.5). Application of Tiron induced an increase in baseline 

phosphorylation (relative to Control RBC phosphorylation levels). Parallel to the 

increased pRBC-NOS Ser1177 at Baseline, shear conditioning resulted in a 2.3-fold 

increase of Tiron-treated RBC (p<0.05) compared to sheared Control RBC. When Tiron 

treated RBC were exposed to PMS, baseline phosphorylation was unaffected; however, 

shear conditioning resulted in a 2.5-fold increase (p<0.01). Of note, in both Control and 

Tiron treated RBC, the relative increase was more pronounced in the presence of an 

endogenous superoxide generator (i.e., PMS). The application of Tiron also resulted in 

partial restoration of PMS-induced impairment of pAkt Ser473 activation by 70% 

(p<0.01). 
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4.4 Discussion 

The salient findings of the present study were that conditioning shear exposure within 

the physiological range (i.e., 5-20 Pa) improves RBC deformability despite the 

confirmed presence of elevated levels of free radicals (Fig. 4.1). Moreover, we report 

that increased RBC-NOS activity, induced by physiological levels of shear 

conditioning, correlates with improved RBC deformability. Superoxide (O2
-) generation 

Figure 4.5: Relative density of immunostained red blood cells (RBC) treated with 

primary antibody against RBC-NOS Ser1177; results are reported as relative alterations 

in staining density compared to Control RBC. ***p<0.001, **p<0.01, *p<0.05 as 

determined by paired t-tests, comparing pre- and post-shear conditioning samples         

(n = 8) 
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within RBC caused impaired cell deformability, confirming previous reports [61], 

which occurred concurrent with a novel observation that RBC-NOS was inactivated  

(i.e., phosphorylated RBC-NOS Ser1177 0%; Fig. 4.2). When a superoxide-scavenging 

antioxidant compound was applied, the negative effects of superoxide generation were 

partly diminished; however, shear conditioning was still effective at improving RBC 

deformability (Fig. 4.5), indicating that mechanical stimulation may increase cellular 

deformability via a mechanism that is independent of superoxide scavenging. 

Collectively, our data indicate that shear conditioning with physiological shear stress 

improves cell deformability irrespective of oxidative stress, which is partly mediated by 

increased RBC-NOS activity. Given that removal of superoxide had a limited effect, 

however, cell deformability could be further augmented by mechanical stimulation, it is 

possible that an entirely independent mechanism potentially involving intracellular 

mechanically-activated pathways connected to other signalling molecules was 

responsible. 

In the present study, exposure to superoxide resulted in an increase of SS1/2:EImax (i.e., 

impaired cell deformability) by ~64% (p<0.0001). This observation is in agreement 

with the previous report that intracellular free radical generation impairs the biophysical 

properties of RBC, in which the authors proposed protein cross-linking as the primary 

mechanism prompting impaired cell deformability, despite not detecting differences in 

RBC membrane proteins by gel electrophoresis [61, 62]. Thus, we propose that 

intracellular signalling pathways known to be involved in the regulation of cell 

deformability may be disrupted by intracellular free radicals, facilitating reduced cell 

deformability under oxidative stress. Investigations involving clinical populations 

commonly associated with oxidative stress – coronary artery disease [87] – reported that 

RBC-NOS activity was reduced [88]. The present study extends this work, providing 
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evidence that phosphorylation of RBC-NOS at Ser1177, which is recognised to regulate 

NOS-activation, and therefore influence cell deformability, was reduced to 0% (i.e., no 

enzymatic NO-production) under oxidative stress. Tetrahydrobiopterin (BH4), an 

essential cofactor for NOS-related NO-production, is likely to rapidly react with O2
-, 

forming BH2 [89]. When BH4-availability is reduced, the NOS enzyme is unable to 

transfer electrons to the N-terminal oxygenase domain, which results in NOS 

facilitating O2
- production than NO generation [90]. Given that phosphorylation of the 

active site of RBC-NOS was impaired (Fig. 4.2), however, the current results indicate 

that rather than uncoupling of RBC-NOS by reduced BH4 availability, O2
- directly 

prevents phosphorylation of RBC-NOS, resulting in decreased overall activity of the 

enzyme and thus decreased NO generation. Reduced NO bioavailability is typically 

associated with impaired cell deformability, while increased intracellular NO 

availability augments cell deformability, likely due to covalent binding of cytoskeletal 

compartments (i.e., spectrin [24]), which could explain, in part, the impaired RBC 

deformability observed in PMS treated RBC (Fig. 1B, C). Moreover, intracellular 

production of O2
- may facilitate formation of ONOO- by reaction with NO from RBC-

NOS independent sources (e.g. nitrite reduction via Hb). ONOO- is well-described to 

induce cytotoxic effects; that is, ONOO- mediates protein modifications by forming 

nitrotyrosine residues. Moreover, a previous study demonstrated that ONOO- 

significantly impairs Akt activity in endothelial cells [91]. Thus, further studies 

investigating nitrotyrosine formation as a marker for ONOO- generation in RBC 

exposed to intracellular O2
- may be of value to clarify underlying mechanisms of 

reduced RBC-NOS activity. 

In the present study, we provide evidence that oxidatively-induced impairments of RBC 

deformability may be directly related to the activity level of RBC-NOS. PMS treatment 
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resulted in absence of phosphorylated RBC-NOS at Ser1177 (Fig. 4.2). Protein kinase B 

(Akt) acts to phosphorylate RBC-NOS; Akt itself is activated by phosphorylation of 

Ser473 via PI3-kinase upstream. We observed that PMS treatment significantly inhibited 

phosphorylation of Akt473 (Fig. 4.3), indicating that oxidative stress may interfere with 

the Akt/PI3K signalling pathway in RBC, facilitating impaired cell deformability. 

Application of a superoxide scavenger (i.e., Tiron) prevented inhibition of 

phosphorylated Akt473 (Fig. 4.3), confirming that O2
- was responsible. Although studies 

of the PI3K/Akt signalling pathway within RBC are sparse, elevated superoxide levels 

have been associated with decreased phosphorylation of Akt in myocytes of heart 

failure patients, a pathology characterised by oxidative stress [54]. Substantial evidence 

has been accumulated suggesting that oxidation of methionine residues by reactive 

oxygen species, such as superoxide, may influence and inhibit phosphorylation of serine 

residues in kinases as a protective mechanism in states of oxidative stress [92]. Recent 

analyses in the field of proteomics demonstrate that methionine residues in proximity to 

phosphorylation target sites are preferred targets of oxidation, leading to the proposal 

that potential cross-talk exists between these two mechanisms of post-translational 

modifications [93]. Although further studies are necessary to confirm this hypothesis 

applies to RBC, it is possible that inhibited phosphorylation of active sites in both RBC-

NOS and Akt kinase is caused by oxidation of nearby methionine residues. Moreover, 

given the range of active proteins in RBC regulated by post-translational modification 

[94], it is possible that intracellular ROS may alter a broad variety of proteins, beyond 

the Akt/RBC-NOS pathway. Moreover, ROS are also highly reactive towards 

biomolecules other than proteins, including lipids and nucleotides; thus, additional 

detrimental effects initiated by intracellular ROS generation (e.g. oxidative 

modifications of membrane proteins) need to be considered, and are of value for future 
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investigation. In conclusion, the results of Experiment One indicate that intracellular O2
- 

generation results in impaired RBC deformability, which may be explained by inhibited 

phosphorylation of serine residues in enzymes that contribute to the regulation of cell 

deformability (i.e., RBC-NOS and Akt), albeit the underlying oxidative mechanism 

remains to be resolved. Inhibition of phosphorylated activation sites may be prevented 

by concurrent application of a superoxide scavenger.  

Experiment Two was designed to interrogate whether physiological levels of shear 

exposure could recover, at least in part, some of the impaired mechanical properties of 

RBC that had been previously exposed to free radicals. It was hypothesised that shear 

exposure within the physiological range would stimulate RBC-NOS phosphorylation at 

Ser1177, and therefore increase cellular deformability despite the prior oxidative 

“damage”. Mechanical stimulation of native RBC resulted in significantly increased cell 

deformability by ~18% (p<0.01, Fig. 4.4) and increased phosphorylation of RBC-NOS 

(p<0.01, Fig. 4.5), confirming respective previous findings [64, 69]. The current 

findings extend previous research, providing evidence that mechanical stimulation of 

RBC utilising physiological magnitudes of shear stress is also effective at improving 

cellular deformability in PMS incubated cells (Fig. 4.4), which occurred in concert with 

re-phosphorylated (i.e., phosphorylation re-occurred after previous inhibition by O2
-) 

RBC-NOS at Ser1177 (Fig. 4.5). Although NO concentration was not directly quantified 

in the present study, Ulker et al. reported that shear stress and resultant phosphorylation 

of RBC-NOS mediate increased NO availability within healthy RBC [64]. In the 

presence of elevated superoxide levels, however, it is plausible that NO may scavenge 

superoxide to form ONOO-, given that both molecules are free radicals and thus exhibit 

extremely rapid reaction kinetics with each other (<1 ms). To interrogate whether 

mechanically-stimulated NO production and subsequent reaction of NO with superoxide 



Study 2: Mechanical stimulation reduces free radical damage to erythrocytes due to 

increased nitric oxide synthase activity 

 

85 

 

(i.e., scavenging of free radicals) was responsible for reversing the PMS-induced 

impairments, we incorporated a superoxide scavenging, membrane permeable vitamin E 

analogue (Tiron) to remove excess O2
-. While not affecting baseline RBC deformability, 

application of Tiron significantly decreased oxidative impairments induced by PMS 

incubation (p<0.001; Fig. 4.4). Moreover, incubation of RBC with Tiron significantly 

increased phosphorylated Ser1177 in PMS-treated RBC (p<0.01; Fig. 4.5) to levels 

comparable with mechanically stimulated Control RBC. Given the congruent effects of 

mechanical stimulation and application of a O2
- scavenging agent (i.e., partially 

restoring cell deformability), these data potentially indicate that mechanical stimulation 

may increase RBC-NOS mediated NO generation, and NO may act as a O2
- scavenger. 

It should be noted, however, that removal of O2
- by NO yields ONOO-, a powerful 

oxidant with potential to induce distinct adverse effects as mentioned above. 

Intriguingly, neither intervention (i.e., mechanical stimulation or antioxidant 

supplementation) fully restored RBC deformability back to Control levels when applied 

individually (Fig. 4.4). RBC that were pre-incubated with Tiron prior to PMS exposure 

exhibited no significant differences in Ser1177 at baseline or after shear conditioning, 

when compared to RBC incubated with Tiron alone (p=0.466; Fig. 4.5). If both 

interventions utilised the same mechanism – that is scavenging of superoxide radicals 

and thus restoring phosphorylation of RBC-NOS – leading to improved cell 

deformability, a compounding effect would plausibly be absent when both interventions 

were applied concurrently. Surprisingly, co-treatment of RBC with shear conditioning 

and antioxidant supplementation indeed fully restored cellular deformability (Fig. 4.4). 

Given that the application of Tiron was observed to counteract the effects of 

superoxide-generation on Ser1177 phosphorylation in unsheared RBC (Fig. 4.5), these 
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data may indicate that shear conditioning further improved cellular deformability by an 

unresolved mechanism independent of superoxide scavenging.  

Scavenging of endogenous free radical species is a specific target mechanism that may 

be responsible for improved cellular deformability. Mechanical stimulation, however, 

may activate a multitude of intracellular pathways and thus the mechanistic processes 

underlying this assertion are currently unclear. Physical deformation of RBC, induced 

by either osmotic shrinkage or passage of cells through a narrow microchannel, 

activates membrane-bound calcium channels that elevate intracellular calcium levels 

[42]. Calcium fulfils various regulatory functions in RBC [25], only one of which is 

facilitating activation of RBC-NOS by calcium-calmodulin association. Band 4.1, an 

essential protein for providing the RBC membrane with mechanical stability, is 

significantly affected by calcium-induced post-translational modifications [37]. 

Specifically, association of calcium-calmodulin with band 4.1, which binds to several 

integral membrane proteins in so-called ‘junctional complexes’, triggers a decrease of 

binding affinities with all partners.  Thus, loosening of the bonds that stabilise the RBC 

cytoskeleton may result in reduced stiffness of the RBC membrane (i.e., increased 

flexibility) and therefore improved cellular deformability [95]. Further studies should 

endeavour to monitor calcium flux in RBC as they are exposed to prolonged shear, 

given that an accumulation of calcium may be beneficial for increased stretchability of 

the cytoskeletal component of the membrane.  

4.5 Conclusion and link to further studies 

Collectively, the results of the presented studies characterise that RBC respond to 

physiological shear-conditioning with an acute, reversible improvement in cell 

deformability, which appears partially mediated by shear-induced increases of RBC-

NOS activity. Moreover, in states of oxidative stress, physiological shear conditioning 
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improves cell deformability in a similar manner, which appears to be mediated, at least 

in part, by restoration of RBC-NOS activity. Given the effects of shear conditioning 

were still present in oxidatively damaged RBC incubated with a O2
- scavenger, which 

may indicate that the most likely reaction of mechanically-stimulated NO produced by 

RBC-NOS (i.e., removal of excess O2
-) could be excluded as a mechanism for shear 

conditioning to further improve cell deformability, the following study was designed to 

interrogate further regulators of cell deformability. Ca2+ is known to have widespread 

effects on RBC mechanical properties, and numerous interactions with cytosolic and 

membrane-bound proteins. These include regulation of RBC-NOS by calmodulin-

binding, regulation of cell hydration status via the Gardos channel and post-translational 

modifications of spectrin-actin junctions. Please note that the results presented in this 

chapter stem from an ongoing line of research, which needs to be carefully considered 

in future post-graduate studies, when interpreting the findings at the time of preparation 

of this work. 
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Chapter 5  

Preliminary results of study 3: Shear stress-induced calcium 

shifts affect cellular deformability of red blood cells 

5.1 Introduction 

Red blood cells (RBC) are equipped with a unique set of properties, which propagate 

exceptional deformable capabilities, facilitating blood flow in larger arteries with 

increased flow velocity, whilst also promoting single RBC traversal in the 

microcirculation [8]. Maintenance of balanced ion-concentrations (e.g. calcium) is 

crucial for maintaining cellular deformability; that is, cells exposed to significant 

increases in intracellular calcium present with membrane rigidification, cell membrane 

blebbing, and increased cytosolic viscosity; all contributing to decreased cellular 

deformability [78]. The negative effects of drastic rises in intracellular calcium are well-

described, using ionophores such as ionomycin, which facilitate calcium-influx by 

activating native, membrane-bound Ca2+-channels and inducing significant direct flux 

across the cell-membrane, culminating in accelerated cellular senescence [40, 96]. 

Recent findings indicate, however, that low-level influx of calcium may actually aid 

RBC in traversing the very narrow vessels of the microcirculation [42]. Shear stress 

exposure leads to calcium-ion flux into RBC, most likely via mechanotransductive 

pathways involving the piezo1 cation transporter, which results in Gardos channel 

activation and subsequently, potassium and water loss from the cell [41]. This decrease 

in cell volume and therefore cell size is hypothesised to facilitate passage of RBC 

through tiny capillaries [42]. Moreover, various rheological studies have reported a 

beneficial effect of exposure to physiological-level shear stress (i.e., shear conditioning) 

on RBC deformability, which appears to be acute and reversible, and is therefore 
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thought to be mediated by accumulation of second-messenger molecules that are 

recognised as primary regulators of cell deformability [69, 70, 97]. It is yet to be 

elucidated, however, whether shear-induced influx of calcium and subsequent volume 

loss via the Gardos channel impact RBC deformability, given that cell deformability is 

known to decrease with decreasing cell volume [12].  

Over the last decade, growing evidence has emerged supporting that RBC deformability 

is actively regulated by nitric oxide (NO), produced enzymatically by the calcium-

dependent RBC-NOS enzyme within the RBC itself [17]. Indeed, inhibition of RBC-

NOS resulted in decreased cell deformability, while application of a NO-donor fully 

restored cell deformability [70]. It was also found that post-translational modifications 

of cytoskeletal components (i.e., spectrin filaments) by reactions with NO are correlated 

with improved cell deformability [24]. Several in vitro studies have confirmed that 

RBC-NOS activity is amplified by exposure of RBC to shear stress within the 

physiological range [39, 98], which results in endogenous NO-production [64]. Thus, it 

is plausible that shear stress-induced increases in NO production, contributing to 

improved cell deformability after shear conditioning, are also dependent upon mild 

increases in cytosolic calcium, given that calcium-presence in physiological 

concentrations significantly influences RBC membrane proteins and thus mechanical 

properties [34, 95, 97]. The aim of the current study was to investigate the influence of 

mechanically-induced calcium shifts on altered RBC deformability under shear, and 

elucidate whether the effects of calcium are mediated by cell volume changes via the 

Gardos channel. Moreover, it was sought to develop a novel method that would allow 

monitoring of alterations in intracellular calcium-content under shear, while 

concurrently enabling visualisation of RBC. It was hypothesised that supplementing 

calcium in the shearing medium would augment cell deformability under shear. It was 
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further hypothesised that application of a specific Gardos channel blocker (i.e., 

“Senicapoc”; [99]) would increase RBC compliance under shear when calcium was 

present, potentially by preventing densification of cells due to water loss. 

5.2 Methods 

5.2.1 Blood sample collection 

Participants were healthy, male volunteers, reportedly free of any known 

cardiovascular, pulmonary, endocrinal or metabolic diseases. Moreover, participants 

had not provided a large-volume blood donation (i.e., 450 mL) within the last year, and 

were not taking any medication. Written consent was obtained after educating the 

participants about the risks and benefits involved in contributing a blood sample to the 

current study. Blood samples were extracted from a prominent vein in the antecubital 

region of the arm. The blood draw procedure was performed within 90 s of applying a 

tourniquet to the upper arm, using a sterile needle and syringe. Blood was immediately 

transferred into a vacuum-sealed tube coated with ethylenediaminetetraacetic acid (1.8 

mg·mL−1). The experimental procedures were reviewed and approved by the Human 

Research Ethics Committee of Griffith University (Gold Coast, Australia), and are in 

line with Declaration of Helsinki. All experimental procedures were carried out within 4 

hours of blood collection.   

5.2.2 Sample preparation 

Whole blood was separated from white blood cells, platelets (i.e., buffy coat) and 

plasma by centrifugation at 1500 × g for 10 minutes. Subsequently, isolated RBC were 

washed twice using an isotonic, phosphate-buffered saline solution (PBS; pH = 7.41, 

293 mOsmol·kg-1). Isolated RBC were incubated with 0.1% bovine serum albumine 

(BSA) and either PBS (as Control) or Senicapoc, a Gardos channel blocker (10 nM; 



Preliminary results of study 3: Shear stress-induced calcium shifts affect cellular 

deformability of red blood cells 

 

91 

 

40% Hct), at 37°C for 20 min. Packed RBC were then resuspended in a viscous 

Polyvinylpyrrolidone solution (PVP 360 kDa; pH = 7.4, 289 mOsmol·kg-1, viscosity = 

29 mPa·s) at 0.25% haematocrit. Further packed RBC samples were resuspended in 

PVP solutions containing either 25 µL, or 2 mM calcium chloride (CaCl2). Blood 

suspensions were prepared fresh prior to each measurement, to avoid extended exposure 

of RBC to CaCl2 prior to deformability assessments. 

5.2.3 Experimental protocol 

The results reported herein were obtained from two distinct experiments, performed to 

assess the primary aims of the current study. Specifically, the first experiment was 

designed to interrogate i. the effects of extracellular calcium on RBC mechanical 

properties; ii. the contribution of cell hydration status to calcium-induced alterations in 

RBC mechanical properties; and iii. whether calcium-induced haemolysis occurred, 

which could explain alterations that occur based on changes in the distribution of cells 

within the RBC population (e.g. haemolysis by mechanical shear is more likely to occur 

in aged cells, leaving behind a “younger” RBC population with improved mechanical 

properties [75]). 

In the second experiment, a micropipette system was developed that enabled 

visualisation of single RBC under the microscope, while undergoing exposure to shear 

stress. Moreover, the intracellular calcium levels of cells exposed to various magnitudes 

of shear stress were assessed using a fluorometric marker. 

Experiment One 

Washed, isolated and resuspended RBC were incubated with 10 nM Senicapoc (a 

specific Gardos channel blocker) to verify whether potential alterations in RBC 

mechanical properties caused by calcium are mediated by cell hydration status, given 
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that regulation of cell volume is primarily dependent upon calcium-dependent activation 

of the Gardos channel. Concurrent incubations of RBC in PBS at 37°C for 20 min 

served as control. Thereafter, incubated RBC samples were washed and resuspended in 

PVP suspensions that contained 25 µM or 2 mM CaCl2 or a control PVP solution. The 

resuspension process was performed immediately prior to transfer of each individual 

sample into the ektacytometer to prevent effects of longitudinal incubation with calcium 

(i.e., passive inward cation-leak). An un-sheared, control measurement of RBC 

suspensions in PVP was performed over a ramping shear stress range (0.3-50 Pa), 

following which the same sample was exposed to a shear conditioning protocol (10 Pa 

or 64 Pa for 300 s, respectively). During the shear conditioning protocol, the resultant 

laser diffraction patterns were recorded and analysed to provide cellular elongation and 

the area of the elliptical pattern. Thus, progressive changes in deformable capacity of 

RBC populations were assessed with different concentrations of CaCl2 present (i.e., 

reflecting changes caused by shear-induced calcium flux) and in presence of a Gardos 

channel blocker (i.e., demonstrating whether shear-induced changes were absent, which 

would indicate a mediation by the Gardos channel). Moreover, progressive changes in 

the area of the elliptical diffraction pattern were recorded to control for shear-induced or 

calcium-induced haemolysis, given that previous studies showed a close correlation of 

the laser diffraction pattern area and the number of cells present in the suspension [73]. 

Lastly, immediately post-shear conditioning, an additional measurement of RBC 

deformability over a ramped range of shears (0.3-50 Pa) was performed on the discrete 

“post-sheared” sample to assess the effects of the shear conditioning protocols in 

combination with calcium supplementation on global cell deformability. 
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Experiment Two 

Isolated RBC were washed with Tyrode’s solution containing the following: 135 mM 

NaCl, 5.4 mM KCl, 10 mM glucose, 1 mM MgSO4, 2 mM CaCl2 and 10 mM HEPES. 

Cell suspensions were spun at 1500 × g for 5 minutes and the washing procedure was 

repeated twice. Washed RBC were loaded with Fluo 4-AM (Molecular Probes, USA), 

an agent that fluoresces when it reversibly binds free calcium-ions, at a concentration of 

5 µM in Tyrode’s buffer for 1 h under constant agitation. Thereafter, cells were washed 

with Tyrode’s buffer three times as described earlier. Isolated RBC were finally 

resuspended at a low haematocrit (<0.005%) in Tyrode’s buffer containing 0.4 g·L-1 

bovine serum albumine (BSA). 

5.2.4 RBC deformability measurements 

A rotational ektacytometer (LORCA, MaxSys, Mechatronics Instruments B.V., Zwaag, 

The Netherlands) was used to quantify cellular deformability, the details of which have 

been discussed elsewhere [72]. The coaxial system consists of an outer cup, rotating 

around a stationary inner bob. RBC suspensions were submitted into the gap between 

the cylinders, wherein cell suspensions were exposed to a range of shear stresses (0.3-50 

Pa). A laser diffracts around the elongating RBC populations, producing an increasingly 

elliptical diffraction pattern, which was captured by a CCD video camera. An ellipse 

was fit to the resultant laser diffraction pattern, and the elongation index (EI) was 

calculated using length (a) and width (b) of the ellipse as follows: EI = (a - b)/(a + b). 

The area of the ellipse was also calculated throughout (Area = (a·b·π)/1000) following 

the method by Baskurt et al [73]. 
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5.2.5 Shear conditioning of blood samples 

Subsequent to an initial RBC deformability assessment, RBC suspensions in PVP were 

exposed to discrete magnitude-duration combinations of shear conditioning known to 

improve (i.e., 10 Pa for 300 s) or impair (i.e., 64 Pa for 300 s) cellular deformability, as 

described before [69]. During shear conditioning, the resultant laser diffraction patterns 

were recorded with a frequency of 1 Hz, which allowed for monitoring of both EI and 

ellipse area throughout the shear conditioning. The shear conditioning procedures were 

carried out using the rotational ektacytometer described above, operated at 37 ± 0.2 °C.  

5.2.6 Micropipette system 

Alterations in intracellular calcium-concentration were explored during passage of 

single RBC through a narrow aperture (i.e., the tip of a custom micropipette). 

Micropipettes with a tip diameter of ~1-2 µm were produced from carefully heated 

borosilicate glass capillary tubes (0.5 mm inner diameter, Sutter Instruments Company, 

USA) using a commercially-available and purpose-built device (P-1000, Sutter 

Instruments Company, USA). Once these micropipettes had been produced, it was 

necessary to increase their tip diameter to a desired length. Then, using a custom-built 

heater (tungsten filament and discrete current to achieve 500°C), micropipette tips were 

heated and then broken to yield diameters of ~5-7 µm. The micropipette setup consisted 

of a purpose-built and adjustable water-pressure column, which was connected to a 

customised micropipette holder mounted on a microscope stage specifically fabricated 

for this purpose. The system was primed with Tyrode’s buffer + BSA (0.4 g·L-1) and 

pressurised, before the micropipette tip was filled with the same saline solution. The 

pipette tip was positioned in a diluted RBC sample on a microscope slide to aspirate 

single cells while maintaining a regulated pressure, which would facilitate shear 
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exposure at a desired level, based on the diameter of individual micropipette tips that 

were used.  

5.2.7 Microscopic imaging  

Aspiration of single cells through the pipette tip was achieved by applying a negative 

pressure (i.e., water column difference to pipette level) to the micropipette; this process 

was observed in real-time and recorded under brightfield imaging. Raw video files were 

exported in ‘audio video interleave’ (.avi) format, and subsequently converted into an 

uncompressed .avi file using open source software (ffmpeg, USA). FIJI software [100] 

was employed to confirm the diameter of the pipette tip. Given the specific frame rate 

(e.g. 71 Hz) was known, the distance (µm) and time period (ms) required for the cell to 

travel through the micropipette could be determined. Shear rate (γ) could thus be 

calculated as: 

 

Eq. X    8 × 
𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (

µ𝑚

𝑠
)

𝑇𝑖𝑝 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (µ𝑚)
 

 

The viscosity (η) of filtered Tyrode’s saline solution + BSA, used to resuspend RBC 

and fill the micropipette system, was confirmed prior to each experiment using a 

rotational cone and plate viscometer (DV-II+Pro, Brookfield Engineering Labs, USA) 

over a range of shear rates (150-1500s-1). With viscosity of the suspending medium 

measured, and shear rate quantifiable, shear stress (τ) could be determined as: 

 

Eq. XI     τ (Pa) =  γ (𝑠−1) ×  η (Pa · s) 



Preliminary results of study 3: Shear stress-induced calcium shifts affect cellular 

deformability of red blood cells 

 

96 

 

5.2.8 Data analysis 

Single Fluo-4 loaded RBC were captured as they entered the micropipette, and the 

associated fluorescent intensity for each cell, representing intracellular calcium-content, 

was recorded using fluorescence microscopy (excitation: 495 mm / emission: 506 nm). 

The obtained videos were processed and analysed frame-by-frame using FIJI software 

[100]. A specific region of interest (ROI) was superimposed on the micropipette in the 

field of view (Fig. 5.1), and the mean intensity curves were concurrently obtained for 

each frame, as single RBC moved from the tip through the taper. Thereafter, data points 

that fell outside two standard deviations (σ) of the local mean (derived from the adjacent 

20 data points) were identified as outliers, and thus removed from further analysis. The 

remaining data points were used to create a curve (intensity vs. distance), and the area 

under the curve within each ROI was calculated (Fig. 5.1). The calculated values of the 

area under the curve for each frame (≈17 ms) were plotted against time, and non-linear 

curve fits were performed to analyse the change in fluorescent intensity over time. 

Specifically, the rates of change in fluorescence were obtained using a centred 

polynomial model for low pressures, and a one phase association for high pressures to 

fit the respective data. 
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Figure 5.1: A single Fluo-4 loaded red blood cell (RBC) is forced through the 

micropipette by negative pressure applied using a manometer; corresponding 

fluorescent intensity curves are displayed accordingly. This representative illustration 

displays three out of the twenty individual frames that were analysed for this cell. 

Yellow region in acquisition images: region of interest with boundaries limited by the 

inner diameter of the micropipette tip. Grey line on right figures: raw data excluding 

outliers; red dashed line: smoothed signal, obtained by 4th order smoothing of fifty 

adjacent values 
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5.2.9 Statistical analysis 

All data are presented are mean ± SEM unless otherwise specified. Raw RBC 

deformability data was compared using a Two-Way analysis of variances (ANOVA). 

Non-Gaussian distributed data were compared using a Friedman test. All statistical 

analyses were carried out using commercially available software (Prism, Release 7.02, 

GraphPad Inc., Bethesda, USA). Differences were considered statistically significant for 

α < 0.05. 

5.3 Results 

5.3.1 RBC deformability 

Cellular deformability of RBC suspensions was significantly altered when high levels of 

CaCl2 were present in the suspending medium (Fig. 5.2A); however, supplementation 

with low levels of CaCl2 (25 µM) had no significant effect on cell deformability. RBC 

suspensions that were pre-incubated with a Gardos channel blocker (Sen; Fig. 5.2D) 

exhibited significantly impaired cellular deformability with 2 mM CaCl2 

supplementation, while neither the blocker itself, nor low concentrations of CaCl2 

altered cellular deformability. Specifically, RBC exposed to 2 mM CaCl2 presented with 

impaired capacity to deform as reflected by significantly decreased elongation indices 

(EI) measured at shear stresses >5 Pa in control cells (Panel A), and shears >1.65 Pa in 

cells pre-incubated with Senicapoc (Panel D).  

Post-shear conditioning of RBC suspensions with 10 Pa for 300 s cellular deformability 

was increased in all conditions (Panels B, E) as demonstrated by elevated EI across a 

range of shears, when compared to cells prior to shear conditioning (Panels A, D). 

Shear-induced increases in EI were less pronounced in RBC pre-treated with Senicapoc 
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when 2 mM CaCl2 was present (Panel E). Incubation with the blocker itself, or 

supplementation of 25 µM CaCl2 had no effect on RBC deformability.  

Cell suspensions exposed to 64 Pa for 300 s exhibited a significant right-shift (i.e., 

impairment) of the sigmoidal EI-SS curves, resulting in lower EI across all shears when 

compared to the respective control (Fig. 5.2C, F). Supplementation of 2 mM CaCl2 

resulted in significantly lower EI at shears >16.4 Pa post-shear conditioning with 64 Pa 

for 300 s, while pre-incubation with Senicapoc or supplementation of 25 µM CaCl2 had 

no effect. To determine whether there were interactions between calcium addition and 

conditioning with shear stress, it was found that calcium was less effective for cells 

previously exposed to shear; specifically, RBC that were exposed to 64 Pa for 300 s in 

the presence of calcium paradoxically presented with marginally increased cell 

deformability when compared to unsheared cells in the presence of calcium. 
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5.3.2 Cell deformation during shear conditioning 

While exposed to 10 Pa shear conditioning, cellular deformation (EI) of RBC 

significantly decreased within the first 30 s of shear exposure (Fig. 5.2A). Thereafter, 

RBC without CaCl2 exhibited unaltered EI throughout the remaining duration of shear 

conditioning, irrespective of prior Senicapoc-treatment. Cell suspensions supplemented 

with 2 mM CaCl2, however, showed a significant, linear increase in EI over the 

remaining 230 s, until a plateau was reached at a level that was not statistically different 

from un-supplemented cell suspensions. EI at 300 s was no longer significantly different 

to cell suspensions without CaCl2. The area of diffraction patterns significantly 

decreased in a linear manner over the 300 s of shear conditioning (Fig. 5.2B). 

Senicapoc-treated RBC without CaCl2 had a significantly lower ellipse area at 0 s, 

although >130 s, there were no statistical differences between the conditions. 

Cell deformation of RBC suspensions exposed to 64 Pa shear conditioning over 300 s 

increased within the first 90 s of exposure; this increase was significantly attenuated 

over the remaining 210 s of shear exposure (Panel C). Cell suspensions containing        

Figure 5.2: Red blood cell (RBC) elongation indices (EI) measured over a range of shears 

ranging from 0.3-50 Pa, obtained from RBC incubated with Senicapoc (Sen; Panel D-F) or 

phosphate buffered saline (PBS) as control (Con; black circles). Cell suspensions were 

supplied with a high (2 mM; red circles) or a low (25 µM; grey circles) concentration of 

calcium chloride (CaCl2). RBC from both conditions were exposed to shear conditioning of 

either 10 (Panel B, E) or 64 Pa (Panel C, F) for 300 s immediately prior to assessment of RBC 

deformability. Statistical differences between Con and 2 mM: ****p<0.001, ***p<0.001, 

**p<0.01, *p<0.05 (n = 5) 



Preliminary results of study 3: Shear stress-induced calcium shifts affect cellular 

deformability of red blood cells 

 

102 

 

2 mM CaCl2 exhibited significantly lower EI over the full duration of shear 

conditioning. Senicapoc-treated RBC in presence of 2 mM CaCl2 exhibited increased EI 

within the first 60 s of shear exposure, however, remained unaltered for the following 

240 s (Panel C). Senicapoc had no effect in absence of CaCl2. The ellipse generated by 

RBC populations deforming under 64 Pa shear conditioning significantly decreased in 

area within the first 30 s of shear exposure, following which a further mild decrease in 

area was observed in presence of CaCl2, while control cells exhibited unaltered area of 

ellipse (Panel D). Overall, Senicapoc-treated RBC presented with increased area of 

diffraction pattern ellipses when compared with control RBC. 
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D C 

64 Pa 64 Pa 

10 Pa 10 Pa 

Figure 5.3: Red blood cell (RBC) elongation (EI) measured during shear conditioning of 

cell suspension using either 10 (A) or 64 (B) Pa constant shear stress for 300 s, obtained 

from RBC incubated with Senicapoc (Sen; light red/grey triangles) or phosphate buffered 

saline (PBS) as control (Con). Further, the area of the elliptical laser diffraction pattern 

generated by deforming RBC under shear (10 or 64 Pa respectively) is illustrated in 

Panels B, D. Statistical differences between Con/Sen and Con/Sen + 2 mM: ****p<0.001, 

***p<0.001, **p<0.01, *p<0.05; Ψp<0.05 Sen vs Sen + 2 mM 
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5.3.3 Fluo-4 fluorescent intensity in response to shear stress exposure 

The fluorescent response of Fluo-4 loaded RBC, sheared using a negatively pressured 

micropipette system, is presented as area under the curve derived from mean grey 

values (Fig. 4). RBC exposed to a low pressure condition (7 cm H2O), resulting in a low 

shear stress exposure (<5 Pa), responded with a transient increase in fluorescent 

intensity during the short time they were passing through the microtip (Panel A). The 

fluorescent intensity increased as RBC approached the tip, peaked during transit, and 

subsequently decreased below visibility as single cells passed within of the micropipette 

tip. The time required to traverse the tip was increased in lower shear stresses, based 

upon velocity of the cells and the diameter of the individual tip, which corresponded to 

a lower maximum fluorescent intensity (Panel A). Moreover, increased shear stress 

induced a dramatically greater peak in fluorescent intensity in a linear manner, albeit the 

time to achieve the peak, and the time for the signal to return to baseline were reduced. 

Collectively, shear stress <5 Pa induced by a set pressure of 7 cm H2O resulted in a 

peak of fluorescent intensity as RBC traversed the microtip, with the magnitude of the 

peak dependent upon the shear stress imposed on the individual cell, however, the 

fluorescent signal returned to baseline immediately after passage of the tip. 

RBC exposed to shear stress >10 Pa, induced by a set pressure of 27 cm H2O, exhibited 

a distinct response in fluorescent intensity during tip-transit when compared to the low 

pressure condition (Panel B). Fluorescent intensity increased significantly during and 

immediately post-transit of the microtip, however, fluorescent intensity of these RBC 

showed a continuous increase, albeit less steep, as they moved through the field of view. 

Individual RBC subjected to higher shear stress (16.6 Pa > 14.2 Pa > 12.8 Pa) 

responded with a more pronounced increase of fluorescent intensity over time, which 

was observed in tandem with shorter time required to reach plateau.  
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Figure 5.4: Area under the curve representing total fluorescent intensity of single red 

blood cells (RBC; one curve represents one single cell) loaded with Fluo-4 obtained 

while passing a micropipette tip. RBC were exposed to either a low (<5 Pa; n=3 cells) 

or high (>10 Pa; n=3 cells) shear stress generated via a fixed negative water pressure 

controlled by a manometer. Total fluorescence of single RBC was recorded before, 

during and immediately after tip transit (Panel A), or immediately after tip transit (Panel 

B) based on strength of the signal. Curve-fits were performed using a centred 

polynomial model (A) or non-linear one phase association (B). 
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Figure 5.5: Curve-fit parameters obtained from performing non-linear regression 

analysis on fluorescent intensities of red blood cells (RBC) exposed to varying levels of 

shear stress as they pass a micropipette tip of ~0.5 µm diameter. Panel A represents the 

rate of change in fluorescent intensity as RBC pass the microtip under low pressure      

(7 cm H2O), before a maximum is reached. Panel B represent the rate constant of 

fluorescent RBC under high pressure (26 cm H2O), depicted immediately after passing 

the microtip until cell left the field of view. 
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5.4 Discussion 

The salient findings of the present study indicate that: i. RBC are sensitive to high 

concentrations of calcium in the extracellular fluid; ii. conditioning RBC with 

physiological levels of shear stress partially reverses calcium-induced impairments in 

cell deformability; iii. conditioning RBC with supraphysiological levels of shear stress 

does not appear to compound the already impaired cell deformability induced by 

calcium; iv. cell hydration, mediated by the Gardos channel, does not appear to be 

involved in shear- or calcium-mediated alterations of cell deformability, and finally; v. 

the time-course of calcium flux into RBC is sensitive to the magnitude of shear stress 

applied, as indicated using a custom-developed technique combining micropipette 

aspiration with fluorescent microscopy. The collective results of the present study 

indicate that RBC exhibit increased calcium influx under shear, which significantly 

alters cell deformability, in a shear stress dependent manner. 

In the current study, it was observed that prior to any shear exposure, supplementation 

of 2 mM CaCl2 in the shearing suspension induced significantly decreased cell 

deformability; specifically, profoundly limited capacity to deform under shears >5 Pa 

was observed (Fig. 5.2). This drastic reduction in cellular deformability induced by 

calcium has previously been attributed to densification of RBC due to loss of water via 

the calcium-activated Gardos channel [101]; however, it is also hypothesised that the 

visco-elasticity of the RBC plasma membrane is compromised due to a down-regulation 

of cyclic adenosine monophosphate (cAMP) via intracellular accumulation of calcium 

[97]. In the present study, a selective Gardos channel blocker (Senicapoc) – known to 

effectively prevent cellular dehydration in vitro [99] – was thus applied to assess 

whether activation of the Gardos channel contributes to impaired cell mechanics in the 

presence of excess calcium. Incubation of isolated RBC with Senicapoc did not alter 
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cellular deformability, except when applied concurrently with 2 mM CaCl2. The 

combination of Senicapoc and CaCl2 mildly decreased RBC deformability both pre- and 

post-shear conditioning with 10 Pa – albeit these effects were not statistically significant 

(Fig. 5.2 D, E). Our data thus indicate that the Gardos channel does not contribute to the 

rigidification of RBC observed due to CaCl2 incubation.  

Senicapoc did not alter the number of cells in suspension (i.e., did not cause 

haemolysis) during shear conditioning, as reflected by the area of the elliptical laser 

diffraction patterns that are sensitive to RBC count [73], when compared to control (Fig. 

5.3 B, D). It was hypothesised that excess activity of the Gardos channel (e.g., induced 

by supraphysiological shear) might induce rapid water loss beyond the rate at which 

RBC would be able to regulate, thus potentially leading to haemolysis [101]. In the 

present study, the area of the elliptical laser diffraction patterns decreased mildly over 

the 300 s of shear conditioning protocols, irrespective of the magnitude of shear. Given 

that the magnitude of shear stress exposure did not alter this response, this decrease in 

area of the laser diffraction patterns is likely an instrumental artefact, rather than 

reflecting haemolysis. That is, potential centrifugation effects may occur when shearing 

RBC suspensions for a prolonged duration, leading to mild alterations in the number of 

cells examined. While this effect would not affect EI measurements, which are based on 

the cell population mean response, the area of the laser diffraction pattern (being 

sensitive to cell count) may decrease during prolonged shearing. Further experimental 

testing to determine the cause of this observation is thus required, and may involve 

quantitative measurements of cell count and haemolysis. 

Considering the linear increase of EI (i.e., RBC deformation) in the presence of 2 mM 

CaCl2 over 300 s in both shear conditioning protocols (Fig. 5.3, Panel A, B), it is 

plausible that a progressive uptake of calcium-ions occurs during shear exposure. Shear 
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stress as a stimulus for calcium-influx in RBC has been previously reported [64, 77]. 

Prolonged exposure of RBC to shear stresses that approximate the upper limits of the 

physiological range have been shown to significantly alter cellular deformability of 

RBC populations; that is, providing RBC with a physiological shear stimulus results in 

a reversible improvement (i.e., increase) of cellular deformability [69]. This increase in 

flexibility is hypothesised to be primarily triggered by the second-messenger molecule 

NO; however, calcium-flux has also been proposed [44]. Previous studies have 

confirmed that NO, endogenously synthesised by RBC-NOS, is increased when RBC 

are pre-conditioned with physiological magnitudes of shear stress [63]. Thus, it is 

possible that conditioning shear stress utilised in the current study promoted RBC-NOS 

activity, facilitating endogenous NO-generation, which is known to augment cell 

deformability [70]. 

Although shear stress-mediated improvements in cellular deformability in association 

with addition of extracellular calcium were assessed in a previous study by Meram et al 

[44] using a similar device, the authors only quantified the change in elongation during 

a 30-s shear conditioning protocol. Meram et al [44] reported an initial increase in EI, 

followed by a linear decrease in EI over 30 s of continuous exposure to 5 Pa shear 

conditioning utilising concentrations of extracellular CaCl2 (2.5 mM) comparable to 

those used in the current study (2 mM). The results of the present study do not support 

the observations of Meram et al [44]; that is, the present data showed an initial decrease 

in EI of 2 mM CaCl2 over 30 seconds, followed by a linear increase in EI over the final 

270 s. It is possible that the deformability measurement conducted over a ramped range 

of shears immediately prior to commencement of the shear conditioning protocol 

triggered shear-sensitive responses in these cells as previously proposed [47], and thus 
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impacted the subsequent behaviour during the first 30 s of shear conditioning. Further 

experimental findings are thus required to examine this response in more detail.  

Control cell suspensions exhibited a mild increase in cellular elongation (EI) over time 

when exposed to supraphysiological shear conditioning (i.e., 64 Pa; Fig. 5.3C). 

Supplementation of CaCl2 significantly impaired cellular elongation when compared to 

control cells; however, these RBC were observed to respond with a profound increase in 

cellular elongation over the first 60 s of shear exposure. Thereafter, CaCl2-

supplemented RBC presented with a similarly mild increase in cell elongation to control 

RBC over the remaining 240 s. CaCl2-supplemented cell suspensions responded 

differently to shear conditioning depending on the magnitude applied; that is, 

supraphysiological shear caused an acute, steep rise in EI, compared to a progressive, 

linear increase observed under physiological shear (i.e., 10 Pa for 300 s). It is possible 

that the supraphysiological magnitude of shear applied caused physical disruptions of 

the RBC membrane, facilitating uncontrolled and rapid influx of extracellular calcium. 

A significant rise in intracellular calcium could prompt activation of the Gardos channel 

and dehydration of the cell; however, application of a specific channel blocker did not 

alter the response (Fig. 5.2C, F), indicating that the observed impairment in cellular 

deformability is not mediated by water loss via the Gardos channel. Although, within 

the first 60 s of supraphysiological shear conditioning, Senicapoc-treated RBC exhibited 

improved cellular elongation when compared with control RBC (Fig. 5.3C), which may 

indicate that during that time, calcium-flux occurred via native channels; the subsequent 

increase of intracellular calcium lead to cellular densification by loss of water through 

the Gardos channel in control RBC. Thereafter, the curves of control RBC and 

Senicapoc-treated RBC were congruent, which may indicate that calcium-flux and 

subsequent dehydration were no longer mediated by the Gardos effect, but occurred 
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through pores in the RBC membrane formed by exposure to the extraordinary 

magnitude of the physical shear forces applied. A previous study using porcine RBC 

found a decrease in intracellular haemoglobin concentration under subhaemolytic shear 

stress [75], leading the authors to propose that pores had formed in the cell membrane, 

facilitating leakage of haemoglobin; this phenomenon would induce significant 

alterations in ion fluxes of RBC.  

Collectively, the findings in Experiment One support a pivotal role of calcium as a 

primary regulator of RBC deformability. Intracellular calcium-shifts are likely to occur 

during deformation of RBC, indicating the involvement of mechanically-activated ion 

channels (e.g., piezo1). Physiological shear stress exposure increases cellular 

deformability in the presence of calcium over time, while supraphysiological shear 

exposure results in impaired cellular deformability. Moreover, cell hydration status 

regulated by the calcium-activated Gardos channel appears not to exert a significant 

impact on determinants of cell mechanics, given that blocking this channel had limited 

effects on RBC deformability. It is possible, however, that RBC exhibiting decreased 

cell deformability following supraphysiological shear underwent densification by an 

independent process, for example, by fluid loss via pores in the cell membrane. 

RBC are exposed to shear stress of varying magnitudes as they traverse the vasculature. 

Shear stresses in larger arteries are estimated to range from 1-7 Pa [43], while shear 

stress in the microvascular capillaries (e.g., vessels in the retina) may peak around 15 Pa 

[102]. A micropipette system was designed to expose RBC to shear stresses within this 

range, while concurrently enabling microscopic visualisation and fluorescent analysis. 

A range of shears <5 Pa, and a range of shears >10 Pa were assessed for each subject, 

wherein the precise shear stress was calculated using the individual tip diameter (refer 

Eq. X). It is important to note that although individual cells from several donors (n = 3) 
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were successfully aspirated, a limited number of cells could be analysed using the 

current system. The micropipette tip was submerged in a solution containing RBC, thus, 

individual cells could only enter the pipette when floating in close proximity. Given the 

low negative pressure required to achieve the desired shear stress, cells were not driven 

to the micropipette tip from different fluid planes; a system placing single RBC in close 

proximity to the micropipette tip could increase the assessable number of cells.  

It appeared that low shear (<5 Pa) exposure caused a rapid (~30 ms) entry of calcium, 

which peaked as RBC were maximally deformed (i.e., when entering the micropipette 

tip), followed by rapid (~30 ms) removal of intracellular calcium (Fig. 5.4A; Fig. 5.5A) 

immediately post-transit. Deformation of the RBC plasma membrane was previously 

shown to induce increases in intracellular calcium-levels, most likely via mechanically-

activated piezo1 channels, which were significant enough to activate the Gardos 

channel, leading to micro-volume loss [42]. Reduced cell volume, and thus decreased 

cell size facilitate cell passage of narrow apertures.  

In the current study, pronounced increases in intracellular calcium-levels were observed 

during cell passage of the micropipette tip, at which point the plasma membrane would 

be maximally deformed. Piezo1 channels in RBC are thought to be sensitive to physical 

deformation of the cell membrane, rather than shear flow, which may be independent of 

membrane stretching depending on the flow velocity [103]; therefore, the present data 

support the hypothesis that piezo1-mediated calcium-influx occurs upon deformation of 

the plasma membrane. Whether this short time-span is sufficient to activate the Gardos 

channel, however, remains to be determined. 

Increased shear stress – reflective of the upper limits that RBC experience in vivo 

(10~15 Pa; [1]) – prompted slower rise of intracellular calcium-levels during 

deformation when cells traversed the microtip, compared with lower shear conditions. 
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In contrast to RBC exposed to shear <5 Pa, the fluorescent intensity of cells under 

shears >10 Pa increased progressively, until a plateau was reached (Fig. 5.5B), before 

they exited the field of view. This data is the first to indicate that a dose-response 

relationship may exist between the magnitude of shear stress exposure (and thus the 

extent of cellular deformation) and the activation of mechano-sensitive ion channels 

(e.g., piezo1) in RBC. That is, fluorescent intensity reflecting intracellular calcium-

levels increased proportionally to an increase in the calculated shear stress applied (Fig. 

5.5), irrespective of the pressure gradient used to generate the shear flow. Ionic 

homeostasis in RBC is a carefully regulated balance, maintaining a >40,000-fold 

concentration gradient between plasma (~1.8 mM) and cytosol (~45 nM) via ATP-

fuelled pumps (e.g. Ca2+-ATPase) [25]. It is therefore plausible that under low shear (<5 

Pa), rises in intracellular calcium could rapidly be removed via Ca2+-ATPase; however, 

more pronounced calcium-influx under higher shear (>10 Pa) could not be removed 

immediately. This observation is supported by previous findings, indicating that a shear-

threshold for mechanically-induced calcium influx exists, beyond which intracellular 

accumulation of calcium is no longer matched by the capacity to export it [77]. 

Given the low number of cells assessed in the current system, however, it is important 

to note that individual RBC present with heterogeneous basal calcium-concentration, 

potentially based on individual cell age [104]. Considering the significant baseline 

concentration of intracellular calcium in the investigated cells exposed to the high 

pressure condition (Fig. 5.5), it is possible that these cells represent an aged 

subpopulation of RBC. As a consequence of cell aging, ATP-fuelled pumps              

(e.g. Ca2+-ATPase) exhibit functional decline over time, which is detrimental, given that 

RBC are unable to re-synthesise proteins due to a lack of transcriptional machinery 

[105]. It is possible that the observed rise in intracellular calcium-levels overpowered 
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the capacity of these deteriorated Ca2+-ATPases in aged RBC, preventing export of the 

accumulated cations. As RBC pass the narrow apertures within the spleen (<2 µm; 

[106]), influx of calcium, which is unable to be exported, may induce impaired 

deformability at the high shears acting upon these aged cells due to the microscopic 

diameter of the endothelial slits. This response may thus facilitate removal of senescent 

RBC from the cell population by sequestration in the spleen, as previously proposed 

[107]. Performing experiments with subpopulations of RBC separated by density-

gradients (i.e., assessment of only densest/oldest RBC) could clarify whether the 

observed response is indeed limited to aged RBC, or reflects a more general response. 

While the design and pilot testing of the novel micropipette system is promising, careful 

considerations should be applied when interpreting the present data. The number of 

cells (n=3 per condition) was very low, as the current system was not yet adjusted to 

facilitate cell throughput of more representative samples (~100 individual RBC). 

Assessing low numbers of cells may be susceptible to variability, given that the 

population of RBC in whole blood displays a range of young to rather old cells, which 

have been shown to present with significantly impaired physical properties (REF). 

Moreover, the shear stresses examined varied depending upon the diameter of the 

individually adjusted micropipette tip, which was designed to be ~5 µm. The 

micropipette tips were hand-made to yield the desired diameter of 5 μm, given that 

high-precision production of tips with diameters >2 μm was not possible. The resultant 

variability in diameter, however, was controlled for by measuring the individual tip 

diameter and calculating the respective shear rates (refer Eq. I). Future optimisations of 

both the system (e.g., facilitate examination of a higher number of cells, minimal 

variability in tip diameters) and the methods of cell preparation (e.g., separate different 

sub-populations of RBC based on density to minimise error and assess “old” and 
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“young” RBC individually) should yield improved reliability of the data. Moreover, the 

number of subjects was limited in the present data, and studies will aim to include a 

number of ~10 subjects when the proposed system is optimised. 

Given the suspending media in both Experiment One and Experiment Two contained the 

same concentration of calcium present in human plasma, while haematocrit was also 

comparably low, the shear-induced calcium influx observed in Experiment Two may 

explain the altered cell deformability observed in Experiment One (Fig. 5.2A). For shear 

stresses <5 Pa, RBC suspensions supplemented with CaCl2 showed no alterations in 

cellular deformation when compared to control RBC as assessed by ektacytometry. 

When RBC passed the micropipette tip, Fluo-4 fluorescent intensity showed a reversible 

peak lasting ~10 ms, indicating calcium influx and subsequently, immediate removal. 

This extremely short time-frame would be sufficient for calcium-calmodulin binding, 

which exhibits kinetics well-below 10 ms [108], potentially allowing for calcium-

calmodulin dependent loosening of the RBC membrane [34]. While activation time 

kinetics of the Gardos channel remain unknown, the intracellular concentration of 

calcium required to trigger Gardos channel activation is significantly higher when 

compared to calmodulin [25], supporting that calcium-calmodulin dependent alterations 

in RBC membrane properties are likely to occur. For shear stresses >10 Pa, however, 

RBC passed the micropipette tip and presented with a continuous and pronounced 

increase in fluorescent intensity; concurrently, cellular deformability was significantly 

limited (Fig. 5.2A). The prolonged time in which RBC exhibited increased intracellular 

calcium-levels (>400 ms), in concert with the significantly higher fluorescent intensity, 

when compared to the transient fluorescent peak observed in cells exposed to <5 Pa, 

support that activation of the Gardos channel may occur. Activation of the Gardos 

channel and subsequent water loss induce densification of RBC, thereby reducing 
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cellular deformability [109]; thus, potentially contributing to the limited cellular 

deformability observed in presence of CaCl2. 

Collectively, the results of the present study indicate a significant role of shear-induced 

calcium-fluxes in regulatory processes that govern the physical properties of RBC. 

Specifically, the current data indicate that RBC exposed to physiological shear stress 

respond with progressive uptake of calcium via mechanically-activated native calcium 

channels, augmenting cellular deformability; exposure of RBC to supraphysiological 

shear stress, however, may induce rapid calcium-influx, limiting cell deformability via 

an unresolved mechanism. Given that RBC are exposed to shear stress up to 15 Pa in 

microcirculatory vessels of the cardiovascular system [1], it is possible that calcium-

influx aids cell transit of narrow capillaries by eliciting intracellular messaging 

pathways. Inside the RBC, calcium is rapidly bound to calmodulin [108]; the formed 

complex is known to bind proteins in the RBC membrane that are pivotal for regulating 

mechanical stability (e.g., band 4.1). Upon association with band 4.1 – located in the 

junctional complexes connecting the lipid bilayer to the underlying cytoskeletal mesh-

network – calcium-calmodulin causes a shift in binding affinities with all partners, 

weakening the bonds between the cytoskeletal membrane proteins (e.g., spectrin) and 

band 4.1 [34]. Reducing the binding strength between these proteins that are pivotal for 

membrane stability may improve cell stretchability; however, an overly “loose” cell 

membrane may be more susceptible to mechanical damage induced by 

supraphysiological shear exposure, for example when blood is passed through 

extracorporeal circulatory devices [46]. An increased membrane fragility may facilitate 

a detachment of the weakened bonds connecting the lipid bilayer to the cytoskeletal 

component, which would result in detrimental impairments in cell function, as observed 

in sickle cell disease for example [110]. 
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Chapter 6  

Summary and Conclusion 

The salient findings of the current thesis indicate that shear conditioning (i.e., prolonged 

exposure of RBC to shear stress) induced significant alterations in the physical 

properties of RBC, wherein physiological shear conditioning generally improved cell 

deformability, while supraphysiological shear conditioning generally impaired cell 

deformability. Moreover, the present data support the notion that RBC deformability 

underlies regulation by a complex intracellular messenger system, which is sensitive to 

external, physical stimuli (i.e., mechanical deformation of the plasma membrane). 

Specifically, RBC-NOS activity (and therefore endogenously produced NO) and 

calcium were confirmed to be major players in the regulation of RBC deformability, 

primarily affecting cell responses in the physiological range of shears (<20 Pa). 

Supraphysiological shear conditioning, however, appeared to induce impairments in 

RBC function that are based on physical, rather than biochemical alterations, and thus 

may be of a more permanent nature. Specifically, mechanically-impaired cell 

deformability was not fully recovered after 300 s of rest, and RBC exhibited a complete 

lack of the ability to recover when exposed to a second bout of supraphysiological shear 

conditioning thereafter. Furthermore, supraphysiological shear conditioning appeared to 

facilitate cell permeability to calcium-ions, which may contribute to the significantly 



Summary and Conclusion 

 

118 

 

impaired deformability of these cells. Thus, two distinct responses are triggered in RBC 

when exposed to shear conditioning, dependent upon the magnitude of shear stress 

applied (i.e., physiological range vs. supraphysiological range). 

Prolonged physiological shear conditioning of RBC stimulated phosphorylation of 

RBC-NOS at Ser1177, prompting increased enzyme activity, which may be dependent 

upon mildly increased intracellular calcium, potentially facilitated by shear-induced 

calcium influx via mechanosensitive membrane channels (e.g., piezo1; see diagram in 

Fig. 6.1). It is plausible that a build-up of these compounds within RBC over the course 

of prolonged shear conditioning was responsible for the observed increases in cell 

deformability, given the temporary nature (~300 s) and compounding of the effect 

observed after repeated bouts of shear. While previous investigations provide evidence 

supporting mild increases in intracellular calcium under shear and mechanically-

stimulated, endogenous NO-generation via RBC-NOS [63, 64], the current results are 

the first to provide a direct link between potential mechanisms of intracellular 

messaging in RBC under shear and alterations of cell deformability. Future studies 

could benefit from application of a calcium-chelating agent (e.g. EDTA) as a negative 

control to assess the effects of NO independent of calcium.  

An intriguing observation in the present thesis was that exposure of RBC to 

physiological shear conditioning partly reversed the impaired cellular deformability 

induced by oxidative stress and/or presence of excessive levels of calcium. Intracellular 

O2
--generation is known to impair cell deformability, however, the mechanism of 

impaired cell deformability remained elusive, given that no alterations in membrane 

proteins were detected when using gel electrophoresis [61]. The results of the current 

thesis showed that intracellular O2
--generation interfered with signalling pathways that 

regulate the deformable properties of RBC by preventing post-translational 

modifications, which may not be limited to the proteins investigated, but could have 
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wide-spread effects within RBC. Interestingly, shear conditioning was more effective at 

improving cellular deformability in RBC exposed to these stressors than in healthy, 

control RBC. Given that healthy RBC are well-equipped to facilitate optimal cellular 

deformation, it is plausible that RBC with experimentally-induced decreases in cell 

deformability simply provide more potential to improve and activate the contributing 

regulatory components. RBC with decreased cell deformability induced via intracellular 

O2
- generation presented with disruptions in the PI3K/Akt pathway (that ultimately 

activates RBC-NOS). Physiological shear conditioning increased RBC-NOS activation 

to comparable levels in both healthy and “damaged” RBC; although at rest, “damaged” 

RBC had presented with inactive RBC-NOS (phosphorylated RBC-NOS at Ser1177 was 

0%), when compared with basal levels in healthy RBC. Similarly, physiological shear 

conditioning increased cell deformability of both control RBC and cells supplemented 

with 2 mM CaCl2 in the suspending medium to nearly comparable levels. At rest, 

however, RBC in presence of 2 mM CaCl2 exhibited significantly decreased capability 

to deform under shear when compared to control RBC. Given that physiological shear 

conditioning is highly effective at restoring impaired RBC deformability, future studies 

could benefit from exploring physiological shear conditioning in clinical populations 

characterised by decreased cellular deformability (e.g. diabetes mellitus). 

The experiments in the current thesis investigated both NO and calcium individually; 

thus, future studies could endeavour to elucidate potential cross-talk between NO and 

calcium in RBC as well as alterations in RBC membrane proteins known to interact 

with NO and calcium (i.e., via phosphorylation, binding properties or nitrosylation). 

Current data indicate that addition of a NO-donor (e.g., sodium nitroprusside) may 

prevent uptake of calcium, which could explain the shear-induced improvements of 

RBC exposed to 2 mM CaCl2, given that shear stress exposure was observed to 

significantly increase activation of RBC-NOS [109].  
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In light of the presented results, an interplay of mechanically-induced calcium influx in 

RBC and augmented endogenous NO generation is proposed to induce increased 

cellular deformability when RBC are exposed to shear stress within the physiological 

range. Shear stress leads to opening of mechanosensitive membrane-bound piezo1 ion-

channels, allowing for mild influx of calcium ions (Ca2+; see diagram in Fig. 6.1).     

Ca2+ subsequently forms a complex with the calcium-carrier protein calmodulin; this 

Ca2+/calmodulin complex associates and regulates proteins vital for regulation of 

mechanical stability in the RBC membrane (e.g., band 4.1). Moreover, Ca2+/calmodulin 

allows for increased enzymatic generation of NO via RBC-NOS. Increased activity of 

RBC-NOS is facilitated by phosphorylation at Ser1177 via the PI3/Akt kinase pathway. 

The produced NO reversibly attaches (i.e., s-nitrosylation) to spectrin-filaments in the 

cytoskeletal part of the cell membrane. Collectively, mechanically-activated Ca2+-entry 

and NO production increase cellular deformability of RBC exposed to physiological 

shear stress. 
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Figure 6.1: Proposed mechanism of intracellular pathways that are activated when red 

blood cells (RBC) are exposed to physiological magnitudes of shear stress (i.e., ≤ 20 

Pa).  

Prolonged supraphysiological shear conditioning resulted in irreversible impairments of 

RBC deformability observed up to 300 s post-shearing, which increased the sensitivity 

of RBC to subsequent high-shear exposures. Thus, it is likely that these mechanical 

impairments are resultant from physical alterations of the RBC membrane, rendering 

cellular signalling processes that regulate “normal” cellular deformability less effective. 

Indeed, RBC suspended in calcium-rich medium (2 mM CaCl2) exhibited significantly 

impaired EI (i.e., cellular deformation) under supraphysiological shear (64 Pa) when 

compared to native RBC. While RBC conditioned with physiological magnitudes of 

shear stress exhibited a progressively increased EI during the shear conditioning 

procedure, supraphysiological shear conditioning prompted a sharp rise within the first 

60 s of exposure, followed by a mild increase, mimicking the behaviour of native RBC 
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under the same shearing condition. Given the drastic, immediate increase in EI, it is 

possible that within the first 60 s of exposure pores were created in the cell membrane 

due to the magnitude of physical forces applied, which facilitated uncontrolled influx of 

calcium (see diagram in Fig, 6.2). Sakota et al [75] observed a gradual decrease in 

intracellular haemoglobin concentration when exposing porcine RBC to subhaemolytic 

shear stress, proposing that although complete cell destruction (i.e., haemolysis) did not 

occur, the mechanical shear opened pores in the RBC membrane, facilitating leakage of 

haemoglobin. An inward calcium-leak under high mechanical forces has been observed 

in previous studies [76, 77]; although intracellular availability of calcium plays a vital 

role in regulating cell deformability as excessive accumulation of calcium within the 

cytosol is detrimental to cell function [78, 97].  

A link between subhaemolytic damage and potassium efflux (i.e., dehydration and 

densification of RBC) has been postulated that is independent of the Gardos channel 

[111], potentially explaining mechanically-induced impairments in cell deformability. 

Given that intracellular calcium reduced the binding affinity of proteins that connect the 

cytoskeleton – dictating cell structure – to the lipid bilayer [34], it is possible that 

accumulation of intracellular calcium due to uncontrolled influx through membrane 

pores facilitates a detachment of associated membrane components by mechanical 

forces. Increased intracellular Ca2+-levels induce increased association of 

Ca2+/calmodulin-complexes with proteins in the RBC membrane that govern cell 

stability and provide connection between the cytoskeleton and the lipid bilayer (e.g. 

band 4.1), reducing the binding affinity of structural proteins, thereby increasing cell 

fragility. Although haemolysis did not occur, the high mechanical forces may rupture 

the previously loosened bonds between the cytoskeleton and the lipid bilayer, which 

results in significantly impaired cell deformability, especially at shears >5 Pa. 
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Figure 6.2: Proposed mechanism of intracellular pathways that are activated when red 

blood cells (RBC) are exposed to supraphysiological magnitudes of shear stress.  

The findings of the current thesis emphasise the important regulatory function of second 

messenger molecules on the physical properties of RBC; however, it is clear that there 

is great potential for further research, and the complexity of cellular responses to 

physical stimuli (i.e., mechanotransduction) remains poorly understood. Specifically 

RBC, a cell type that is constantly exposed to external forces as it traverses the 

cardiovascular system, and is thus subjected to shear forces deforming its surface at 

most times over its life-span, requires studies to consider its physiological state (i.e., 

being in flow). Moreover, given RBC are barely at stasis due to their constant 

navigation of the circulatory system, may indicate that these cells would benefit from 

possessing a mechanosensitive regulatory machinery. RBC are also equipped with a cell 

membrane described in utmost detail by over a century of scientific studies (George 
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Gulliver published the first report of a RBC membrane composed of two distinct parts 

in 1862 [112]); thus, these cells provide a suitable model to study mechanotransduction 

in living cells. Elucidating the regulatory pathways that determine the physical 

properties of RBC has the potential to provide novel targets for pharmaceutical 

interventions, which may enhance the cellular deformability of RBC and thus improve 

blood fluidity and microcirculatory transit in a variety of pathologies exhibiting 

impeded blood flow and impaired RBC mechanics [113]. Moreover, understanding the 

mechanisms of mechanical damage induced by supraphysiological shears may aid the 

design of circulatory devices (e.g. ventricular assist devices, extracorporeal membrane 

oxygenators, dialysis machines) towards reducing complications that arise in patients in 

need of extracorporeal cardiac support. 
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Appendix 1 

The effect of the incubation procedure on RBC deformability 

Inter-donor variability of RBC deformability measurements is well-known to exist, however, 

deformability measurements of different blood samples from the same donor are highly 

repeatable. Therefore, in order to minimise error, all measurements of RBC deformability in 

which cells have been exposed to an intervention (i.e., shear stress exposure, exposure to 

pharmacological agents) require a baseline control RBC deformability measurement. Ex vivo 

aging of RBC is considered to have no significant effect within 4 hours after the blood draw, 

however, given that cells exposed to an intervention are also exposed to a different 

environmental temperature (i.e., 37°C versus ~22°C room temperature) and suspension 

media, it is hypothesised that a control measurement of RBC suspended in matching 

suspending media, temperature and incubation duration is needed. This was assessed by 

comparing RBC deformability pre- and immediately post-incubation in samples of matching 

donors within 4 hours after the blood draw. All data is presented as mean ± SEM. 
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Fig. A1.1: Elongation indices of RBC populations pre- and post-incubation at 37°C for 1 

hour over a range of shears (0.3-30 Pa). n=10; statistical differences determined by two-way 

ANOVA: ****p<0.0001, ***p<0.001 

 

Fig. A1.2: RBC deformability of cell populations pre- and immediately post-incubation at 

37°C for 1 hour expressed as a single parameter (i.e., shear stress required to induce half 

maximal elongation/maximal theoretical elongation). n = 10; statistical differences 

determined by paired-samples t-test: ****p<0.0001, ***p<0.001 
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RBC post-incubation showed statistically significantly (p<0.001) reduced capacity to 

elongate when exposed to a range of shears (0.5-3.87 Pa; Fig. A1.1). Moreover, 

parameterisation of the EI-SS curves revealed that SS1/2:EImax (i.e., index of cell 

deformability) was significantly increased following the incubation (p<0.0001; Fig. A1.2), 

indicating impaired cell deformability. It is plausible that the exposure to increased 

temperature, as well as separating RBC from autologous plasma over an extended period of 

time, might have altered cell metabolism, which is known to influence RBC deformability 

[114].  

In conclusion, the present data demonstrates that when RBC are incubated at 37°C for 1 hour, 

cellular deformability is decreased. Concurrent incubation of control RBC in matching 

conditions is necessary to provide a valid comparison when applying an intervention. 
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Appendix 2 

Variability in measurements of RBC deformability between whole blood 

and packed cell at matched haematocrit 

When comparing values of RBC deformability between studies or conditions within the same 

study or even experiment, it is necessary to implement appropriate control measurements to 

enable adequate comparability. It is recommended by the device manufacturer to conduct cell 

deformability measurements with blood diluted in a highly viscous PVP solution at a ratio of 

1:200. The resulting haematocrit, defined as the volume of RBC to whole blood, would not 

be 0.05 L·L-1, considering that RBC volume in whole blood is ~0.4 L·L-1, which is diluted at 

0.05 L·L-1. Plasma is known to have significant effects of both whole blood viscosity and 

RBC mechanical properties [115, 116], thus the aim of this experiment was to investigate 

whether presence of plasma (i.e., whole blood) influences RBC deformability, when the 

number of RBC in the final PVP solution is matched. This was assessed by comparing 

baseline RBC deformability measurements of whole blood in PVP (1:200) against baseline 

RBC deformability measurements of packed RBC in PVP (1:500). All data is presented as 

mean ± SEM. 
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Fig. A2.1: Deformable capacity (EI) of cell suspensions with (WB) or without (RBC) the 

presence of autologous plasma measured over a range of shear stresses. n = 12; Statistical 

comparison was not possible because the shear stresses applied were not matched. 

 

Fig. A2.2: Curve-fit parameters of RBC deformability in the presence (WB) or absence 

(RBC) or autologous plasma. n = 12; statistical differences were detected using unpaired t-

test;**p<0.01 
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Isolated RBC exhibit a significantly increased capacity to deform when compared to RBC in 

the presence of autologous plasma, indicated by a statistically significantly decreased 

SS1/2:EImax ratio (p<0.01; Fig. A2.2). Visual representation of RBC deformability (EI) 

measured over a range of shears (Fig. A2.1) indicates that differences in EI are primarily 

detected in the low-shear region (i.e., 0.5-3 Pa). It is plausible that high molecular weight 

proteins present in large concentrations in the plasma, such as fibrinogen, might interfere 

when RBC commence aligning with flow streams under low shears, or when cells are in the 

transition from a rolling into a tank-treading motion. Further investigation would be out of 

the scope of the current thesis. However, in conclusion, the salient findings indicate that it is 

necessary to provide adequate controls matching precisely in their condition when comparing 

RBC deformability measurements. Specifically, RBC deformability measurements are only 

to be compared when both samples are either in the presence or absence of autologous 

plasma. 
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Appendix 3 

Determination of most efficient shearing protocol to trigger improvements 

in cell deformability  

Shear stress exposure in the physiological range (i.e., shear conditioning) has been observed 

in multiple studies to induce improved cellular deformability in RBC [44, 45, 47]. The effect 

that shear conditioning has on RBC deformability is primarily dependent upon duration and 

magnitude. Although shear stress-induced improvements in RBC deformability have been 

described in various studies, the most effective duration-magnitude combination was yet to 

be found. For the purpose of studying and characterising the phenomenon of shear stress-

induced effects on RBC, it is optimal to implement the most effective protocol to induce the 

largest possible alterations in factors that contribute to altered cell deformability. Thus, the 

aim of this experiment was to determine what magnitude of shear stress, within the 

physiological range (5-20 Pa), would be most effective in improving cell deformability. RBC 

suspension were exposed to 5, 10 or 20 Pa of shear stress using a laser-equipped 

ektacytometer (described in Section 2.6) for a duration of 300 seconds, following which RBC 

deformability was measured using the same device. All data presented is mean ± SEM. 
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Fig. A3.1: Curve-fit parameters of RBC deformability at Baseline, and immediately after 300 

seconds of shear conditioning at 5 Pa, 10 Pa or 20 Pa. n = 13; statistical differences were 

obtained using One-Way ANOVA. ***p<0.001 
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Fig. A3.2: Comparison of the %-improvement in RBC deformability following conditioning 

shear exposure at various magnitudes of shear stress (5 Pa, 10 Pa or 20 Pa); each sample 

compared to the individual, unsheared baseline cell deformability measurement. n = 13; 

statistical differences were calculated using One-Way ANOVA. ***p<0.001 

 

Figure A3.1 depicts an index of RBC deformability, derived from the shear stress required to 

induce half maximal elongation (SS1/2) and the theoretical maximal elongation index at 

infinite shear stress (EImax), expressed as a ratio (SS1/2:EImax). Shear conditioning at 10 Pa for 

300 seconds caused significant decreases in this index, indicating significantly increased 

capacity of RBC to deform over a given shear stress. Shear conditioning at higher or lower 

shear stress within the physiological range (5 Pa or 20 Pa) also resulted in improved RBC 

deformability, albeit to a lesser degree (~6.5% and ~9% respectively, compared to ~22% 
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after 10 Pa shear conditioning; Fig. A3.2). In conclusion, shear stress exposure to 

physiological shear conditioning (5-20 Pa) for prolonged time periods (300 seconds) result in 

improved cellular deformability, as reported before. The grade of improvement, however, is 

dependent upon the precise magnitude of shear stress, wherein 10 Pa appears to be the most 

effective shear conditioning protocol, inducing the largest improvements. Physiologically, 

blood is exposed to shear stress of ~10 Pa in low-diameter vessels of the microcirculation [1], 

where maximal deformation of RBC is necessary to provide cell transit and thus tissue 

perfusion. 
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Appendix 4 

Red blood cell-nitric oxide synthase (RBC-NOS) activity after physiological 

shear conditioning with 0.5 Pa for 45 min is not different when compared 

with 5 Pa shear conditioning for 5 min 

Mechanical stimulation of red blood cells (RBC) with a magnitude-duration combination of 

0.5 Pa for 45 min is known to induce significantly increased activity of endogenous nitric 

oxide synthase (NOS) enzymes demonstrated by increased phosphorylation at the active 

binding site serine1177, which prompts increased intracellular NO-generation [64]. RBC 

deformability, however, can be improved by mechanical stimulation with a magnitude-

duration combination of 5-20 Pa for 5 min. Cell deformability of RBC is known to be 

positively correlated with RBC-NOS activity. In order to establish the physiological 

significance of mechanically-activated RBC-NOS in increased cellular deformability, the aim 

of the current experiment was to confirm that RBC-NOS activity was significantly increased 

post-shear conditioning with 5 Pa for 5 min. Moreover, it was assessed whether physiological 

shear conditioning with 5 Pa for 5 min was still effective in RBC with impaired cellular 

deformability due to excessive intracellular oxidant generation, induced by incubation with a 

superoxide (O2
-) generating agent; phenazine methosulfate (PMS). RBC were sheared using 

an ektacytometer, with the employed velocity adjusted to induce a precise shear stress of 5 Pa 

based on the individual blood viscosity of each sample. 
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Figure A4.1 depicts a comparison between the two different shear conditioning protocols 

with respect to RBC-NOS phosphorylated Ser1177. Both shearing regimes significantly 

increased phosphorylated Ser1177 in Control RBC. Incubation with PMS significantly 

decreased RBC-NOS activity in both experiments, however, both shearing regimes restored 

the level of phosphorylated RBC-NOS at Ser1177 to levels that were statistically indifferent to 

sheared Control cells. It appears that shear conditioning with a higher magnitude of shear 

stress (i.e., 5 Pa compared to 0.5 Pa), despite a shortened shearing duration (i.e., 5 min 

compared to 45 min) results in comparable, perhaps mildly more effective stimulation of 

B A 

Figure A4.1: Red blood cells (RBC) exposed to mechanical (SS,) oxidative stress (PMS) or a 

combination of the two (PMS + SS) are reported as relative changes compared to Control 

RBC. Panel A shows relative grey values of RBC exposed to a shear conditioning protocol of 

0.5 Pa for 5 min, while Panel B shows immunofluorescent RBC exposed to a different shear 

conditioning regime (i.e., 5 Pa for 5 min). asignificantly different from Con,b significantly 

different from Con + SS,csignificantly different from PMS, dsignificantly different from PMS 

+ SS (n = 8 for both) 
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phosphorylated RBC-NOS, albeit not statistically significant. In conclusion, both shear 

conditioning protocols significantly increased phosphorylation of RBC-NOS at Ser1177 (i.e., 

NOS activity) to a similar degree. Moreover, both shear conditioning protocols successfully 

restored activity of RBC-NOS in oxidatively damaged cells with comparable effectiveness 

(Fig. A4.1). Thus, it is plausible that mechanically-induced improvements in cellular 

deformability occur in part mediated by increased endogenous NO-generation, facilitated by 

increased RBC-NOS phosphorylation at Ser1177. 
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