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Abstract

Blood is an essential connective tissue that performs several critical functions in the
human body. Red blood cells (RBCs), constituting around 45% of the blood volume, are
responsible for gas exchange and nutrient transport. Mature RBCs have a unique biconcave
shape and are filled with hemoglobin (Hb), but they lack a nucleus and organelles. Because
of their structure, RBCs rely on ion regulation as one of the key factors influencing cell
behavior. Ton transport across RBC membranes occurs through a combination of passive
channels, transporters and active pumps.

Ca2t as a universal signalling molecule, plays an essential role in RBCs to regulate cellular
activities. Due to the large gradient across the membrane, a small number of channel
openings can lead to acute and severe changes in free Ca2® levels. The plasma membrane
Ca2t-ATPase (PMCA) is one of the key factors in maintaining the Ca?t gradient in
RBCs. In addition, several channels have been identified as sources of Ca2t entry in
erythrocytes, including Piezo 1, transient receptor potential vanilloid type 2 (TRPV2) and
Cay2.1 channels. Piezo1 channels, which are sensitive to mechanical stimuli, help regulate
RBC volume and contribute to RBC deformability. TRPV2 and Cay2.1 channels in RBCs
support RBC adaptability under physiological and pathological conditions. When the
intracellular free Ca2t concentration changes, it can trigger several downstream pathways
to regulate cell behavior. For example, the Gardos channel regulates Kt efflux in response
to Ca2™ levels, affecting cell volume and shape.

To understand the Ca2*-related pathways in RBCs, it is important to quantify the Ca2*
concentration in RBCs under different conditions. However, current methods based on
fluorescence intensity can only provide semi-quantification, because of a strong influentially
by the hemoglobin. Fluorescence lifetime is one of the intrinsic properties of fluorophores
that is independent on fluorophore concentration, initial disturbance conditions and
fluorescence intensity. The characteristics of fluorescence lifetime provide a potential
method for the quantification of Ca2t.

This study outlines the methods for studying RBCs under different experimental conditions.
Blood samples from different sources, including healthy individuals, marijuana smokers
and patients with specific diseases, were processed to isolate RBCs. Isolated RBCs
were subjected to further steps for Ca2t measurement based on fluorescence intensity.
Immunofluorescence and western blot techniques were used to detect and quantify specific
proteins within the RBC samples. In addition, the Ca2t indicator-loaded RBCs were
imaged using fluorescence lifetime imaging microscopy (FLIM).

The data presented in the results part shows that an activation of the Piezo 1 channel
caused by the application of Yoda 1, one of Piezo1 activators, leads to an increase of
intracellular Ca2t in two phases, which can be regulated by multiple factors. Measurements
of RBCs from people with spectrin mutation or thalassemia 3 mutation provide evidence
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that membrane and cytoskeletal structure may influence Piezo 1 channel function, causing
a different Yoda l-induced intracellular Ca?*t increase. PMCA show strong inhibitory
effects on the first phase of Yoda l-induced Ca2t increase. Cl~ conductance has a
positive influence on Yoda l-induced Ca2t entry and maintenance of high free Ca2t levels.
However, the pathway involved is still unknown. The Gardos channel not only induces K+
efflux and hyperpolarization in response to a Yoda l-induced Ca?™ increase, its opening
probability can also influence the Cay2.1 channel activity involved in Yoda 1-induced
Ca2t-entry. TRPV?2 is a non-selective cation channel recently discovered in RBCs. RBCs
show a heterogeneous response to activation of TRPV2 with an increase of free Ca2t
concentration. In marijuana consumers and sickle cell patients, after application of A9-
Tetrahydrocannabinol (A9-THC), a TRPV?2 activator, RBCs have a higher induced Ca2+
concentration, a higher number of responding RBCs, and even hyperpolarization. It is
indicating that these RBCs are more sensitive to A9-THC. Sickle RBCs have an enhanced
response to AY-THC in the deoxygenated condition. This suggests that oxidative stress
may alter the activity of the channels. In addition, the studies of patient RBCs also
suggest that the cell age may influence channel activity and sensitivity.

The analysis of FLIM images of X-Rhod-1-loaded RBCs with low or high intracellular
Ca2t shows different lifetimes with the lowest fluorescence signal originating in the
RBC itself. The number of fitted lifetime components is different between 1-photon
excitation and 2-photon excitation. The environment and the concentration of Hb in
RBCs can influence the lifetime components and the amplitude-averaged lifetime of X-
Rhod-1. Other factors such as excitation wavelength, acquisition time, use of CellTak and
CaZ*-ionophore Bromo-A23187 show no effect on the lifetime parameters of X-Rhod-1.
With the chosen measurement parameters, the normalized amplitude-average lifetime is a
promising parameter to be used to establish a calibration curve for Ca2+quantification.



Zusammenfassung

Blut ist ein wichtiges fliissiges Bindegewebe, das im menschlichen Kérper mehrere wichtige
Funktionen erfiillt. Die roten Blutzellen (Erythrozyten), die etwa 45% des Blutvolu-
mens ausmachen, sind fiir den Gasaustausch und den Nahrstofftransport verantwortlich.
Vollstandig ausgebildete Erythrozyten haben eine einzigartige bikonkave Form und sind
mit Hamoglobin (Hb) gefiillt, besitzen jedoch keinen Zellkern und keine Organellen.
Aufgrund dieser Struktur sind die Erythrozyten auf die Ionenregulierung als einen der
Schliisselfaktoren zur Steuerung des Zellverhaltens angewiesen. Der Ionentransport durch
die Erythrozytenmembranen erfolgt durch eine Kombination aus passiven Transporteren,
Kanalen und aktiven Pumpen.

Ca2t als universelles Signalmolekiil spielt in Erythrozyten eine wesentliche Rolle bei
der Regulierung der zellularen Aktivitdten. Aufgrund des groflen Gradienten tiber die
Membran kann bereits eine kleine Anzahl von Kanal6ffnungen zu akuten und signifikanten
Verinderungen der freien Ca2t-Konzentration fithren. Die Plasmamembran-Kalzium-
ATPase (engl. PMCA) ist einer der wichtigsten Faktoren fiir die Aufrechterhaltung
des Ca2t-Gradienten in Erythrozyten. Dariiber hinaus wurden in der Vergangenheit
mehrere Kanile als Quellen fiir den Ca2*-Eintritt in Erythrozyten identifiziert, darunter
Piezo 1, der Transient-Receptor-Potential-Vanilloid-Kanal Typ 2 (TRPV2) und Cay2.1-
Kanéle. Piezo 1-Kandle, die empfindlich auf mechanische Reize reagieren, helfen bei
der Regulierung des Volumens der Erythrozyten und tragen zur Verformbarkeit der
Erythrozyten bei. TRPV2 und Cay2.1 in Erythrozyten vermitteln zellulare Reaktionen auf
mechanische und thermische Belastungen und unterstiitzen so ihre Anpassungsfihigkeit
unter physiologischen und pathologischen Bedingungen. Wenn sich die intrazellulare
freie Ca2t-Konzentration dndert, kann dies verschiedene nachgeschaltete Signalwege zur
Regulierung des Zellverhaltens auslosen. So reguliert der Gardos-Kanal beispielsweise den
K*-Efflux als Reaktion auf den Ca2*-Spiegel und beeinflusst folglich auch das Zellvolumen
und die Zellform.

Um die Ca2t-abhéngigen Signalwege in Erythrozyten zu verstehen, ist es wichtig, die
Ca2t-Konzentration im Zellinnern unter verschiedenen Bedingungen zu quantifizieren.
Die derzeitigen Methoden, die auf der Fluoreszenzintensitiatsmessungen basieren, kénnen
jedoch nur eine Semiquantifizierung liefern, da die Messungen durch das Hdmoglobin stark
beeinflusst werden. Die Fluoreszenzlebensdauer ist eine der intrinsischen Eigenschaften von
Fluorophoren, die unabhéngig von deren Konzentration, anfanglichen Storungsbedingungen
und der Fluoreszenzintensitét ist. Die Eigenschaften der Fluoreszenzlebensdauer bieten
ein potentielles MaB zur Quantifizierung der Ca2t-Konzentration.

In dieser Studie werden die Methoden zur Untersuchung von Erythrozyten unter verschiede-
nen Versuchsbedingungen beschrieben. Blutproben unterschiedlichen Ursprungs, darunter
gesunde Personen, Marihuana-Raucher und Patienten mit bestimmten Krankheiten, wur-
den zur Isolierung der Erythrozyten aufbereitet. Die isolierten Erythrozyten wurden
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X Zusammenfassung

weiteren Schritten zur Kalziummessung anhand der Fluoreszenzintensitit unterzogen.
Immunfluoreszenz- und Western-Blot-Techniken wurden eingesetzt, um spezifische Pro-
teine in den Erythrozytenproben nachzuweisen und zu quantifizieren. Dartiber hinaus
wurden die mit Ca2t-Indikatoren beladenen Erythrozyten mittels Fluoreszenzlebensdauer-
Mikroskopie (engl. FLIM) abgebildet.

Die im folgenden Kapitel vorgestellten Daten zeigen, dass die Aktivierung des Piezo 1-
Kanals durch den Piezo 1-Aktivator Yoda 1 zu einem zweiphasigen intrazelluliren Ca2+-
Anstieg fithren kann, der durch mehrere Faktoren gesteuert werden kann. Untersuchungen
an Erythrozyten von Menschen mit einer Spektrin- oder einer Beta-Thalassamie-Mutation
liefern Beweise dafiir, dass die Membran- und Zytoskelettstruktur die Funktion des Kanals
Piezo 1 beeinflussen kann. Dies hat unterschiedliche Yoda I-induzierte intrazellulire Ca2+-
Anstiege zur Folge. Die PMCA zeigt starke hemmende Effekte auf die erste Phase des
Yoda 1-induzierten Ca2t-Anstiegs. Die Cl--Leitfahigkeit hat einen positiven Einfluss auf
den Yoda 1-induzierten Ca2t-Anstieg und die Aufrechterhaltung eines hohen freien Ca2t-
Spiegels. Der beteiligte Signalweg ist jedoch noch unbekannt. Der Gardos-Kanal induziert
nicht nur den KT-Efflux und die Hyperpolarisation als Reaktion auf den Yoda 1-induzierten
Ca2t-Anstieg, sondern seine Offnungswahrscheinlichkeit kann auch die Aktivierung des
Cay2.1-Kanals beeinflussen, der am Yoda 1-induzierten Ca2*-Anstieg beteiligt ist. TRPV2
ist ein kiirzlich in roten Blutzellen entdeckter nicht-selektiver Kationenkanal. Erythrozyten
zeigen eine heterogene Reaktion auf die Aktivierung von TRPV2 durch eine erhohte
freie Ca2t-Konzentration. Nach Zugabe von A9-Tetrahydrocannabinol (A9-THC), einem
TRPV2-Aktivator, wiesen die Erythrozyten von Marihuana-Konsumenten und Sichelzell-
patienten eine hohere induzierte Ca2t-Konzentration, eine hohere Anzahl reagierender
Erythrozyten und sogar eine Hyperpolarisation auf. Dies deutet darauf hin, dass diese
Erythrozyten empfindlicher auf A9-THC reagieren. AuBerdem reagieren sichelformigen
Erythrozyten im desoxygenierten Zustand verstiarkt auf A9-THC. Somit gibt es Hinweise,
dass oxidativer Stress die Aktivitidt der Kanéle verdndern kann. Dariiber hinaus legen
die Studien mit Erythrozyten von Patienten nahe, dass das Alter der Erythrozyten die
Aktivitat und Empfindlichkeit der Kanéle beeinflussen kann.

Die Analyse der FLIM-Bilder von mit X-Rhod-1 gefidrbten Erythrozyten mit niedrigem
oder hohem intrazellulirem Ca2t zeigt unterschiedliche Lebensdauern, wobei das Fluo-
reszenzsignal geringster Intensitat von den Erythrozyten selbst ausgeht. Die Anzahl der
per Regression angepasster Lebensdauerkomponenten ist zwischen 1-Photonen-Anregung
und 2-Photonen-Anregung unterschiedlich. Eine unzureichende Fokussierung wahrend
der Ablichtung kann die Auflésung der Anzahl der angepassten Lebenszeitkomponenten
beeinflussen. Auch die Umgebung und die Hb-Konzentration in den Erythrozyten kénnen
die Lebenszeitkomponenten und die amplitudengemittelte Lebensdauer von X-Rhod-1
beeinflussen. Andere Faktoren wie Anregungswellenléinge, Aufnahmezeit und die Ver-
wendung verschiedener Farbstoffe wie CellTak und Ca2*-Ionophor Bromo-A23187 haben
keinen Einfluss auf die Lebenszeitparameter von X-Rhod-1. Mit den im Zuge dieser Anal-
yse bestimmten Messparametern ist die normalisierte amplitudengemittelte Lebensdauer
ein vielversprechender Parameter, der zur Erstellung einer Kalibrierungskurve fir die
Ca2t-Quantifizierung verwendet werden kann.



1 Introduction

1.1 Overview of Blood

Blood is a liquid tissue in the body and has important functions such as transport, defence
and maintenance of homeostasis [1]. Primarily, it delivers oxygen, nutrients and hormones
to the body’s cells and removes carbon dioxide, cellular waste and by-products to target
organs for exhalation and excretion. In addition, it could protect the body against external
and internal threats through peripheral blood leukocytes, antibodies and immunoglobins.
It could also protect against blood loss by platelets and certain proteins. It participates in
homeostasis maintenance. It has a colloidal osmotic pressure of around 25 mmHg. The
average temperature is around 37°C and the pH is between 7.35 and 7.45. Blood consists
of liquid part, (i) plasma and cellular elements including (ii) erythrocytes, (iii) leukocytes
and (iv) platelets (Fig.1.1) [1,2].

> Plasma
- e ; Platelets
3 X J Buffy coat R o
Centrifugation Al A S, Q T . Leucooytes

@ ©
> Erythrocytes g ‘:‘:g% Erythrocytes
OAnOQ«

Fig. 1.1: Blood components and representative cell images from stained blood smear. The
whole blood after centrifugation could be divided into plasma, buffy coat (including leukocytes and
platelets) and erythrocytes. The representative cells are shown with an arrow. Image adapted from
Acharya et al. and Mondal et al. [3,4].

(i) Plasma is the liquid part of the blood, accounting for about 54% of the total blood.
It contains about water (90%), small and large molecular weight components, ions
and gases. It alone transports the blood cells throughout the body with several
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substances such as immunoglobulins, antibodies, clotting proteins, nutrients, mes-
senger molecules, gases, by-products and wastes. It also participates in maintaining
homeostasis such as body temperature, acid-base balance and osmotic pressure [2,5,6].

(ii) Erythrocytes, also known as red blood cells (RBCs), are the major cellular component
of blood (approximately 45%). It is the functional component of blood for the
transport of gases and nutrients. The unique biconcave shape, full of haemoglobin
and lack of nucleus allow these cells to perform the essential functions [7].

(iii) Leukocytes, also known as white blood cells (WBCs), come in a variety of sizes and
shapes with different functions and account for less than 1% of the total blood volume.
WBCs can be divided into granulocytes, which include neutrophils, eosinophils and
basophils, and agranulocytes, which include lymphocytes and monocytes. They play
a role in defence against pathogens by removing damaged cells, toxins and waste
products [8].

(iv) Platelets are also known as thrombocytes. They play an essential role in haemosta-
sis and thrombosis. They accumulate at the site of vascular injury, initiate the
coagulation cascade and form the fibrin plug to stop bleeding. They are also im-
portant players in a number of pathophysiological processes such as inflammation,
haematogenic metastasis and atherogenesis [9-11].

1.2 Erythrocytes (RBCs)

1.2.1 Physiology of RBCs

RBCs were first described by Jan Swammerdam in approximately 1660 and since then
there have been various investigations of RBCs [12,13]. The number of RBCs in a man is
approximately 4.5 - 6.3 million cells per microlitre of blood and in a woman 4.2 - 5.5 million
per microlitre of blood [8]. The main physiological role of the RBCs is to transport gases
(O2 and COg) between the lungs and tissues and also to maintain systematic acid-base
balance [7,8,14]. Mature RBCs have a specific shape of a biconcave disc with 2.6 ym at
the thickest part and 0.8 pm in the middle. The diameter of the cells is approximately
7.8um (Fig. 1.2 A) [8]. They are anucleate and lack of organelles but have a large amount
of hemoglobin (Hb) [7,8]. However, they lack organelles for the repair of the metabolic and
physical damage, such as membrane vesiculation, antioxidant defences, cellular homeostasis
and so on. After differentiation in the bone marrow and release into the peripheral blood,
RBCs in a normal individual can remain in circulation for approximately 120 days before
being removed by mononuclear phagocytes in the spleen, liver and bone marrow [8,15-18].

The unique biconcave shape of RBCs is ideal for enlarging the surface area to volume ratio
to increase the gas exchange efficiency [7,14,21]. The cell membrane plays an important
role in framing the shape which is composed of three parts: the phospholipid bilayer, the
cytoskeleton and membrane proteins (Fig. 1.2 B) [14,21]. The lipids bilayer is composed
of cholesterol and phospholipids [22]. Cholesterol is considered to be evenly distributed,
whereas the 4 main phospholipids are asymmetrically distributed. Sphingomyelin and
phosphatidylcholine are located in the outer layer while phosphatidylserine and phos-
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Fig. 1.2: RBCs shape and the structure of RBC membrane and cytoskeleton. (A) Biconcave
shape of RBCs in top view and sectional view. Image adapted from Sonker [19]. (B) The current theoretical
structure of RBC membrane and cytoskeleton with a few transmembrane proteins as representative. Image
adapted from Lux [20].

phatidylethanolamine form the inner layer [23,24]. The loss of the asymmetric distribution
of the phospholipids could cause the lipid in the inner side such as phosphatidylserine (PS)
to be exposed at the surface and cause the functional consequences. Lipid rafts involved
in cell signaling as well [25].

The major components of the cytoskeleton are several proteins, including o- and -spectrin,
actin, protein 4.1, adducin, tropomyosin and tropomodulin (Fig. 1.2 B) [20,26]. It is a
two-dimensional network based on five- or six-sided polygons formed by five or six spectrin
molecules attached to short actin filaments [26]. Other proteins either participate in the
formation of spectrin-actin complexes or assist in the attachment of the cytoskeleton to the
lipid bilayer [20,27]. Interactions between the lipid bilayer and the cytoskeletal proteins
are important in regulating the mechanical function and stability of the membrane [28-31].

There are also more than 50 transmembrane proteins, ranging in abundance from a few to
millions of copies per cell (Fig. 1.2 B). These proteins have diverse functional heterogeneity,
including transport, adhesion, receptors and other known or unknown functions [32-34].
Some proteins, such as the glycophorin family, are critical for membrane architecture
and the linkage between lipid bilayers and the cytoskeletal network [32,33]. Molecules
with receptor function are involved in signal transduction and some pathogenesis of
infectious diseases [35,36]. Proteins can act as transporters and channels, such as Band 3,
aquaproin 1, Rhesus factor associated glycoprotein etc., transferring biologically important
molecules in and out of cells, especially water-soluble molecules [37—41]. In addition,
there are a few proteins having enzyme function and participating in biosynthesis in
RBCs [32,42]. For example, Kell proteins can work as a zinc metalloprotease and be
involved in variety of physiological processes (pain, blood pressure, inflammatory responses,
etc) by hydrolyzing hormone or bioactive peptide substrates [43,44]. Human RBCs express
relatively large number of adhesion molecules in human although they are considered to
be non-adhesive. These adhesion molecules are activated during normal erythropoiesis or
during pathophysiologic processes [45,46]. Additionally, more than 30 of them can act as
antigens to define the blood groups [47-49].
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The structural organization of the membrane allows mature RBCs to have an excessive
surface area to volume ratio and high membrane elasticity, which enables the cell to respond
rapidly to fluid stress in the circulation with mechanical membrane stability [27,50,51]. Tt
also allows the RBCs membrane to remains intact and flexible as the cells face endogenous
and exogenous chemical and biochemical challenges [21]. The structural changes could
cause malfunction of RBCs leading to pathological conditions [52,53].

Hemoglobin (Hb) constitutes up to 95% of the protein content of mature RBCs [54]. It is
a tetramer consisting of two o-subunits and two 3-subunits [55]. Each subunit binds to
heam, which has a porphyrin ring with a central iron ion. The iron atom could form a
coordinate covalent bond with O9, the globin fold provides the environment of reversible
and selective binding [56-58]. The structure of hemoglobin allows each molecule to bind
up to four O9 molecules. As the number of O9 molecules bound increases, the structure of
hemoglobin changes, leading to an increase in O9 affinity. If only the last O molecule
binds and releases oxygen from hemoglobin, the system is deficient [59]. These properties
also make hemoglobin have a much higher Oy capacity than plasma and transport about
98% of the total Oy in the blood [60].

Although the majority of carbon dioxide CO2 in the blood is in the form of the bicarbonate
ions in and about 5% COs is dissolved in plasma. Hemoglobin can form carbamino
compounds and transport approximately 6% COs [61]. Interestingly, Bohr et al. found
that CO9 uptake is unaffected by the presence of Og, but O9 uptake is reduced when a
certain amount of CO9 is present [62]. Beside that, hemoglobin can buffer the hydrogen
ions and regulate in nitric oxide metabolism [63]. The normal structure of hemoglobin
and certain concentration can help mature red blood cells to maintain their shape and
volume [27,61].

Other ligands such as nitrite ion (NO2-), nitric oxide (NO), carbon monoxide (CO), cyanide
(CN7), sulphur monoxide (SO), sulphide (S27) could also bind to heme as competitive
inhibitors. They will greatly reduce the oxygen capacity and cause cellular hypoxia [64—69].
The abnormal hemoglobin structure could lead to abnormal oxygen binding affinity, altered
shape of RBCs and result in anemia as well as other pathological symptoms [70].

1.2.2 lon Regulation in RBCs
1.2.2.1 Generalities of lons

Electrolytes are substances that have the ability to conduct an electric current when they
dissolved in solution [71,72]. When the molecules have a net electrical charge, the term “ion”
is used to describe these molecules [71]. There are two types of ions, cations and anions.
Cations are positively charged ions and the anions are negatively charged ions [71,73].
Organisms contain a wide variety of ions. Ions play an essential role in basic life functions
from the cellular level to the organismal level [74]. For a single cell, ions participate in many
cellular activities including maintaining pH and osmotic homeostasis [75-77], maintaining
electrical neutrality [74], generating and conducting membrane potentials [78|, participating
in cell volume changes [79], regulating metabolism [80], signal transduction [81].
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Component Intracellular Concentration®* Extracellular Concentration™*
Cation

Nat 7.35+ 1.26 mmol /L [83] 140 + 2.38 mmol /L [84]

K+ 99.1 + 5.3 mmol /L [83] 4.6 + 0.5 mmol /L [85]

CaZt 19 + 9 pmol /L [86] 2.44 + 0.1 mmol /L [87]

Mg2+ 2.3 +0.17mmol /L [88] 0.78 £ 0.04 mmol /L [88]
Anion

Cl~ 67.9 + 4.9mmol/L [89] 103.7 £ 1.9 mmol /L [90]

* Intracellular concentration measured in RBCs from adults.
** Extracellular concentration measured in plasma or serum from adults.

Tab. 1.1: Measured intracellular and extracellular concentration of major cations and anions
in human.

RBCs, like other cells, have a non-equilibrium ion distribution across the cell membrane,
which is important for cell survival and function. The difference in concentration of
major ions between the intracellular cytosol and the extracellular environment is shown
in (Tab.1.1). In addition to the activities mentioned above, ions also have a significant
influence on the physiological function of the RBCs. For example, ions can alter the
affinity of haemoglobin for oxygen and the ability to transport oxygen [82]. Imbalances in
ion distribution can lead to cell dysfunction and even cell death [74].

1.2.2.2 Important lons

Sodium Cation (Na™)

Sodium (Na™T) is the most important extracellular cation. The concentration of Nat in
the extracellular fluid is approximately ten times higher than it in the cytosol (Tab. 1.1).
As an osmotically active ion, the NaT is responsible for maintaining the extracellular
volume and osmosis pressure in cells [74,91]. Na™ is also involved in several cell signaling
pathways and regulates cell functions. Intracellular fluctuations of Na™t influence several
membrane exchangers and trigger enzymatic and translational responses [92]. Cross-link
between Nat and other electrolytes is used to generate cytosolic ionic signals to regulate
cell function. For example, Na® and Ca2t are both important signaling molecules. Several
intracellular signaling pathways mediated by Na® and Ca2t have been shown to be closely
linked by a few pathways that generate Nat and Ca2t fluxes, which in turn are regulated
by both ions [93,94].

The activities Na® participates mentioned above may also occur in RBCs. Except that,
the NaT concentration across the RBCs membrane helps to maintain the resting membrane
potential [95]. It also has an impact on RBC hemostats [96]. Na™ also affects on hemoglobin
function. In 1937, Sidwell et al. mentioned the NaT could affect the hemoglobin-oxygen
equilibrium [97]. Later, Vig et al. and Davis et al. confirmed the influence of NaT on
oxygen binding with hemoglobin [98,99].

Unregulated Nat could lead to a change in the osmolality relative to the environment,
resulting in RBCs dehydration or overhydration. It will also affect RBCs activities.
Abnormal Na™ transport could be seen in several diseases’ states. Berkowitz et al.



6 1 Introduction

describe how deoxygenation could cause unidirectional passive influxes of Na™ in sickle
cells [100].

Potassium Cation (K1)

Unlike Na™, potassium (KT) is a major intracellular ion. The intracellular concentration
is much higher than in the extracellular part (Tab.1.1). In alliance with other ions (i.e.,
Nat and Cl7), it contributes to overall electrolyte balance of cells [96,101,102]. KT is
also really important in regulation of cellular electrolyte metabolism, electric signaling,
transport of nutrients, and enzymes functions [102].

As in other cells, due to the high intracellular concentration in RBCs (approximately
30 times higher than extracellular concentration) (Tab.1.1), KT can maintain the fluid
balance and osmolarity of RBCs. Changes in KT membrane permeability contribute to
repolarization and hyperpolarization of the cell membrane in RBCs [103]. The change in
cell membrane potential may cause voltage-gated channels to open, leading to a downstream
cascade reaction [104]. KT can also activate some enzymes to participate in metabolism,
membrane phosphorylation or other cellular activities [105]. It also helps to maintain the
RBC shape and the deformability [106]. In addition, an earlier study showed a small effect
of Kt chloride on hemoglobin-oxygen equilibrium [97].

The loss of K+ could lead to RBC dehydration, impaired deformability and programmed cell
death [107]. Abnormal K transport or imbalance has been observed in pathophysiological
conditions such as sickle cell disease [100].

Calcium Cation (Ca2t)

Intracellular calcium (Ca2t) exists in two states in cells. Most of the Ca2t is buffered
or bound by Ca2*t-binding proteins, phospholipids and inorganic phosphate and small
amount exists as free Ca2t [108]. Usually in cells, the intracellular Ca2* concentration is
much less then extracellular environment (Tab. 1.1).The gradient across the membrane
is essential for signaling. Opening of Ca2t-permeable channels can lead to more than
ten-fold changes in the free levels in the sub-membrane space, causing acute changes in the
activity of Ca2t-sensitive organic molecules and triggering downstream cascades, which
makes Ca2t as a universal and ubiquitous signaling molecule [108].

Total intracellular Ca?* in RBCs could reach 5.7 pM when basal free Ca2t is estimated
to be in the range of 30 to 60nM [109,110]. As in other cells, Ca2t in RBCs, is involved
in the regulation of cell cycle and fate, transport, metabolism and structural integrity,
motility and volume [108]. In RBCs, Ca2* can activate protein kinase Ca (PKCa) [111],
which can phosphorylate target membrane proteins to regulate the associated cellular
cytoskeleton [112,113]. Ca2t also forms complexes with other proteins such as calmodulin,
to stabilize cytoskeletal structure [114,115]. Ca?* can also modulate the membrane
lipid bilayer by regulating the bidirectional transmembrane movement of phospholipids
via scramblase [116-118] and flippase [119,120]. The Ca2t dependent cysteine protease
u-calpain (calpain-1) targets several transmembrane or membrane-associated proteins and
regulates cell shape, deformability and filterability [121]. Expect to regulate cell shape and
volume by modulating the cytoskeleton and membrane, Ca2t mediates cellular volume
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changes through Ca2?*-dependent channel activities. The first recognized channel was the
Gérdos channel, the Ca2t-dependent K+ channel [122-124]. Increased intracellular Ca2+
activates Gardos channel and leads to loss of KT, Cl~ and water, resulting in reduced cell
volume, also known as Gardos effect [125,126].

Ca2t is also essential for RBCs metabolism. The Ca2t-activated PKCa as mentioned
above can also regulate RBCs metabolism [127]. Several other proteins in cascades are
also affected by Ca2t [128-131]. The role of the calcium-calmodulin complex (Ca-CaM)
system in the regulation of glycolytic enzymes has been reported [132,133]. Ca-CaM
complexes are also involved in the redox state of RBCs. The complexes are co-activators
of endothelial NO synthase activity [134-137].

Ca2t also affects RBC function. It could alter the protonation of deoxyhemoglobin and
change the affinity of oxygen to hemoglobin to change the ability of RBCs to transport oxy-
gen [138]. In addition to modulating hemoglobin function, Ca2™ is involved in aggregation.
Besides acting as clotting factor IV to participate in the coagulation cascade [139], Ca2t
mediates aggregation of RBCs [140-143] and RBC adhesion to the endothelium [144-146].
Ca?* is not only essential for mature RBCs, but also for hematopoiesis [147,148] and RBC
clearance [149-151]. High intracellular Ca2t dysregulates cellular functions in the long
term. Ca2t overload leads to the formation of polymeric protein complexes and induces
cytoskeletal remodeling and associated changes in cell shape and membrane plasticity [152].
Elevated intracellular Ca2t levels are also implicated in several pathophysiological condi-
tions such as sickle cell disease (SCD) [153], B-thalassemia [154] and hereditary hemolytic
anaemia [110].

Some chemicals can act as ionophores for Ca2t. Ionophores are types of molecules
that could form complexes with target ions and transport them across the membrane
[155-159]. The use of Ca2t ionophores has been effective in increasing the intracellular
Ca2t concentration in in wvitro experiments. The most commonly used Ca2t ionophores
are Tonomycin [160] and calcimycin (A23187) [161,162]. Based on A23187, a halogenated
non-fluorescent analogue has been developed for use in combination with fluorescent probes,
named Bromo-A23187 [163].

Proton (HT)

Protons are important ions for basic biological process including pH homeostasis, synaptic
transmission, generation and conversion of energy, and protein ioization state in cells [164].
Thus, proton in both intracellular and extracellular are really important for organism. For
pH homeostasis of extracellular environment, especially plasma, RBCs are rally important
regulation factors. RBCs can regulate the acid-base balance in the plasma by two key
elements, hemoglobin and anion exchanger, including anion exchangers 1 (AE1), also
known as band 3 [165]. Band 3 is a Cl7/ HCO3 exchanger facilitated by cytoplasmic
carbonic anhydrase, an enzyme that catalyses the reversible hydration of carbon dioxide
(CO2+ H20 = HCO3 + H*). Band 3 activity could efficiently produce transport CO9 and
thus regulate plasma pH [166,167]. Meanwhile, hemoglobin acts as a proton buffer [168].

While the modulating role of RBCs in plasma pH has been studied extensively [169, 170],
the importance and function of intracellular proton dynamics in RBCs is gaining attention.
In 1909, the quantity of pH defined by Sérensen as the negative logarithm of the hydrogen
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ion activity [171]. Thus, the intracellular HT concentration also influences the intracellular
pH (pHj) regulation in RBCs. The resting pH; is about 7.25 [172-175] and pHi is tightly
regulated by multiple systems, including AEl-linked CO2/HCO3-dependent buffering
[166,167], hemoglobin buffering [168] and intrinsic (non-COg/HCO3-dependent) buffering
[176]. In the early 20th century, some studies showed that pH; could affect Hb-Oo
binding [62,177]. Besides affecting hemoglobin, intracellular pH could modulate various
cellular processes, including metabolism, membrane potentials, and ion transport [178,179].
The pH change could also regulate membrane excitability, signal transduction, cytoskeletal
dynamics and even apoptosis via pH-sensitive proteins [178,180, 181]. There are some
chemicals that can act as Ht ionophores, also known as protonophores, HT translocators
or uncouplers, which increase the proton conductivity of lipid membranes [182]. The
most commonly used protonophores include carbonyl cyanide m-chlorophenylhydrazone
(CCCP) [183] and 2,4-dinitrophenol [184].

Chloride Anion (CI7)

Chloride (Cl7) is one of the most essential anions in both extracellular environment
and cytosol. Similar to Na™, the concentration of Cl~ in extracellular is much higher
than cytosol. It is the major anion for neutralizing the positive charges of cations in
the extracellular fluid [185]. It is the most abundant electrolyte in plasma after Na™ to
regulate extracellular fluid volume [186], osmotic equilibrium, electrolyte balance [187],
and acid-base status [188]. It plays an essential role in cell functions and activities in
general. The intracellular C1~ could be involved in multiple cation transport via Cl™-cation
cotransporters [189]. The Cl~-dependent cation conductance is involved in several cell
activities, such as reducing impact of cell shrinkage [190]. Cl~ also acts as a signaling
effector or modulator to regulate cell volume [191] and intracellular pH [192]. It can also
act as second messenger to affect the activity of channels [193] and enzymes [194]. CI~
conductance contributes to the resting membrane potential of cells [195]. For RBCs, C1~
conductance is the main factor to determine resting membrane potential [78,196].

In addition to the general role of CI~ mentioned above, Cl~ is also important for RBCs
to transport oxygen and the COy capacity in cells and blood [188]. RBCs have a special
chloride movement based on a relatively higher intracellular chloride concentration than
other cells, called ’chloride shift’, which could move Cl~ from plasma to RBCs via the
bicarbonate chloride carrier protein band 3 in the RBCs membrane. It will restore the
equal Donnan ratio for CI~ and HCO3 and increase the carrying HCO3-capacity of the
blood. The internal Cl~ exchange could also reduce intracellular pCO9 to increase the
COq diffusion into RBCs [197,198]. Additionally, exchange affects intracellular pH which
could regulate the efficiency of oxygen-hemoglobin binding [199]. Nigen et al. found an
oxygen-linked binding site for chloride to hemoglobin suggesting allosteric effects of Cl~
to haemoglobin affinity for oxygen [200]. More recently, the study of chloride shift shows
that influxes of Cl~ are important for oxygen unloading [198].

Some pharmaceutical Cl~ blockers are available. For example, 2-(((3-(trifluoromethyl)
anilino) carbonyl) amino) benzoic acid, as known as NS1652, is one of the reversible C1~
transport blockers. A study showed the ICgq of NS1652 is about 1.3mM [201]. Another
compound N-[4-Bromo-2-(1H-tetrazol-5-yl-phenyl]-N’-[3-(trifluoromethyl) phenyl]-urea,
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also called NS3623, is a more long-lived member of the same class of compounds as NS1652.
NS3623 has a higher affinity than NS1652 [202].

1.2.2.3 lon Transportation Transportation

As mentioned in the generalities of ions in RBCs, there is an enormous gradient of ions
across the cell membrane. Initially, it was postulated that non-equilibrium distribution of
ions in RBCs is only possible if the cell membrane is impermeable to ions [203]. However, in
1923, van Slyke et al. showed RBCs have the high permeability to C1~ [170]. Later, several
studies showed that the RBC membrane is permeable to Na™ and KT [204,205]. Some
studies of ion permeation through pure lipid bilayers, as the hydrophobic interior, revealed
that lipid bilayers are high permeability barriers for ions [206,207]. High-throughput
physicochemical screening also demonstrates the low permeability coefficient of artificial
membranes for ions such as Na®™ and KT [208]. Thus, the permeability of the cell
membrane to ions is not controlled by the lipid bilayer, there are other means of ion
transport. After Krogh proposed of the existence of a Nat /K pump in the cell membrane
by in 1946 [209], systematic investigations of ion transport across the RBC membrane
started in 1950s [210,211].

Because the lipid bilayer of cell membrane is impermeable to ions, cells, including RBCs,
rely on transmembrane proteins to transport ions between cytosol and extracellular
environment [212,213]. After years of study, three main types of ion transport, passive
transport, active transport and semi-active transport, have been reported. Passive transport
transports ions following gradient [214]. In cells, ion passive transport needs channel
or simple carrier to participate [212,213]. Active transport is an energy-driven process
across the cell membrane with direct ATP contribution. It allows transport against ion
concentration or electrochemical gradient [215]. The proteins facilitated in active transport
called pumps [212,213]. The semi-active transport usually requires the participation of two
types of molecules. One is transported against the gradient and requires energy. Another
type of molecule is transported following the gradient and it provides the energy required
for the former molecule transport. The proteins participate in semi-active transport called
cotransporters [216].

Channels (Fig. 1.3 A), can form a hydrophilic pore in the cell membrane that allows passive
transmembrane movement [206]. According to the studies of Labara et al., there is a simple
model of channel opening. Each channel opens independently of one another. Typical
channels have a single open state and a single closed state. And the two conformations
of the channel (open or closed) possess different dipole moments normal to the plane of
the bilayer [217]. Some channels are gated, which means that some other factors can
control the opening of the channel. Over years, studies have shown that ion channels in
mammalian cells are regulated by many factors, including the signaling molecules [218,219],
temperature [220], membrane potential changes [221-223] or mechanic stress [224]. When
channels open, ions are allowed to diffuse through the channel following an electrochemical
gradient. Most channels are selective for particular ions. Selectivity can be determined by
hydration free energy [225], conformational flexibility, structural strain energy [226,227],
kinetic factors related to the multi-ion nature of the pore [228], conformational plasticity, as
well as the conductive and non-conductive form of the pore [229]. Selectivity is important
for multiple biological properties, including the excitability of biological membranes [229].
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Fig. 1.3: Different types of ion transport proteins. (A) Ion channel protein. When the channel
opens, it allows ions to move along a gradient. (B) Uniporter: it moves ions along a gradient with
conformational changes. (C) Symporte: it can move two ions in the same direction. One ion is moved
against the gradient and the other ion follows the gradient. (D) Antiporter: it could move two ions in
opposite directions. One ion is moved against the gradient and the other is moved with the gradient. (E)
Pump: it could move ions against a gradient with ATP consumption.

Proteins that has a moving part that moves ions back and forth across the membranes,
called transporter (Fig. 1.3 B-E) [206]. Some of transporters can only bind one molecule or
substrate at a time, which are called uniporters (Fig. 1.3 B) [216], or simple carriers. Simple
carriers would undergo a reorientation or conformational change during the transmembrane
movement of their substrate. These carriers exist in two conformational states: their
binding sites for substrate are exposed alternately on one and then the other side of the
membrane [230]. Typically, carriers move solutes following a concentration or electrical
gradient. No energy is required for this process. It is therefore a type of passive transport
[212]. Some of transporters could bind more than one type substrate or molecule during
the movement, called cotransporters. If the transporters can move two types of molecules
in the same direction, they are called symporters (Fig. 1.3 C). If the transporters move two
types of molecules in opposite directions, they are called countertransporters or antiporters
(Fig. 1.3 D) [212,231]. Cotransporters, can also be considered as secondary active transport
or semi-active transport, couple the free energy of the electrochemical potential or gradient
of one solute to the transmembrane movement of another and resulting in an uphill flux of
the latter [212,213,232]. Secondary active transport requires the simultaneous binding
of two or more substrates to the transporters to induce conformational change [230,233].
Different to carriers and cotransporters, ion pumps are pure energy-driven transporters,
which can transport ions against the gradient (Fig. 1.3 E) [234-237]. Pumps carry out active
transport in two main ways: ATP-driven pumps [233,238], and light-driven pumps [239].
However, the light-driven pumps are not common in mammalian cells [212]. ATP-driven
pumps directly hydrolyze ATP to drive uphill transport, also known as primary active
transport or direct active transport [240]. When primary active transport happens, the
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conformational changes of the pump occur when the substrate is bound. The ATP
consumption takes place during the transport cycle (Fig. 1.3E) [230].

The function of ion transport proteins can be regulated by multiple factors, including
temperature, membrane potential, number of the transport proteins, ion gradient and
molecular regulators. Specific molecules that can open channels, prolong their open state
duration, or increase the activity of transporters, are called activators [241,242]. Ligands
that can prevent channel opening or prevent substrate binding to transport proteins are
called inhibitors or blockers [243]. Based on the whether the inhibition is permanent,
inhibitors can be classified as irreversible and reversible inhibitors. Based on the binding
behavior of inhibitors, they can be classified as competitive and non-competitive inhibitors.
The former can block the substrate binding site and the latter can bind to the transport
protein at another site to stop the function [230,243]. Activators and inhibitors are
essential for studying of transport protein function.

In the following part, the most important ion channels in RBCs for mythesis and the
Ca2t-pump are briefly introduced.

Piezo1l Channel

The Piezo1 channel was first identified as a potential channel in the Neuro2A cell line by
the Patapoutian group in 2010. Coste et al. mechanically stimulated the model cell and
measured evoked currents. They also found that the currents were rapidly inactivated. They
identified the gene family with sequence similarity 38 A (Fam38A) as responsible for the
current [244]. The protein encoded by Fam38A consists of approximately 2500 amino acids
and contains numerous transmembrane regions (Fig. 1.4 A). According to several published
cryo-EM studies, the murine Piezo1 (mPiezo1) protein has a homotrimeric structure
resembling a three-bladed propeller-shaped configuration. This structure consists of a
central cap, three peripheral blade-like formations on the extracellular side, three elongated
beams on the intracellular side connecting the blades to the cap, and a transmembrane
region positioned between these components (Fig. 1.4 B) [245-249]. Since the activation
of the channel required pressure, the channel was named Piezo 1 by Coste et al. from
the Greek "meon" (piesi), meaning pressure [244]. Additionally , another gene Fam38B
was detected by a homology search and the channel encoded by this gene called Piezo
2 [244,250]. Only Piezo 1 chennel occurs in human RBCs with a few hundred copies per
cell [251,252].

The kinetics of the Piezo 1 channel can be effectively represented by a three-state model,
including open, closed, and inactivated states. Collectively, these states constitute a
critical mechanism for the functionality of the Piezo 1 channel [255]. Research suggests
that the Piezo 1 channel is directly regulated by bilayer tension, which can be modulated
by cytoskeletal proteins and connections to the environment (Fig. 1.4 C) [256-258]. Thus,
Piezo 1 channels can be activated by a variety of mechanical cues related to lipid bilayer
tension [259], including membrane stretching, cell indentation [244], fluid shear flow
[260, 261], osmotic stress [258], substrate stiffness [262], matrix roughness [263] and
environmental confinement [264]. In addition, Piezo 1 channels show rapid activation and
voltage-dependent inactivation [265]. When Piezo 1 channels open, their structure allows
cation-selective permeation. Thus, Piezo 1 channels are classified as non-selective cationic
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Fig. 1.4: Topological and structural illustration and mechanical activation model of Piezo 1.
(A) Structural model of mPiezo 1 protein. (B) Atomic model of mPiezo 1 channel structure in extracellular
view, side view and intracellular view. (C) Model of the lever-like mechanotransduction model of Piezo 1.
Image adapted from Fang et al. and Wang et al [253,254].

mechanosensitive channels [249]. Human Piezo 1 channels are permeable for monovalent
ions (such as alkali ions, KT, Nat, and CsT), divalent ions (Ba2t, CaZt, Mg2t, and
Mn21), and several organic cations (tetramethyl ammonium, tetraethyl ammonium), with
selectivity sequence of Ca2t> K*> Nat> Mg2t [244,266].

In anticipation of mechanical stimuli, several relevant proteins have been reported to
regulate Piezo channels, such as endoplasmic reticulum (ER) Ca2t pump sarco/ER Ca2t
ATPase (SERCA) [267], polycystin 2 [268], Stomatin-like protein 3 [269], trefoil factor
family 1 [270] and E-cadherin [271]. Through these proteins, Piezo could be involved in
multiple cellular dynamics [272]. In wvitro, there are also small peptides that can regulate
the function of piezo channels. A comprehensive compound screening investigation revealed
a small synthetic molecule known as Yodal (2-[5-[[(2,6-dichlorophenyl)methyl|thiol-1,3,4-
thiadiazol-2-yl]-pyrazine) as the first chemical activator for both human and mouse Piezo 1
channels. Mechanistically, Yodal acts as an agonist and affects the sensitivity and
inactivation kinetics of the mechanically induced responses of Piezol channels [273].
Through further investigation of the Yoda 1 analogue, a new modulator with a 4-benzoic
acid modification was found and named as Yoda2. It was found to have equivalent or
improved reliability, efficacy and potency compared to Yodal [274]. A spider venom
peptide named GsMTx4, which selectively inhibits cationic mechanosensitive channels [265],
is an antagonist that inhibits Piezo 1 channels [275]. The mechanism could be related to
the penetration of GsMTx4 upon membrane expansion, which leads to partial relaxation
of the outer monolayer of the plasma membrane and reduces the effective magnitude of
the stimulus acting on the mechano-gating of the Piezo channel [265,276].

In RBCs, Piezo1 channels are critical for maintaining RBC volume homeostasis and
deformability [277]. It has been proved to be involved in RBCs volume regulation via
downstream activation of Gardos channels [278]. Piezo 1 channels are also important for
shear-induced ATP release and shear-dependent nitric oxide production in RBCs, in order
to regulate microvascular tone and participate the in vascular pathophysiology [279,280].
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Recent studies have shown that Piezo 1 channels play an essential role in early erythropoiesis.
Piezo1 early expressed and activated in progenitor stages are important for both the
proliferation and the differentiation kinetics of erythroid cells [281]. In addition, Piezo 1 is
also involved in programmed RBC death by participating in iron metabolism [282,283].
Mutations in genes encoding Piezo 1 channels are responsible for several inherited human
diseases, including hereditary xerocytosis, myelodysplastic syndromes and congenital
lymphatic dysplasia [284,285].

Transient Receptor Potential Vanilloid Type 2 (TRPV2) Channel

The “transient receptor potential ” gene was first identified in Drosophila fly in 1989 [286].
Six years later, the first molecule of the mammalian transient receptor potential (TRP)
family was identified and its function was characterized [287,288]. After years of research,
an understanding of the molecular structure, the biophysical properties, functional role and
the pathophysiological impacts of 28 mammalian (27 human) members has been developed.
Transient receptor potential (TRP) cation channels have been extensively studied and
characterized as polymodal cell sensors [289-292]. Based on amino acid sequence identity
and similarity, the mammalian TRP channel superfamily is categorized into six subfamilies:
TRPV (vanilloid), TRPC (canonical), TRPA (ANKTM1), TRPP (polycystin), TRPM
(melastatin) and TRPML (mucolipin) [292-294].

Transient receptor potential vanilloid type 2 (TRPV2), is a calcium-permeable cation
channel belonging to the TRPV channel family. TRPV2 was identified in 1999 as vanilloid
receptor-like protein-1 (VRL-1), a molecule structurally related to vanilloid receptor
TRPV1 [295]. Similar to other members of the TRP superfamily, the TRPV2 protein has
six putative transmembrane spans (S1-S6) and a cation-permeable pore region between S5
and S6 (Fig. 1.5 A) [296]. TRPV2 proteins form a homo-tetramer and function as a cation
channel (Fig. 1.5 B), mediating cation currents with a permeability sequence of Ca2+>Mg2+
>Nat ~ Cst >K* [295]. This channel can be activated by heat (>52 °C). Thus, it has
been termed a thermosensitive TRP channels or Thermo-TRP [297,298]. Additionally,
numerous studies have indicated that TRPV2 channel is regulated by mechanical stress.
Muraki et al. showed that TRPV2 is involved in the elevation of intracellular calcium
concentration induced by membrane stretch [299].

In addition, TRPV2 can be regulated by various ligands. Cannabinoids are a broad class of
compounds derived from the plant Cannabis sativa. Qin et al. showed TRPV2 can be ac-
tivated by cannabinoids [301]. (-)-trans-A9%-tetrahydrocannabidol (AY-THC), cannabidiol
(CBD), cannabinol (CBN), and A%tetrahydrocannabivarin (A%-THCV) are well charac-
terized cannabinoids. In studies using HEK293 cells expressing TRPV2, the rank order of
potency is A-THC >CBD >A9-THCV >CBN [302]. However, cannabioids are not specific
to TRPV2 activation. In addition to the natural compounds, several pharmacological activa-
tors can be used for regulate TRPV2 channels, such as 2-aminoethoxydiphenyl borate [303],
diphenylborinic anhydride [304], probenecid [305], lysophosphatidylcholine [306]. However,
most of these activators lack specificity for TRPV2 channel and may even be species
dependent [304,307]. In contrast to the aforementioned activators, a few compounds can
inhibit TRPV2 channel opening, including ruthenium red [303,308], N-(2-Furanylmethyl)-3-
[[4-(methylpropylamino)-6-(triftuoromethyl)-2-pyrimidinyl]thio]propenamide (SET2) [246],
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Fig. 1.5: Topological and structural representation of TRPV2. (A) Linear model of the TRPV2
protein with the domain architecture delineated by different colors. (B) Atomic model of the TRPV2

channel structure in different views, with domains colored as in (A). Image adapted from Zubcevic et
al [300].

tranilast, lumin [306], linoleoyl ethanolamide and arachidonoyl ethanolamide [309] and 1-(3-
[3-(4-methoxyphenyl)propoxy|-4-methoxyphenethyl)-1H-imidazole hydrochloride (SKF96365)
[304]. Unfortunately, the majority of these inhibitors are not specific for TRPV2.

In 2021, Belkacemi et al. reported that TRPV2 channels are present in RBCs. It shows
that TRPV2 channels are involved in the regulation of osmotic fragility in RBCs [310]. It
is suggested that activated TRPV2 mediated Ca?t entry activates the Gardos channels
followed by KT loss and subsequent water loss, similar to Piezo 1 channel activation. If
this is the case, the RBCs should be dehydrated/shrunk after TRPV2 activation [311].
However, Belkacemi et al. found cell overhydration/swelling instead, which is similar
as previous investigation in 1979 (-detailed explanation seen section4.1) [310,312]. The
behavior of TRPV2 channels in RBCs is not yet fully understood. In addition, TRPV2
channel activators, CBD and THC, are used for medical purposes [313,314]. Altering the
hydration status of RBCs may lead to further vascular complications, which also requires
a deeper understanding of the function of TRPV2 channels in RBCs.

Gardos Channel

In 1958, the Hungarian physiologist Gyorgy Géardos reported CaZt-dependent K™ loss from
RBCs and the pathway was named the “Géardos pathway” [122]. The “Géardos pathway”
is now known to be mediated by an intermediate conductance Ca2t-activated potassium
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channel and named the Gardos channel. This channel also known as KCNN4, IKCa, SK4,
Kc,3.1 [315,316]. The KCNN4 gene encoding was discovered and mapped in 1998 and the
channel encoded by KCNN/ was identified as Gardos channel in 2003 [123,124,317]. Later,
cloning and functional expression of experiments showed that the channel is a tetrameric
protein. Each subunit has six transmembrane segments, S1-S6, with a pore motif between
segment S5 and S6 (Fig. 1.6 A) [316,318,319]. Functional studies show that the Gardos
channel displays a small unitary conductance and gated only influx of Ca?*. When the
Gérdos channel activated, it could cause the KT-eflux and concomitant water efflux leads
to cell volume reduction. Although channel activation is linked to Ca2t concentration,
the Géardos channel itself does not directly bind Ca2*. The Gardos channel gains CaZ™
sensitivity through calmodulin (CAM), which remains constitutively bound (via its C-
lobe) to a domain in the membrane-proximal region of the intracellular C-terminus of
the channel, thus acting as the channel’s Ca* sensor (Fig. 1.6 B,C). Binding of Ca2* to
CAM leads to conformational changes in CAM, resulting in opening of the channel [320].
Weak activation was observed with Pb2+, Cd2t, Ba2t, and Sr2*, whereas Mg2t acted
as an antagonist. Subsequent studies revealed that Ca2t enhances K+ permeability by
increasing the frequency of channel openings rather than their open time [321].

Several studies have shown that gardos Gardos channel activity is regulated by multiple
cell signalling pathways. cAMP-activated protein kinase A (PKA) could modulate CAM
binding affinity by regulating Gardos channel phosphorylation [322]. Intracellular ATP
could also positively modulate Gardos channel. The region 355-368 at the C-terminal
and multibasic 15RKR17 motif in the N-terminal region are both involved. Later, the
ATP-binding region in the C terminal was found to be able to bind activated nucleoside
diphosphate kinase B to increase the activity of the channel [323]. Interestingly, binding
to phosphoinositol-3-phosphate, a membrane phospholipid continuously produced by the
activity of phosphoinositide 3-kinases, is important for Gardos channel activation. This ac-
tivation could be downregulated by myotubularin-related protein 6 [324]. 5’AMP-activated
protein kinase (AMPK) could inhibit Gardos channel activity via AMPK activation. The
AMPKYy subunit can interact with a leucine zipper domain in the C-terminal region of the
Gérdos channel but how this interaction influences the Gardos channel activation is not
clear yet [325]. Dephosphorylation of H358 results in Gardos channel inhibition, which is
operated by the binding of histidine phosphatase [326].

In addition to the internal modulator of Gardos channel, there are several pharmacol-
ogy regulators of the Garods channel available. For Gardos channel activators, the
1-ethylbenzimidazolinone (1-EBIO) activates the channel, while the related molecule
derivative of 1-EBIO exhibits ten-fold higher potency [327,328]. Two more potent ac-
tivators are the oxime NS309 and the benzothiazole SKA-31, with EC5q approximately
250nM [329,330]. Nitrendipine may act as blocker by direct blockage of KT flux through
the Gardos channel [331]. The peptidic toxins charybdotoxin (ChTx) and maurotoxin
are high-affinity inhibitors of Gardos channel [332-335]. Halothane has also been shown
to inhibit the Gardos channel in intact RBCs, but the mechanism is still poorly under-
stood yet [336]. Small synthetic molecules have also been developed, mostly based on
the clotrimazole template [337], the classical Gardos blocker. The most widely used
Tram-34 (1-((2-chlorophenyl)diphenylmethyl)-1H-pyrazole) inhibits Gardos with an 1Csq
approximately 20 nM, and displays high selectivity over the other K¢, channels [338].
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According to the previous studies, the number of Gardos channels in RBCs is believed to
be very low (on average, 2.6 channels per cell) [335,339]. Even with low copy number,
the Gardos channel is still able to play an important role in regulation of cell death and
volume homeostasis in RBCs [340]. Mutation of Gardos channel could lead to diseases,
such as Gardos Channelopathy [341-344]
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Fig. 1.6: Topological and structural representation of Gardos channel. (A) Schematic representa-
tion of the Gérdos channel subunit. (B) Cryo-EM structure of the Ca?t-free Gérdos channel complex
in side view. (C) Cryo-EM structure of the Ca?T-free Gardos channel complex in extracellular and
intracellular views. Images adapted from Nam et al. and Lee and Mackinnon [345, 346].

Cay2.1 Channel

The study of the voltage-gated calcium channel (VGCC) family started in 1953 when
the first member was identified [347]. After 20 years, Hagiwara provided evidence that
there was more than one type of calcium channel [348]. About ten years later, studies
classified two current components in mammalian sensory neurons according to their
biophysical properties and described these components as low- and high-voltage-activated
channels. The studies also showed that the underlying individual channels had different
conductance [349,350]. Currently, six classes of VGCCs have been identified on the
basis of membrane voltage activation, sensitivity to pharmacological antagonists and rate
of inactivation, including transient (T)-type, long-lasting (L)-type, non-L. and neuronal
(N)-type, Purkinje (P)-type, Q-type and residual (R)-type channels [351-353]. Molecule



1.2 Erythrocytes (RBCs) 17

Domain | Domain i Domain I

Fig. 1.7: Structure of a voltage-gated calcium channel. (A) Topology of the pore-forming Cayal
subunit. The Cayal intracellular loops are drawn to scale according to the human Cay1.2 sequence. (B)
Cartoon representation of a Cay2 channel. The four homologous transmembrane domains of Cayal are
indicated. Cay{ is shown in dark blue. The membrane-associated Cay026 subunit is shown in orange and
green. Image adapted from Findeisen and Minor [361].

studies have identified five channel components in this family, which were termed ol, o2,
B, 6 and vy [354,355]. Based on the differences in ol subunits, these channels are divided
into three structurally and functionally related families (Cay1, Cay2, and Cay3) [356,357].
According to structural studies, VGCCs have a fourfold symmetrical structure (Fig. 1.7 B).
The pore-forming subunit ol in each unit consists of six transmembrane o helices (S1-S6)
(Fig.1.7A,B) and a membrane-associated loop located between S5 and S6. The S4
segments within each homologous domain function as voltage sensors for activation and
undergo outward movement and rotation in response to the electric field, thus initiating
a conformational shift that leads to pore opening. The S5 and S6 segments and the
membrane-associated pore loop between them form the pore lining of the voltage-gated ion
channels. The narrow external end of the pore is lined by the pore loop, which contains a
pair of glutamate residues in each domain that are required for Ca2+ selectivity [358-360].

Cay2.1, a member of VGCC, is also called P/Q type voltage-gated calcium channel. It is
one of the high-voltage-gated calcium channels. The channel is encoded by the CACNA1A
gene. It has alA to form the ion-conducting pore, with 3 and 28 as accessory subunits to
modulate channel kinetics and expression level [362]. Studies have shown that Cay2.1 can
conduct a P-type CaZt current and a Q-type Cat current [353,363]. The current could
be inactivated by a voltage- or Ca2*- mediated mechanism, or by a combination of the two
[364]. In addition to changes in membrane potential and Ca2*, other signaling molecules
could also modulate Cay2.1 activation. There is evidence that P/Q-type currents may be
regulated by multiple G protein-coupled pathways [365]. The soluble N-ethylmaleimide-
sensitive-factor attachment protein receptor (SNARE) protein could also regulate the
Cay2.1 channel. Coexpression of the plasma membrane SNARE proteins syntaxin or
SNAP-25 with Cay2.1 channel reduces the level of channel expression and inhibits Ca2+
channel activity by shifting the voltage dependence of steady-state inactivation during
long depolarizing prepulses towards more negative membrane potentials [366,367]. In
addition, CaM or Ca2t-related binding protein has been proven to regulate Cay2.1 by
protein interaction [368-371]. Pharmaceutical regulators of Cay2.1 are also available,
including peptide toxins and small molecular weight blockers [362]. Most of compounds
are non-selective expect two peptide toxins. w-agatoxin IVA and w-agatoxin IVB, venoms
from the American funnel-web spider Agelenopsis aperta, share the same specificity and
affinity with different kinetics [372-376].
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Most studies of Cay2.1 channel function have been performed in other cell types, particularly
neurons and cardiac cells [377]. In 2002, Andrews et al confirmed the presence of a -
agatoxin-IVA—sensitive, Cay2.1-like calcium channel exists in the mature erythrocyte RBC
membrane [128]. The hypothesis that the Cay2.1 channel participates in multiple Ca2+-
triggered cellular functions such as programed cell death, deformation, and aging has often
been mentioned, but further investigation is needed [378-381].

Plasma-membrane Ca2t™ ATPase

The Plasma-membrane Ca2t ATPase (PMCA) belongs to the family of P-type ATPases.
PMCA is encoded by four different genes, PMCA1-4, giving rise to four isoforms of the
pump, PMCA1-4 [382-384]. It was discovered in RBCs in 1966 by Schatzmann [385].
Later with successful purification and cloning, the primary structure of PMCA was
reported [386-388]. Based on the structure of sarcoendoplasmic reticulum calcium ATPase
(SERCA1la), the first structure-determined P-type ATPase, the predicted structure of
PMCA was made. PMCA consists of 10 transmembrane domains, two large intracellular
loops, and of amino- and carboxy-terminal cytoplasmic tails (Fig. 1.8 A,B) [389]. The
first cytosolic loop between transmembrane domains two and three is considered as the
“transducer domain”. It contains one of the two sites that mediate the activation by
acidic phospholipids and one of the two sites for the autoinhibitory interaction with
the calmodulin binding domain (Fig. 1.8 A) [390,391]. The cytosolic loop connecting
transmembrane domains four and five contains the ATP-binding site. The carboxy-
terminal tail contains the main regulatory sites for the activity of the pump including:
consensus sites for protein kinases A (PKA), and C (PKC) and high affinity allosteric Ca2+
binding sites (Fig. 1.8 A). Thus, PKA, PKC, Ca2t and ATP could modulate the function
of PMCA [390,392,393]. In addition, calmodulin could bind both the carboxy-terminal
tail and the cytosolic loop to regulate the PMCA activation [394,395]. Some evidence also
showed that the PMCA dimerization mediated by the calmodulin-binding domain could
activate the pump [396,397].

PMCA has a high affinity but low capacity for Ca2t transport [400]. The stoichiometry
of PMCA is one Ca?T transported for each ATP hydrolyzed. These pumps probably
do not carry out bulk movements of Ca?t but are most effective in maintaining very

Fig. 1.8: The structure of PMCA. (A) Schematic topological model of PMCA. (B) Atomic model of
the PMCA structure. Images taken from Krebs and Boczek et al [398,399].
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low concentrations of cytosolic Ca?t in resting cells [400-403]. Acidic phospholipids
can increase the Ca2t affinity of the pump [404]. The current kinetic model for the
PMCA proposes that the enzyme exists in three major conformations, E1, E* and E2
(Fig. 1.9) [405,406]. E1 has a high affinity for Ca?t and is readily binds ATP to form
E1ATP [407-409]. When EIATP binds to intracellular Ca*, it could be phosphorylated
by ATP with formation of the intermediate E1P(Ca) [406,408]. The E1P(Ca) could again
bind to ATP and change to the conformation E¥*P(Ca)ATP, followed by a conformational
change to E2P(Ca)ATP [406]. The E2 conformation has low Ca2t affinity and can be
dephosphorylated [406,410]. The E2P(Ca)ATP would disassociated with Ca2t and Pi
and transition to E2ATP [405,406,411]. In its resting state, PMCA is predominantly in
equilibrium as two intermediates, ETATP and E2ATP [406]. Upon the signal of Ca?T or
calmodulin-Ca2t signal, cation transport is initiated by ATP hydrolysis [409,412]. Under
physiological conditions, characterized by a sufficiently high concentration of ATP and a
large ATP/ADP ratio, the modulatory site becomes saturated with ATP [406,407,412].
This saturation allows the E2 state to bypass the E1Ca conformation and transition
directly to the EIATPCa (Fig. 1.9) [405-407,413)]

Ca2+
E,ATP <_;—> E,ATP-Ca
ADP
ATP
Fig. 1.9: Scheme of the PMCA functional reaction cycle. Image
taken from Mangialavori et al [406]. E,ATP E,P(Ca)ATP

J ]

E,PATP-Ca S—— E*P(Ca)ATP

There is no pharmacological inhibitor with high selectivity for the PMCA. La3t is
an inhibitor of PMCA activity [414]. Eosin may also act as a semi-selective PMCA
blocker [415]. Recently, a bis-phenolic compound derived from the Australian native plant
Grevillea striata, was found to be able to inhibit the PMCA [416]. Studies also showed
vanadate can inhibit PMCA function, but it also shows a potent inhibition of many other
phosphoenzymes [417-419]

In addition to their basic function as Ca2t housekeeping enzymes, PMCAs may also
work as a signaling molecule itself [390]. Abnormal PMCA could cause excessive levels of
intracellular Ca2t in RBCs, which could lead to cell death and PMCA defects have been
described in different diseases, such as chronic kidney disease, hypertension [420-423].

1.2.2.4 Membrane Potential of RBCs

Cell membrane acts functional as a biophysical barrier and the ionic composition of the
cytosol and extracellular fluid is very different in cells. This could lead to charge differences
between the two sides of the membrane. Previous investigations showed that the difference
is caused by three factors: (1) the intrinsic selective permeability of the membrane to
ions and charged molecules present in both the cytoplasm and the extracellular space; (2)
charged molecules incorporated into the plasma membrane (found in both the inner and
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outer leaflets of the bilayer); and (3) osmotic equilibrium [210,424-426]. The difference in
electrical charge between two sites separated by membrane could result in voltage gradients
across the membrane and generate ionic currents via ion channels. The term is used to
describe the differences in electrical potential across the membrane is the transmembrane
potential () [427]. There are two terms used to describe transmembrane potential
changing. One is hyperpolarization, and the other is depolarization. Hyperpolarization
is used to describe the transmembrane potential of a cell becoming more negative. It is
often caused by efflux of KT or influx of C1=. Conversely, depolarization means that the
transmembrane potential becomes less negative or even positive. Influx of cations, most
of the time Na™ could lead to depolarization. Activation and inhibition of ion channels
and pumps could generate local change in the resting membrane potential, resulting in an
electrical signal in cells [196,428-431].

The transmembrane potential has two main functions in cell behavior and signaling. First,
it could provide the energy to drive a variety of transmembrane transport. Second, it could
transmit signals between different regions [429,432,433]. Molecule transport and signaling
regulated by ¢ may be involved in a variety of cellular activities. The plasma membrane
potential variation (A¢) has been linked to multiple cellular processes in different cell
types, including RBCs [196]. The standard expression for membrane potential (Vm) is
given by the Goldman-Hodgkin-Katz equation (Eq.1.1):

Vi — E n<PNa+ [Na+]out + PKJF [K+]out + Pca2+ [Ca2+]out + PC]* [Cl_]in
F Pra+ Nat iy + Pyt [KT Jin + Pga+ [Ca?F iy + Py [Cl Jous

) (L)

where [X]oyu and [X]i, are the extracellular and intracellular concentrations of the relevant
ions. Px are the permeability coefficients of the relevant ions. R and F are the gas and
Faraday constants, and T is the temperature [434]. In normal condition, representative
ions in cells contributed to membrane potential are Nat, KT, Ca2*t and Cl-, which are
used in (Eq. 1.1) as representation. In RBCs, the permeability of Cl~ is much higher than
other ions, the earliest studies of Al were based on calculating the equilibrium A¢ by the
chloride concentration ratio in ideal conditions (Eq. 1.2):

_ RT ([Cl_])in
8= e o

zF
In this equation, A is the potential (V), R is the gas constant (J mol~! K=1), T is the
absolute temperature (°K), z is the ionic valence, F is the Faraday constant (C mol~1)
and [Cl™|oyt and [Cl7];, are the extracellular and intracellular C1~ concentrations. This
equation requires at least two primary conditions to be correct: (1) a passive bidirectional
chloride flux and (2) the activity coefficients for chloride ions being equal in the two
phases [78,435,436]. In addition, the unequilibrium of any other ions through transport or
coupling with other compounds would introduce an error to the calculation [196]. Tosteson
demonstrated the high membrane permeability for Cl~ in RBCs and it fulfilled the primary
condition (1). However,because of anionic hemoglobin in RBCs, the coefficient for water
and solutes, including Cl~ has different values on either side of the membrane due to
the Donnan effect [437-439]. Thus, estimation of A{ is impossible by solely from CI~

) (1.2)
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concentration as the calculation mentioned above (Eq. 1.2). The upgraded method was
used to determine A by measuring the activity distribution of the dominant permeable
ions in a steady cell. In RBCs, the dominant ion is CI~ [78]. With measured distribution
of the activity of C1™ at equilibrium, the A can be calculated with equation following
(Eq. 1.3) [196]:

A&P _ Eln( (aC1‘)in

zZF - (ag-out (1:3)

where a- is Cl™ activity in RBCs, which is based on Cl~ activity coeffeicent (yy-) and
CI~ concentration (Cy-) as following (Eq. 1.4) [440] :

ac- = Yer- X Cor- (1.4)

The Cl™ activity is easily influenced by other factors, such as the exact volume in which
these milliequivalents are found, and the extracellular water that forms part of the pellet,
among others. These factors are usually measured or assumed, introducing errors into final
calculation of A [196,441]. In addition, to determine the accurate activity of Cl~, nuclear
magnetic resonance or fluorinated probes or other advanced but complicated methods need
to be applied. These factors makes determining membrane potential by Cl~ is difficult. In
1978, Macey et al. proposed to use the HT distribution instead of Cl~ with HT ionophore
(CCCP) help and developed the equation as follows [442]:

aH+
AP = Eln—Out (1.5)
F ang
RT
Ad = 2'303?(pHin - pHout) (1.6)
Vm = 61.5mV x (pHi, — pHout) (1.7)

In this method, the HT ionophore bring the HT activity coefficient to ideal condition [442].

According to the theory mentioned above, the microeletrode method can be used to deter-
mine A¢ in RBCs in a direct and apparently accurate manner in single cells by measuring
and calculating different ion distributions [438,443]. With the development of probes,
voltage-sensitive dyes or potentiometric probes are available for optical measurement of
A [444-447]. Based on the response speed, the probe can used for detect possible transient
changes in microsecond or average membrane potential with additional calibration by an
independent measurement of Al [448-451]. The measurements performed with different
methods showed that RBCs, as non-excitable cells, maintain a relatively constant resting
membrane potential around —10mV [95,452].
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1.2.2.5 RBC Morphology

Overview of RBC Morphology

Because mature RBCs lack nuclei and organelles, their size, shape, volume, structure or
color are easier to be changed with internal or external factors [453,454]. As mentioned in
previous section 1.2.1, healthy mature RBCs in stasis have biconcave disc shape. Under
physiological and experimental conditions with changes in external factors, such as changes
in osmolarity amphipaths, extracellular ionic strength or pH, the transformation of RBCs
has been described as the stomatocyte - discocyte - echinocyte (SDE) sequence [455-457].
In diseases, additional morphological abnormalities of RBCs appear, such as sickle cells
in sickle cell disease, keratocytes in thalassemia, spherocytes in hereditary spherocytosis
and acanthocytes in neuro-acanthocytosis disease [137,457-459]. Thus, the morphology
of RBCs is used to monitor the functioning of many organs to assess the general health
condition and the physiological progress of their body. The morphology can be used as
laboratory hematologic diagnosis parameter to understand clinical diseases and pathological
processes [453,458,460,461]. The investigation of RBC morphology for the clinical diagnosis
relies on the visual examination of blood smears under microscope [457]. Some types of
normal and abnormal RBCs are shown in Figure 1.10.

Stomatocyte - discocyte - echinocyte (SDE) Sequence

Overview of SDE Sequence

Many physical and chemical conditions can transform normal biconcave RBC into stoma-
tocytes or echinocytes [463-465]. These shape changes are reversible to the stage where
sphero-stomatocyte and sphero-echinocyte become smooth spheres when small interior
buds and vesicles are pinched off from the RBC surface [456,457,466]. These reversible
RBC shape changes from biconcave shape to-and-from stomatocyte and echinocyte shapes
are widely known as SDE shape transformations [456,457,467]. SDE shape transformations
have a universal nature for the resultant shape and do not depend on the engaged shape-
transforming agent [456,457,463]. The SDE transformation can be explained through the
bilayer-couple hypothesis, and any change in relaxed area-difference between bilayer-leaflets
is the necessary and sufficient factor for shape changes [456,457,468].
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Fig. 1.10: Example 3D images of RBCs morphology. (A) Example of SDE shapes. (B) Example of
abnormal RBCs shapes. Images adapted from Simionato et al. and Karandeniya et al [457,462].
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Echinocytes

Echinocytes is a type of RBCs that has a membrane charactered with many small, evenly
spaced thorny projections (Fig.1.10A) [123]. The cause of echinocytes usually is a
change in the extracellular environment. Echinocytes shapes can be further categorized
into subclasses I, II, III and IV considering different stages of concavity and crenation.
Echinocyte 1 is a disc with several undulations around its rim. Echinocyte II is a flattened
elliptical body with rounded spicules distributed more or less uniformly over its surface.
Echinocyte III is an ovoid or spherical body with sharper and more numerous (30-50)
spicules distributed evenly over its surface. Echinocyte IV (sphero-echinocyte) is a sphere
with small sharp projections still attached to its surface (Fig. 1.10 A) [456,462,465,469].
In wvitro, echinocytes can be produced by anionic amphipaths, high salt, high pH, ATP
depletion, cholesterol enrichment [463,464]. They could also be found after incubation
in high calcium medium, or medium with reduced albumin, exposure to glass as well as
in prolonged storage blood [470]. In addition to these factors, diseases can also lead to
echinocyte formation, such as burns, uremia, malnutrition, pyruvate kinase deficiency,
hypomagnesemia, hypophosphatemia, hemodialysis [471], parenteral fish oil [472], end-stage
renal disease [470,473,474], liver diseases [475], vitamin E deficiency [476].

Stomatocyte

Stomatocytes are derived from genetic defects in membrane proteins that result in "leaki-
ness' of cations and fluid [477,478]. The cells appear cup-shaped with a central pallor in
the form of a slit, sometimes referred to as a "fish mouth" (Fig. 1.10 A) [479]. In certain
physiological and experimental conditions, such as cationic amphipaths, non-penetrating
anions low salt, low pH and cholesterol depletion can transform normal biconcave RBC into
stomatocytes [463,464,480,481], which belongs to SDE sequence. Similar as echinocytes,
stomatocyte shapes can also be categorized into four subclasses. Stomatocyte I is a cup
shape with a shallow circular invagination. Stomatocyte II is a cup shape with a deeper
invagination, still at least approximately circular. Stomatocyte III is a cup shape with a
deep invagination, often elongated into a mouth-like slit and sometimes accompanied by
other pit-like invaginations. Stomatocyte IV (sphero-stomatocyte) is a spherical shape
with small interior buds still attached to the membrane (Fig.1.10 A) [441,456,465].

However,the term was initially coined to characterize the morphology of certain cells
observed in a rare type of hemolytic anemia known as hereditary stomatocytosis [482].
The hereditary variant of stomatocytosis typically follows an autosomal dominant pattern
of inheritance. Additionally, stomatocytes are often found in individuals with south-east
Asian ovalocytosis. Notably, they have been reported to be especially prevalent in the blood
films of Australians of Mediterranean descent [483,484]. The basic defect in stomatocytosis
is believed to be a dysregulation of fluid and cation movement into the cells. Piezo I
encodes a transmembrane protein that is thought to establish "mechanosensitive currents"
across the RBCs membrane [341,485]. Piezo1 mediates Ca?t movement and acts as
a primary regulator of volume [477]. Variations in the red blood cells presentation are
explained by differences in prevalence of Piezo I gene mutations [478]. Stomatocytes
were also identified in acquired conditions, where they occasionally become prominent.
They have been observed in liver disease, alcoholism [486], myelodysplastic syndromes,
obstructive lung disease [480]
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Pathological RBCs

Sickle Cell

Sickle cell disease (SCD) is an autosomal recessive genetic disorder [487]. SCD is a term for
all mutations in the $-globin gene that results in the same clinical syndrome of abnormal
sickling of red blood cells, altered blood rheology, and subsequent tissue damage [488,489).
Mutation of the (-globin gene results in the replacement of a hydrophilic glutamic acid
(Glu) residue with a hydrophobic valine (Val) residue at the sixth position in the -globin
chain, resulting in a mutant hemoglobin tetramer HbS [490,491]. Under certain conditions,
such as low oxygen tension or dehydration, HbS crystallises to form long, rigid crystals
within the red blood cells [488,490]. Crystallization of HbS results in the deformation
of red blood cells into a sickle shape (Fig.1.10B). Sickled red blood cells are rigid, less
deformable, and prone to hemolysis. These cells cannot flow smoothly through blood
vessels, that might lead to vaso-occlusion and tissue ischemia [488,492].

Thalassemia

Thalassemia defines a complex of various hereditary disorders of haemoglobin with im-
paired synthesis of the hemoglobin protein components [493]. These disorders have two
features: a mutation interferes with amount of hemoglobin produced (thalassemias) and
the production of a variant protein due to a structural change in the hemoglobin molecule
(hemoglobinopathies) [494]. Depending on which globin chain of the hemoglobin molecule is
inadequately produced, thalassemias can be divided into various categories, including a-, 3-,
Y-, 0-, of3-, and eyof-thalassaemias [493-495]. The reduced production of one of the globin
chains could lead to an accumulation of the normally produced chains due to the failure
to find the equivalent amount heterologous partner to assemble into the normal heterote-
tramer [496-498]. The excess unpaired and insoluble o-globin chains will cause apoptosis
of red cell precursors, resulting in ineffective erythropoiesis. If the excess unpaired and
insoluble globin chains are non-o-globin chains, the irregular tetramers are formed. These
tetramers have high oxygen affinity to be poor oxygen carriers [494,497,499,500]. Both
insoluble a-globin chains and irregular tetramers can precipitate to the RBCs membrane
surface causing oxidative damage, altered deformability and hemolysis. The membrane
defect makes these RBCs easily trapped by the spleen and destroyed by macrophages. In
addition, some of the immature RBCs can enter the circulation. Those immature RBCs
are fragile and prone to hemolysis due to their membrane defect. Ineffective erythropoiesis,
removal of abnormal RBCs by the spleen and hemolysis all contribute to an anemia of vari-
able severity [494,495]. Thalassemia patients have many abnormal RBC shapes in blood
smear, including stomatocytes (Fig.1.10 A), keratocytes (Fig.1.10B), and schizocytes
(fragments of red blood cells) [501,502].
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1.3 Fluorescence

1.3.1 Overview of Fluorescence

The study of light began around eighth century B.C [503]. However, the understanding of
light is still considered the least certain [503]. Luminescence is one subfield of light research.
The term "luminescence" originates from the Latin root "lumen," meaning light. It was
first introduced as "luminescenz” by the German physicist and science historian Eilhard
Wiedemann in 1888 for all phenomena of light. Unlike incandescence, luminescence does
not depend on temperature rise [504]. With further studies on luminescence, the modern
definition has been changed to “a spontaneous emission of radiation from an electronically
excited (or vibrationally excited) species that is not in thermal equilibrium with its
environment” [504,505]. The different types of luminescence are classified according to the
mode of excitation. Photoluminescence, for instance, results from direct photoexcitation
of the emitting species. Well-known forms of photoluminescence include fluorescence,
phosphorescence, and delayed photoluminescence [504,505]. G. G. Stokes was first to
introduced the term ”"fluorescence” in the mid-19th century [506,507]. Initially, the
distinction between fluorescence and phosphorescence based on the duration of emission
after excitation ceased. Fluorescence was characterized by the cessation of emission
simultaneously with the end of excitation, whereas phosphorescence showed persistent
emission after excitation [504]. But such a criterion proved insufficient with the discovery
of long-lived fluorescence (e.g., divalent europium salts) and short-lived phosphorescence
(e.g., violet luminescence of zinc sulfide) [508,509]. In 1929, Francis Perrin proposed an
intermediate stable or metastable state between the absorption and the emission states.
The excited electron could transit to a third state and change spin multiplicity value. This
process requires additional energy from the environment to generate emission light. This
discovery led to a more precise distinction between fluorescence and phosphorescence [510].
In excited singlet states, the electron in the excited orbital is paired with the second electron
(with opposite spin) in the ground-state orbital. Consequently, the return to the ground
state occurs rapidly by emission of a photon, resulting in fluorescence. Phosphorescence,
on the other hand, involves the emission of light from triplet excited states, where the
electron in the excited orbital has the same spin orientation as the ground-state electron.
Transitions to the ground state are forbidden, leading to slow emission rates [510,511].

The transition between absorption and emission of light is illustrated in a diagram
(Fig.1.11), named after Alexander Jablonski, the father of fluorescence spectroscopy
[512-514]. The diagram (Fig.1.11) depicts the singlet ground, first, and second electronic
states as S, S1, and So, respectively. Each electronic energy level can accommodate
fluorophores in various vibrational energy levels denoted by 0, 1, 2, etc. The transitions
between these states are shown as vertical lines to illustrate the instantaneous nature
of light absorption. The transition time is too short for any significant displacement of
nuclei to occur, which is the Franck-Condon principle [512,514-517]. A fluorophore is
usually excited to a higher vibrational level of either S; or So. This is followed by a
rapid relaxation to the lowest vibrational level of S1, known as internal conversion, which
is usually complete before emission. Thus, fluorescence emission generally results from
a thermally equilibrated excited state - the lowest energy vibrational state of Sy [518].
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Return to the ground state typically occurs to a higher excited vibrational ground state
level, which then quickly reaches thermal equilibrium. Electronic excitation does not
significantly alter the nuclear geometry. Additionally, the spacing of the vibrational energy
levels of the excited states is similar to that of the ground state. As a result, the vibrational
structures seen in the absorption and the emission spectra are similar [518].
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Fig. 1.11: Jablonski diagram. The vertical arrows repressent the energy. The colors indicates different
energy level. More purple means higher energy and more red means less energy. The thick horizontal
lines represent the electronic singlet (Sp) and triplet (Ty) levels while the thin horizontal lines represent
vibrational levels.VR means vibrational relaxation. IC means internal conversion. ISC meand inter system
crossing. Images adapted from Dzebo [519).

During excitation, energy can be supplied by one photon (one-photon excitation, 1PE) or
by multiple photons (multiphoton excitation, MPE). In 1PE, irrespective of the excitation
wavelength, the fluorophore has reached the excited state by absorption of a single photon.
MPE uses longer-wavelength excitation to avoid the much stronger single-photon absorption
of the fluorophore, so that multiple photons are required to reach the same energy level.
Both 1PE and MPE can be illustrated using Jablonski diagram (Fig.1.11). Unlike 1PE,
MPE involves the simultaneous absorption of multiple photons to eliminate intermediate
states. Moreover, MPE requires high illumination intensities because multiple photons
must interact with the fluorophore simultaneously, making it a nonlinear process. The
magnitude of the MPE is proportional to the intensity raised to the second or third power
for 2-photon excitation (2PE) and 3-photon excitation (3PE) respectively. Thus far, all
fluorophores examined with MPE have exhibited emission spectra and lifetimes similar to
those excited by one-photon absorption [520].

In fluorescence measurements for analytical purposes, the parameter being measured is
often referred to as the intensity, denoted as I. This intensity serves as a measure of the
signal detected by the fluorescence instrument. The specific quantity being measured may
include spectral radiance, spectral radiant flux, photon flux, or the number of photons,
depending on the measurement geometry and the detector used. Typically, the intensity
values are expressed in arbitrary units (A.U.). To ensure accuracy, these intensity values
require background correction. This correction involves measuring the signal from a blank
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sample, denoted as I, and subtracting this “blank” determination from the measured signal
from the analyte, denoted as, Is. Thus, the relative fluorescence intensity attributable to
the analyte, I, can be calculated as follows [521]:

If=1Is-1Ip (1.8)

The intensity of fluorescence can be influenced by other factors in the environment. The
decrease in intensity are called quenching and is the result of several mechanisms. Collisional
quenching occurs when the excited-state fluorophore loses its activation upon coming into
contact with another molecule in the solution, known as the quencher. In the progress,
the fluorophore returns to its ground state as it diffusively encounters the quencher.
Importantly, no chemical changes occur to either molecule during this process [518].
Resonance energy transfer, also known as fluorescence resonance energy transfer, is a
distance-dependent physical process in which energy is transferred non-radiatively from
an excited molecular fluorophore (named the donor) to another fluorophore (called the
acceptor) via long-range intermolecular dipole-dipole coupling. The energy transfer result
in a decrease in the fluorescence intensity of the donor molecule, which could be one of
the mechanisms of quenching [518,522-524].

1.3.2 Fluorescence Lifetime

The fluorescence lifetime t of the excited state is defined by the average time the molecule
spends in the excited state before returning to the ground state. As mentioned above,
the fluorescence occurs with a certain probability, which can be defined as the decay rate
constant (k). Then the average time t for the molecules to transition from one state to
another is inversely related to the decay rate:

t=1/k (1.9)

The lifetime also indicates the duration time taken for a population of N electronically
excited molecules to decrease by a factor of e. e can be defined as following:

et =1/e (1.10)

The fluorescence lifetime represents the time taken for a population of excited fluorophores
to decrease exponentially to N/e through the emission of energy via fluorescence and other
non-radiative mechanisms [518, 525].

Fluorescence lifetime is an intrinsic property of a fluorophore, which remains unaffected
by the method of measurement [525]. It can be considered as a state function, as it is
independent of initial perturbation conditions such as single- or multiphoton excitation,
excitation wavelength and duration of light exposure. Fluorescence lifetime is also not
affected by photobleaching [525, 526]. In addition, it is a parameter that is largely
independent of the fluorescence intensity and fluorophore concentration. As this process is
affiliated with an energetically unstable state, fluorescence lifetime is sensitive to various
internal factors variety of internal factors defined by the fluorophore structure, as well



28 1 Introduction

as external factors like temperature, polarity, and the presence of fluorescence quenchers.
The combination of environmental sensitivity and independence from intensity-based
parameters makes fluorescence lifetime a potent measure complementary to conventional
fluorescence intensity [525].

1.3.3 Fluorophores
1.3.3.1 Overview of Fluorophores

A fluorophore, also known as a fluorochrome, refers to a molecule or a segment of a molecule
that is capable of generating fluorescence [527]. They are generally classified into two main
classes: intrinsic and extrinsic. Intrinsic fluorophores are naturally occurring in the sample,
whereas extrinsic fluorophores are intentionally introduced into the sample to induce
fluorescence or alter its spectral properties. A notable subset of extrinsic fluorophores are
fluorescent indicators, which are fluorophores whose spectral characteristics are sensitive
to specific substances of interest [518,528].

The quantitative characterization of the optical properties of any fluorophore primarily in-
volves the comparison of the incident radiation, which can be absorbed and converted, with
the corresponding emission under defined instrumental and experimental conditions [521].
Since fluorescence measurements don’t entail a straightforward radiometric assessment at
the same wavelength, the spectral conditions of the measurement are crucial and need to
be specified. The excitation wavelengths are represented by the symbol u and the emission
wavelengths are represented by the symbol A [521].

When the emission wavelength parameter, A, of the bispectral function that delineates the
fluorescence characteristics of a material is fixed at a specified constant wavelength, A,
and the excitation wavelength, u, is the only spectral variable. The resulting function is
called an excitation spectrum [521]. For example, if the applicable bispectral function is
the bispectral luminous radiance factor, f,5 (4, ), an excitation spectrum X(u) can be
derived as :

X(W) = Bra (4 h0) (1.11)

If the excitation wavelength is fixed at g, leaving the emission wavelength A as the only
spectral variable, the resulting function is known as the emission spectrum, denoted by
M(}). For example, the emission spectrum M(A) can be derived from By, 5 (4,2), as

M) =B (1o, ) (1.12)

In both case, the fixed wavelength parameter is typically set to a value corresponding to a
peak in the bispectral function. The excitation spectra and emission spectra of a fluorophore
can be plotted after a given measurement under fixed environmental conditions [521].

Emission spectra exhibit considerable variability, contingent upon both the chemical
composition of the fluorophore and the solvent in which it is dissolved. Certain compounds,
such as perylene, have a pronounced spectral structure due to different vibrational energy
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levels in both the ground and excited states, whereas others, like quinine have spectra
without vibrational features [518].

A fundamental property of fluorescence is that the emission spectrum remains constant
regardless of the excitation wavelength, a principle known as Kasha'’s rule [529]. Examina-
tion of the Jablonski diagram (Fig. 1.11) reveals that the energy of the emission is typically
less than that of absorption. Fluorescence generally manifests itself at lower energies or
longer wavelengths, a phenomenon firstly observed by Sir. G. G. Stokes at the University
of Cambridge in 1852 [506].

The discovery of fluorophores has introduced a novel method of observing molecules that
are either too small to be seen with the naked eye or lack of distinguishing characteristics.
The application of the fluorescence measurements can be broadly categorized into two
areas: analytical and colorimetric. In analytical applications, fluorophores help to identify
and/or quantify targets within the specimen. Conversely, in colorimetric applications,
fluorophores facilitate the assessment of the radiative transfer properties of the specimen
under examination to quantify its color appearance or color formulation using Kubelka-
Munk analysis [521,530].

1.3.3.2 Ca2t Indicators

Living organisms have complex system for regulating vital processes. Regulation of biolog-
ical and chemical molecules inside of an organism is one of the important areas. However,
most of biomolecules are too small to be observed with the naked eye, and they lack
characteristics that allow them to be distinguished from each other. Therefore, scientists
rely on special technologies to report the behavior of the molecules of interest, including
optical observation. Fluorescence sensing is one of the active research areas for chemical
and biochemical analytes [531-535]. Compared to radio traces, fluorescence sensing is
a fast, inexpensive and relatively environmentally friendly method [536]. Fluorescence
sensing requires a change in the response of the spectral properties to the analytes. The
changes can occur in the intensity, excitation spectrum, emission spectrum or lifetime of
the sensing probe. Fluorescent indicators, a class of fluorophores, have spectral properties
that are sensitive to the substance of interest and are commonly used for fluorescence
sensing. Fluorescent indicators are currently available for a variety of substances, including
CaZt, MgZt, Nat, Cl-, as well as pH [518,537].

As described in previous section 1.2.2.2, Ca2t is an important intracellular messenger for
the regulation of a diverse range of cellular processes. Therefore, the study of intracellular
calcium concentration is an important area in cell biology. The discovery of Ca2t indicators
made it possible to report changes in Ca2t concentration visually. In 1979, Roger Y. Tsien
found the importance of new indicators for monitoring the kinetics of [Ca2t] during
his membrane potential experiments with Ca2® selective microelectrodes and fluorescent
probes [538]. In 1980, Tsien published first Ca2t indicator, 1,2-bis (2-aminophenoxy)
ethane-N,N N’ N’-tetraacetic acid (BAPTA). BAPTA is a newly developed high-affinity
buffer and optical indicator for Ca2t [539]. After that, the development of CaZ* indicators
is booming, from synthetic CaZ* indicators to genetically encoded Ca2* indicators [540].
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Most Ca2t probes are available in salt forms, lacking the ability to diffuse across cell
membranes. Therefore, when the intracellular encoded Ca2t concentration needs to be
measured, the probes are attached to esterified carboxy groups, the so-called acetoxymethyl
esters (AM esters). In this form, the probe is less polar and could passively diffuse across
cell membrane. When the probe with the AM ester enters the cell, the AM ester is cleaved
by ubiquitous cellular carboxy esterases. After that, the probe will again become polar and
cannot leave the cytosol by diffusing across membrane [540-542]. A few of Ca2t indicators
will be introduced in following part.

Fura-2

Fura-2 is a wavelength-ratiometric probe, published by Tsien’s group in 1985. It has
an extended BAPTA core with a benzofuran fluorophore (Fig.1.12 A) [543]. Fure-2 has
The Ca?* dissociation constant (Kq) of Fura-2 is 145nM in vitro at 22°C [544]. Binding
to Ca2t could lead to conformational rotation of the aniline (Fig.1.12A) and a shift in
fluorescence spectrum between 300 and 400 nm (Fig. 1.12B) [543, 544]. There is also a
shift in the emission spectrum, but it is relatively small compared to the shift in the
absorption or excitation spectrum, allowing the excitation wavelength to be switched to
alternatingly excite the Ca2*-bound form or the Ca2t-free form while monitoring the
same emission band. Then based on the ratio of the emission intensity excited at the
wavelengths corresponding to different Fura-2 forms, the actual Ca2t concentration could
be estimated [545-548].
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Fig. 1.12: Structure and excitation spectra of Fura-2. (A) Chemical structure of Fura-2 with and
without Ca?T. (B) Excitation spectra of Fura-2 in solutions containing 0-39.8 uM free Ca?* (emssion
detection at 510nm). Image adopted from Zhou et al. and The Molecular Probes Handbook [540,544].

Fura-red

Fura-red is Fure-2-analogue in which an oxazole of the benzofuran fluorophore is replaced
by thiohydantoin (Fig. 1.13 A) [549,550]. It is a visible-light-excitable ratio-metric Ca2+
indicator. The Ky of Fura-red is 140 nM in vitro at 22°C [544]. As Fura-2, the excitation
spectrum changes with or without Ca2t binding. Fura-red could be excited by the 488 nm
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laser line in the absence of Ca2t, whereas the optimal excitation wavelength of the Ca2+-
bound form shifts to 436 nm [551-553].As Figure 1.13 B shows, fluorescence emission of
Fura-red decreases once Fura-red bind Ca2* [544]. Fura-red has long-wavelength emission
maximum (approximately 660 nm) and the emission spectra are shown in Figure 1.13 C.
Because of the long-wavelength emission, in theory, imaging with Fura-red does not
interfere with haemoglobin. However, the low fluorescence quantum yield of Fura-red
means that imaging process needs either high indicator concentration or impractically
high laser power [549].
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Fig. 1.13: Chemical structure and spectra of Fura-red. (A) Chemical structure of Fura-red. (B)
Absorption and Fluorescence emission (excited at 488 nm) spectra of Ca?*-saturated (a) and Ca?T-free
(b) Fura Red in pH 7.2 buffer. (C) Fluorescence emission spectra of a 1:10 (mole:mole) mixture of the
Fluo-3 and Fura-red, simultaneously excited at 488 nm in solutions containing 0-39.8 uM free Ca?T. Image
adopted from Oheim et al. and The Molecular Probes Handbook [544,549].

Fluo-3 and Fluo-4

Fluo-4 is a single wavelength, intensity-modulating dye modified from Fluo-3 by substituting
two fluorines for the two chlorine substituents in the fluorophore (Fig.1.14 A) [540].Fluo-
4 has similar K4 (345nM) as Fluo-3 (390nM) (both measured at 22°C with designed
buffer kit) [544, 554-556]. Fluo-3 is a CaZt-sensitive fluorophore in which BAPTA is
attached to the pendant aryl ring of the fluorescein [540]. The mechanism of Fluo-
3 involves photoinduced electron transfer (PET). PET is an interaction that causes
quenching. Quenching results in the dissipation of the fluorophore’s electronic energy of
the fluorophore as heat, leading to a decrease in intensity [557]. Because of the PET, Fluo-3
will have increased fluorescence emission when it binds to Ca2™. Like Fluo-3, Fluo-4 has
little fluorescence in the absence of Ca2t but the fluorescence emission of the Ca2+-bound
form is dramatically increased. Unlike the Fura dye family, Fluo-4 responds to binding
without spectral shift [554]. But, the absorption maximum of Fluo-4 is blue-shifted about
12nm compared with Fluo-3, indicating Fluo-4 has increased fluorescence excitation at
488 nm (Fig. 1.14 B), which benefits in higher signal levels for confocal microscopy [544].

X-rhod-1

X-rhod-1 is a BAPTA-based rhodamine calcium indicator, with Texas Red (sulforhodamine
101) attached to BAPTA (Fig.1.15A) [549,559]. It has higher intensity when binding
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Fig. 1.14: Chemical structure and spectra comparison of Fluo-3 and Fluo-4. (A) Chemical
structure of Fluo3 and Fluo-4. (B) Comparison of fluorescence emission spectra at equal concentrations of
Fluo-4 (blue) and Fluo-3 (red) in solutions containing 0-39.8 uM free Ca?*. Image adopted from Byrnes
et al. and The Molecular Probes Handbook [544,558].

calcium than Fluo-4 due to PET. X-rhod-1 has longer excitation and emission wave-
lengths (excitation/emission maxima of approximately 580/602nm) compared to Fluo-4
(Fig. 1.15B) [540,544]. X-rhod-1 has a Kq for Ca2t of 700nM at 22°C with designed
buffer kit [544].
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Fig. 1.15: Chemical structure and spectra of X-rhod-1. (A) Chemical structure of X-rhod-1. (B)
Fluorescence emission spectra of the tripotassium salt of X-rhod-1 in solutions containing 0-39.8 uM free
Ca’t. Image adopted from Calcium Signaling and The Molecular Probes Handbook [544,560].

Oregon Green 488 BAPTA-1

Oregon Green 488 BAPTA-1 (OGB-1) is a dye based on BAPTA to be sensitive to Ca*t
with a K4 for Ca2t in the absence of Mg2* of about 170nM [544]. In OGB-1, a complete
difluorofluorescein moiety is coupled to BAPTA via an amide bond (Fig. 1.16 A) [561]. As
Fluo-4, the binding to Ca2t could lead to a change in fluorescence intensity, increasing

it approximately 14-fold (Fig.1.16 B) [544,560]. The absorptivity of Oregon Green 488
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Fig. 1.16: Chemical structure and spectra of Oregon Green 488 BAPTA-1 (OGB-1). (A)
Chemical structure of OGB-1. (B) Fluorescence emission spectra of the OGB-1. Image adopted from
Calcium Signaling and The Molecular Probes Handbook [544,560].

BAPTA-1 at 488 nm is about 93% of its peak value, which makes excitation of Oregon
Green 488 BAPTA-1 by the 488 nm spectral line of the argon-ion laser more efficiently [544].

1.3.3.3 Haemoglobin Fluorescence

Protoporphyrin IX (PpIX), the final intermediate in the heme biosynthetic pathway, is an
intrinsic fluorophore [562]. PpIX can be excited in different spectral regions, ranging from
violet (around 405nm) to red (around 633nm) light an emit pink to red light emits red
to pink fluorescence [563,564]. Since PpIX is the precursor of heme and the structure of
four pyrrole rings maintained in heme, the hemoglobin has been considered as an intrinsic
fluorophore in humans. In 1934, Shenk et al. reported hemoglobin absorption spectrum of
hemoglobin in beef [565]. Tn 1942, Horecker reported the absorption spectrum of hemoglobin
could change with different modifications [566]. Since then, the fluorescence properties of
hemoglobin have been studied. In 1980, a significant steady-state intrinsic fluorescence
emission of Hb was discovered [567,568]. Later with advanced optical equipment, the
emitted fluorescence of hemoglobin was reported to be found in the wavelength range of
580nm-650nm [569]. Using two-photon excitation, the hemoglobin emission spectrum also
be reported recently [570]. However, there was a theory that the emission was thought to
be strongly quenched by energy transfer to heme [567,571,572] making the fluorescence
difficult to detect under experimental conditions. There was a study showed the doubt of
the fluorescence detected from RBCs or hemoglobin actually from heme. In the experiment,
UV light induced auto-fluorescence from RBCs had similar spectral as bilirubin isomers
by comparing the spectral of RBCs in the experiment with previous published data of
bilirubin isomers [573-575]. Whether there is fluorescence from RBCs and the source of
the fluorescence are still under investigation.






2 Materials and Methods

2.1 Preparation of Chemicals and Solutions

Details of the reagents and solutions used in the experiments are given in Appendix A.3
and A.4. All stock solutions of compounds were dissolved in distilled water or dimethyl
sulfoxide (DMSO) or 20% pluronic F127 in DMSO according to the manufacturer’s
recommendations.

The pH and osmolarity of the solutions were checked and adjusted during preparation
using a pH meter (SevenEasy S20) and an osmometer (Gonotec® Osmomat 3000 Basic or
Automaticsemi-micro osmometer A0300) .

Total calcium concentration and calcium chelator concentration were calculated using
Ca-buf software based on the addition of 10 mM ethylene glycol-bis-(2-aminoethylether)-
N,N,N* N’-tetraacetic acid (EGTA) or 10 mM ethylenediaminetetraacetic acid (EDTA).

A calcium electrode (perfectlON comb CA) and an ion/pH meter (SevenCompact pH
meter S220) were used to determine the solution-free calcium concentration.

Information on the equipment used for solution preparation and the experiments is given
in Appendix A.5.

2.2 Cell Preparation

2.2.1 RBCs Collection and Washing

For all in vitro experiments, various blood samples were obtained either by venipuncture
and collected in EDTA-coated or Na-Heparin-coated tubes or tubes with Li-heparin beads,
or by finger prick and collected in Eppendorf tubes, as listed in Tab. 2.1. The research
followed the guidelines of the Declaration of Helsinki and was approved by the local ethics
committee (“Arztekammer des Saarlandes”) for all blood sample analyses (permit number
51/18).

The protocol for isolating and washing the RBCs is illustrated in Figure2.1. Detailed
experiment protocol is given in Appendix A.1.
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Sample type

Sample source

Acquiring methods

Number of donors

Marijuana smokers
and matched con-
trols

Sickle cell disease
patients

Patient with double
mutations

B-thalassemia
patient with Piezo 1
channel mutation

Healthy RBCs

Universitat des
Saarlandes

Hospices Civils de
Lyon, Lyon/France

Medizinische
Universitat Graz

Fondazione IRCCS
Ca’ Granda
Ospedale Maggiore
Policlinico
Universitat des
Saarlandes

Li-Heparin tubes

EDTA tubes for
sickle cell patient
Na-Heparin tubes
for controls

Li-Heparin tubes

Li-Heparin tubes

Finger prick

3 Smokers
4 Controls

65 Sickle cell patients
12 Controls

Double mutation
patient and 2 family
members

5 Controls

1 Patient
1 Healthy control
1 Thalassemia control

& Controls

Tab. 2.1: Blood sample information.

Resuspend with Tyrode solution/Saline/RInger solution

Gentew e T - Supw
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Fig. 2.1: Illustration of the blood washing process (from left to the right). The blood washing
process involves taking a defined amount from the blood sample and adding it to the defined solution,
followed by gentle agitation, centrifugation and resuspension in a buffer for three times. After the last
centrifugation, the sedimented RBCs were ready for further steps.

2.2.2 ATP-depleted RBCs Preparation

In some conditions based on the experimental design, the RBCs required to deplete
intracellular ATP storage to inhibit PMCAs activity. In the absence of a specific PMCA
inhibitor, incubating RBCs in glucose-free medium for several hours is used to obtain
reversibly metabolically depleted cells and this method has been suggested by several
previous studies [576-578].

For calcium-imaging, the healthy RBCs were incubated in glucose-free medium for 16 hours
at 4 °C for ATP depletion, one of most common suggestion of fasting time in literature.
For fluorescence lifetime imaging, healthy RBCs were incubated in glucose-free medium
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for 72 hours in room temperature (RT) to make sure ATP level was undetectable by ATP
assay kit, which allowed inhibiting PMCA activity as much as possible. The protocol
to prepare the ATP-depleted RBCs suspension is illustrated in Figure2.2. The detailed
protocol to prepare the ATP-depleted RBCs suspension is given in Appendix A.1.

Resuspend with PBS or glucose-freeTyrode solution

w‘a

Incubate at 4°C for 16
Gent?@ Centrifugation ﬁh@ Remove supematant hours orin RT 72 hours

Fig. 2.2: The protocol for obtaining ATP-depleted RBCs (from left to the right). The designed
amount was taken from the blood sample or washed RBCs and added to glucose-free medium (PBS or
glucose-free Tyrode), followed by gentle agitation, centrifugation and resuspension in a buffer for three
times. After the last centrifugation, the sedimented RBCs were incubated in at 4 °C or RT for the defined
time.

2.2.3 Fluorescence Probe Loaded RBCs

Use of Calcium Indicators

As described in previous section 1.3.3.2, Ca2t indicators are powerful tools for monitoring
changes in Ca2t concentration. Since Tsien used esterifying groups to mask Ca2t chelators
[542], the load of Ca%*-selective probes into the cytoplasm in suspension became easy.
The AM-formed CaZ* indicators could avoid perturb membrane integrity and soluble
cytoplasmic contents. In experiments requiring Ca2* detection, RBCs were loaded with
Ca?™ indicators as follows (Fig.2.3). The detailed protocol to prepare the Ca* indicator
loaded RBCs is given in Appendix A.1.

Application of Fluorescent-dye-conjugated Antibody

In the 1940s and 1950s, Coons et al. successfully used antibodies labelled with fluorochrome
groups, combining the high sensitivity of fluorescence microscopy with the strict specificity
associated with immunological procedures, the antigen-antibody complex formation [579-
581]. Immunofluorescence (IF), also called fluorescent antibody staining, became one of the
efficient methods for detecting targeted molecules [582]. There are three methods to form
a fluorescent antigen-antibody complex: the direct method [581,583]; the indirect method
[584,585] and the complement method [586-589]. For the detection of transmembrane
proteins in the experiment, IF with the indirect method was used. The indirect method
means two or more layers in the fluorescent complexes. The formation of complexes
requires an unlabeled antibody (primary antibody) that reacts with the target antigen,
followed by the additional fluorescence-labeled antibody (secondary antibody) that reacts
with primary antibody [584,585]. The detailed protocol of fluorescence-labeled RBCs is
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illustrated in Figure2.3. The detailed protocol to prepare fluorescence-labeled RBCs is
given in Appendix A.1.

Resuspend with medium or label buffer

\ %
Oor /_\
Incubate in 37°C/RT for 1

Gentle mix hour(dark) Centrifugation Remove supernatant Resuspend

\

Fig. 2.3: Illustration of the loading of the fluorescent probe into RBCs (from left to the
right). RBCs were washed and added to defined buffer or labeling buffer with fluorescent probe, followed
by incubation for 1hour at 37°C or RT in dark with shaking at 400 rpm. Then gentle agitation and
centrifugation were applied to the RBCs, followed by washing three times. After washing, the sedimented
RBCs were resuspended for further steps. If secondary antibodies were required, the sedimented RBCs
were resuspended in label buffer containing secondary antibody and incubated for 1hour at RT at 400 rpm
shaking in the dark. The same washing steps as after primary antibodies staining were applied. Finally,
the RBCs were resuspended in 1 ml label buffer for further experiments.

Secondary antibodies loading

2.2.4 Cell Lysis and Ghost RBCs Preparation

Cell lysis, or cell disruption, is a process in which the outer boundary or cell membrane is
broken down to release intracellular materials. This process is a crucial unit operation in
biomolecular analysis, including protein purification for structural and functional studies
and composition of specific protein analysis [590]. Various methods have been developed
over the past decades for different cell types, target molecules and the downstream
techniques [591], including mechanical, physical, chemical and biological methods [590].
Non-ionic detergents are one of the most commonly used chemical detergents to achieve
cell lysis with the least damage to proteins and enzymes. Nonidet-40 P (NP-40) is one
of the mild non-ionic detergents that is good at isolating cytoplasmic proteins but not
nuclear proteins [592,593]. The detailed protocol of lysing cells by NP-40 is illustrated in
Figure2.4. The detailed protocol of lysing cells by NP-40 is described is given in Appendix
Al.

Pale RBCs with no internal content are called ghost RBCs and were first described by
Dodge et al in 1963 [594]. Because RBCs lack of organelles and ghost RBCs have no
internal cytosol content, the ghost RBCs have been considered as representative model to
study plasma membrane properties, function and structural arrangement. The common
technique used today to prepare erythrocyte ghost is the use of isoionic and isotonic
solutions [595, 596]. The detailed protocol of harvesting ghost cells is illustrated in
Figure2.5. The detailed protocol of harvesting ghost cells is given in Appendix A.1.
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Fig. 2.4: Illustration of lysing cells (from left to the right). Cells were washed. Then the cells
were lysed by applying defined lysis buffer to the cells on ice and incubate for 10 minutes. After that, the

solution was centrifuged and the supernatant is collected.

Centrifugation for

Gentle mix 30s Remove supernatant Add lysis buffert
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Fig. 2.5: Illustration of ghost RBCs preparation (from left to the right). RBCs were washed.
Then the RBCs were lysed by applying defined lysis buffer to the RBCs on ice and incubate for 10 minutes.
After that, the ghost RBCs were washed three times with the same lysis buffer and resuspended in the

same lysis buffer for further experiments.
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2.3 Flow Cytometry

Flow cytometry is a technique for the rapid analysis of single cells or particles with multiple
parameters. The flow cytometers can utilize single or multiple lasers as light sources.
When single cells or particles pass through the laser, the scattered or fluorescent light
signal is produced and can be read by detectors. The light signals are converted into an
electronic signal that can be analyzed by a computer and generated in to a standardized
data file [597]. The basic configuration of a classical single laser flow cytometer is shown
in Figure 2.6.

Flow cytometry measurements were performed on different models of flow cytometers (BD
FACSCantoTM II or BD LSRFortessa). Blood samples were processed as described above
according to different experimental aims. Data was recorded via BD FACSDiva™ software
and the results were evaluated using FlowJo. The values were obtained from experiments
with independent donors (nge; = 30,000 for each measurement or time point).
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Fig. 2.6: The basic configuration of a classical single laser flow cytometer. Hydrodynamic
system is used to force cells to flow one by one in front of a light beam. Optical system including dichroic
mirrors, photodetectors and filters. Dichroic mirrors and filters are used to separate light by wavelength
and collect the light signal within the wavelength range of interest. Photodetectors are used to collect
signals. A computer system converts, processes and stores signals in a specific data format for further
analysis. Image adapted from Basic Principle of Flow Cytometry [598].
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2.4 Membrane Potential Measurements According to the
Method of Macey, Bennekou, and Egee
(MBE-method)

In order to measure the average membrane potential in a population of RBCs, the MBE
method according to distribution of HT was first described by Macey at al. and was later
named as method of Macey, Bennekou, and Egee (MBE) method in 2021 [442,599).

The distribution of HT between RBCs membrane is at equilibrium. Across the membrane,
there is an inward driving force for HT, the equilibration of HT can reflect the membrane
potential. If HT equilibration raised, the HT conductance is increased. With help of
CCCP, the ionophore of HT, the permeability of RBC membrane to H is increased
by orders of magnitude and keep the HT driving force only from membrane potential.
The measurement is completed by lysing all RBCs and removing all plasma membrane,
which lead to Vm=0mV and pH;j,=pHgyt. Hence, the equation used to get the membrane
potential (Vm) at 37°C is the following equation:

Vm = 61.5mV x (pHj, — pHout) (2.1)

The general configuration for performing the MBE method is shown in Figure2.7. The
detailed protocol of the MBE method is given in Appendix A.1.

- pH:7.20
H B E Bn
L J \ -4

Fig. 2.7: The illustration shows the MBE measurement. The pH meter was used to measure the
pH value of the RBC suspension and the computer was used for recording the pH value at an acquisition
rate of 1 point/second.

In certain experimental settings, the inhibitors with a defined concentration was pre-
applied to ringer solution. When it is necessary to generate deoxygenated condition, the
deoxygenated Ringer solution was obtained by continuously gassing 100% of nitrogen
gas (Ng) into Ringer solution to expel oxygen away until the 10% of the initial partial
pressure of Oy (0.8 - 1.0mg/L) was reached. The No flow was maintained throughout the
experiment.

Extracellular pH was measured using a PHM210 pH-meter coupled with a G200 pH
electrode and a red Rod 200 reference electrode or a SevenCompact S210 pH-meter



2.5 Microscopy 43

coupled with an InLab Solids Pro-ISM electrode. Sampling and data acquisition were
performed with an electrode amplifier connected to an AD LABQUEST Mini interface or
the internal setup of the SevenCompact 5210 pH-meter at a rate of 1 Hz with a resolution
of 0.01 pH unit. The data were visualized and analyzed with the Logger Lite software or
an internal house-made program. The data was processed by Matlab® 2022.

2.5 Microscopy

2.5.1 Fluorescence Microscopy

The resolution of human eyes alone is limited (about 200 m between two points or
lines) [600,601]. In order to increases the resolution, additional help is needed. Since
first compound microscope was invented by coincidence in in later sixteenth century, the
observation with better resolution of small objects can be achieved [602-604]. Over the
years, several methods have been developed to improve the resolution and contrast of
microscope images [605]. Fluorescence microscopy was developed to reveal only the objects
of interest against an otherwise black background. In the preferred fluorescence microscope
setup, an epi-illumination is used to excite the fluorescence of fluorophores. Compared to
a white light microscope, additional dichroic mirrors and filters are used to separate and
filter excitation and emission light [606].

2.5.2 Confocal Microscopy

White light microscopy and fluorescence microscopy will also collect a considerable part of
out-of-focus light during the imaging process. Thus, the captured images are composed
of sharp features from the focal plane and blurred features from out of focus. Confocal
microscopy could produce a point source of light and reject the out-of-focus light by
introducing a spatial pinhole at the back focal plane in front of the detector, leading to a
significant improvement in axial resolution [607].

As Figure 2.8 A shows, the essential component to the confocal is one or more placed
pinhole apertures. When fluorescent molecules in a specimen are excited by the laser from
laser beam, the emitted light is collected by the objective lens and focused by a second lens
through the pinhole. The pinhole ensures that only fluorescence that originates at the focal
point is captured by the detector and out-of-focus light is blocked. Additional scanning
mirrors are used to sweep the laser beam across the specimen to generate an image pixel
by pixel [608]. This could image with high resolution and provide a possible optical
sectioning for 3D reconstructions of the imaged samples [608,609]. In order to capture
fast dynamics in live specimens, small regions of interest or different confocal geometry
needed, a spinning-disk confocal microscope (SD) cans be used. The SD illuminates the
sample using an array of pinholes arranged in a special pattern on a disk. That could
create hundreds of focused beam and effectively parallelize multiple confocal lightpaths of
emitted fluorescence (Fig. 2.8 B) [608].

For calcium imaging, 50 pl of cell suspension was added to 950 ul Tyrode solution and
transferred to p-dishes. Ca2t images were acquired by a spinning disk confocal microscope
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Fig. 2.8: Schematic of a classic confocal laser-scanning microscope (CLSM) and spinning disc
confocal microscope (SD). (A) In the CLSM, a laser beam (blue lines) is focused into a specimen
to excite fluorescent molecules throughout the entire cone of illumination. The emitted photons from
excited fluorescent molecules in the focus plane (red oval) are collected by a detector through a pinhole.
The out-of-focus emission fluorescence light (black dashed lines) does not reach the detector because it is
not focused through the pinhole. (B) In the SD, the excitation laser beam (blue lines) hits a lens disk
that splits the into smaller beams. The smaller laser beam pass through a matching pinhole disk and
then are focused into the specimen, which excited fluorescent molecules throughout the focal volume
as well as across the field of view as the rotating disk sweeps the pattern of laser beams. Fluorescence
(green) generated from the many focal points passes back through the pinholes and is reflected by a beam
splitter to a digital camera. Similar to CLSM, the light emitted from outside of the focus (black dashed
lines) cannot be detected by camera because it cannot pass through the pinhole disk. Image taken from
Jonkman et al. [608].

attached to an Eclipse Ti fluorescence microscope with an S Fluor 40x oil objective or
Plan Apoc VC 60x oil objective or Plan Apo TIRF 100x oil objective. Acquisition was
performed with a 488 nm laser. Depending on experimental purpose, either time-lapse
acquisition with designed time intervals or single image acquisition was performed. Images
were processed by Fiji.

2.5.3 Fluorescence Lifetime Imaging Microscopy (FLIM)
2.5.3.1 FLIM Measurement

Fluorescence lifetime imaging microscopy exploits the lifetime property of fluorescence to
provide high-resolution images of molecular contrast. It has high sensitivity to molecular
environment and changes in molecular conformation. There are two methods to determining
the fluorescence lifetime of fluorophores. One of the method is time-domain acquisition
[525,610]. In time-domain acquisition involves using a short pulse of light for excitation
(short compared to the lifetime of the sample) and subsequently capturing the exponential
decay of the fluorescent molecules. This decay is recorded either directly by gated detection
or pulse sampling, or by employing time-resolved electronics that categorize photons based
on their arrival times [611-614]. Time-correlated single photon count (TCSPC) is the
most common time-domain measurement using fast-electronic method. In TCSPC, the
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time between an excitation pulse and an emitted photon is measured, and the time defines
the arrival time of each emission photon (Fig.2.9 A) [610]. The times of arrival of the
emission photons are collected and stored in a histogram with the time difference as
the x-axis and the number of photons detected for that time difference as the y-axis
(Fig. 2.9 B). The global histogram represents the waveform of the decay, called fluorescence
decay, F(t) (Fig.2.9B) [615]. Later the global decay could be used to generate a lifetime
image [616,617]. Fluorescence decay is often adequately described by modeling it as a
combination of first-order kinetic processes. Mathematically, it is represented as a sum of
exponentials:

P(t) = ¥ aiexp(t/5) (22

where Tj is the lifetime of component i and a; its intensity contribution to the fluorescence
decay [618].
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Fig. 2.9: Schematic of FLIM microscopy and time-domain (TCSPC) FLIM. (A) TCSPC FLIM
acquisition includes the short excitation pulse, the single exponential fluorescence decay curve, and lifetime
(1) defined at the 1/e value. The inset shows detected single fluorescence photons (red circles) at different
times within multiple excitation pulses. (B) Photon time-of-arrival histogram constructed from multiple
fluorescence photon detection times (red circles), where the green line represents the instrument response
function (IRF) and the dotted red line represents the fit function. Image taken from Datta et al [610].

Additionally, the instrument response function (IRF) is measured in the response of the
instrument to a zero lifetime sample for the temporal response of the optical system [619].
The instrument response of the system need to be deconvoluted from the measured
fluorescence decays [610,620].

2.5.3.2 FLIM Data Analysis Strategies

FLIM Lifetime Histogram Data Treatment

Fluorescence lifetime imaging involves scanning a sample area and retrieving spatially
resolved photon statistics. Therefore, the sample area is divided into a grid, and during
scanning each grid element results in a finite time interval, during which photons from
that element, i.e., pixel, are collected. Consequently, the storage data structure of FLIM
can be represented by a three-dimensional array containing a histogram of photon arrival
times for each pixel, with a fixed number of bins. Since the dye at each location is excited
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repeatedly by equal laser pulses, emitted photons from previous excitation lead to an
overcounting in the histogram after the current pulse. This overcounting is corrected by a
subtraction of the extrapolated tail of each curve. To retrieve the tail, an initial best-fit of
a redundant number of components, i.e., four in the case of three intrinsic components, is
performed. The results also deliver starting values for the IRF parameters, the background
noise, and the time shift.

Least Squares Curve Fitting

Least squares curve fitting is one of the most commonly used methods for analyzing FLIM
data. The Chi-squared (X2) goodness-of-fit test is employed to assess the discrepancy
between the fitted curve and the measured data. A mathematical procedure that identifies
the best-fitting curve for a given set of points by minimizing the residuals, i.e. the sum
of the squares of the deviations ("residuals") of the points from the curve [621,622]. In
FLIM data analysis, the model function is a superposition of multiple exponential decay
components (aj, Tj). The parameters of the model (aj, tj) are iteratively adjusted to
achieve a Chi-squared value as small as possible, indicating the best fit of the model to the
experimental data. This method necessitates several prior assumptions, including that the
uncertainty of the experimental data follows a Gaussian distribution [619,623,624], that
the number of lifetime components is fixed a priori, that there is a temporal offset between
the detected signal and the instrument response, and that there is background fluorescence.
The accuracy of this method is also highly dependent on the number of photons detected
per pixel: with higher photon counts leading to improved fitting accuracy following the
Poisson statistics. The multicomponent exponential decay estimate is then convolved with
the IRF in each iterative step and compared with the experimentally measured lifetime
decay curve [610,619].

Advanced FLIM Fitting Method (AFFM)

The employed homemade fitting algorithm performs data corrections and includes the
estimation of the generally unknown instrument response function, the impulse response
of the entire optical system, rigorously including the optical effects of the sample itself.
After corrections to the raw histogram, in each iteration, the instrument response function
is fixed, and a least-squares fit of the convoluted exponential decay is performed. The IRF
is assumed to be Gaussian. The overall parameter set that results in the smallest value of
X2 is considered the best fit.

Maximum Entropy Method (MEM)

Entropy is a concept that originated in thermodynamics or statistical mechanics, and is
used to measure the degree of disorder existing in a thermodynamic system. Recently,
a more general concept of entropy has been described in information theory to measure
the uncertainty of an information source. Based on this, new methods of statistical
analysis have been incorporated into the modern concept of entropy, also known as
information-theoretic entropy [617].
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The maximum entropy method aims to find the one solution that leads to the maximum
entropy among all possible solutions [617]. This requires a model of the entropy functional
depending on the fit parameters. In FLIM analysis, MEM approaches to determine lifetime
components treat the signal and noise as distinct entities, and select the solution with
the least amount of false information from numerous possible solutions [625,626]. The
method used aims at minimizing random errors and noise based on two criteria: firstly,
an assumption is made about the shapes of the present peaks, and secondly, the best fit
regarding noise is achieved by maximizing the configurational entropy [627-629].

The maximum entropy principle offers a powerful method for extracting model parameters
and useful low-dimensional representations of complex, high-dimensional, and limited
data [620].

Maximum Entropy Lifetime Method (MELT)

The maximum entropy lifetime method takes the corrected lifetime curve and an instrument
response function as input data. The instrument response function is estimated using the
AFFM. The entropy function favors a small number of components with high amplitudes
while minimizing the deviation to experimental data X2'

During the experiment, three FLIM microscopy systems were used, including (1) TauMap
FLIM microscope with a high-NA objective and tunable titanium sapphire laser, (2)
Axiovert 200 Fluorescence DIC Phase Contrast Inverted Microscope with a LCI Plan-
NEOFLUAR objective and FemtoFiber pro TVISlaser and (3) Leica Fluorescence Lifetime
Imaging Microscope. The FLIM data was recorded with a time correlated single photon
counting (TCSPC) correspondingly by following equipment: (1) TCSPC card (SPC-150)
and a PMT (PMH-100-0), (2) Photon counting module SPCM AQR-14 11206-1 with
PicoHarp 300 TCSPC system and (3) 4Tune detectors. The data was processed by Matlab®
2022.

2.6 Western Blot

2.6.1 Protein Quantification

In order to accurately measure the concentration of protein harvested from the cell lysis
or ghost preparation, Bradford method or NanoDrop technique was used. Based on the
Lambert-Beer law, the absorbance of light with the known molar extinction coefficient of
the protein could be used to accurately quantify the amount of protein. Most proteins have
a characteristic UV absorption spectrum around 280 nm, predominately from the aromatic
amino acids, tyrosine and tryptophan. Therefore, the 280 nm absorbance is commonly
used for protein quantification [630,631]. M.M.Bradford found that an interesting property
of Coomassie Brilliant Blue G-250 was that binding to proteins resulted in a shift of
its absorption maximum to 595 nm. Based on this character of the dye, he developed a
reproducible and rapid assay using Coomassie Brilliant Blue G-250 to perform the protein
determination by measuring the absorbance of the solution at 595 nm [632,633].



48 2 Materials and Methods

Spectroscopy is the study of the interaction of light with matter, including reflection,
refraction, elastic scattering, absorption, inelastic scattering, and emission [634]. Spec-
troscopy could be used directly to measure the absorbance of a specific protein solution at
280 nm directly or the absorbance of protein-bound Coomassie Brilliant Blue G-250 at
595 nm. The detailed measurement steps of the Bradford assay are described in Appendix
ALl

Traditional spectroscopy requires samples to be placed into cuvettes or capillaries, which
require big measurement volume. In contrast, the NanoDrop technology uses the surface
tension to hold and measure microvolume samples between two optical pedestals, allowing
the measurement of 0.5 — 10 ul volumes [635]. The detailed NanoDrop measurement steps
are described in Appendix A.1.

The spectroscopy used for the Bradford assay was a Synergy™ 2 Spectrophotometer and
the data was recorded by BioTek’s Gen5. The NanoDrop used in the experiment was
NanoDrop™ 2000/2000c¢ Spectrophotometer and data was recorded by NanoDrop 2000
software. The Protein concentration was calculated by Excel.

2.6.2 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
(SDS-PAGE)

To detect the protein of interest from a mixture of proteins, the proteins are first separated
by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE can
separate proteins according to their size, molecular weight and charges, which determine
the speed at which protein molecules move under an electric current. There are two
important parts to the SDS-PAGE technique. One is the denaturation of the protein
with the detergent sodium dodecyl sulfate (SDS). During the boiling with SDS, protein
molecules gain a negative charge proportional to their molecular size, which allows different
protein molecules to have equal mobility in an electric field. Another one is polyacrylamide
gel electrophoresis (PAGE), which uses an electric current to force protein through a
polyacrylamide gel. The speed of protein molecule is inversely related to its size and
molecular weight. The molecular weight of the unknown proteins can be estimated by
comparing their migration distance with a molecular weight maker [636-639]. Illustrated
steps of SDS-PAGE is shown in Figure2.10. The detailed SDS-PAGE experiment protocol
is given in Appendix A.1.
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Fig. 2.10: The steps of SDS-PAGE and Western Blot. Proteins are denatured with SDS and
separated by electrophoresis. Proteins are then transferred to a PVDF membrane. The membrane is
blocked with protein to prevent nonspecific binding, followed by a primary antibody specific for the target
protein. After that, a secondary antibody conjugated to a detection enzyme is applied. Then the protein
can be visualized by chemiluminescence or colorimetric detection.
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2.6.3 Western Blot

After electrophoresis, the separated proteins could be transferred to a membrane by
electrophoretic blotting. This method could produce a band for each protein without
losing the resolution of the original band pattern. The protein bands transferring allows
detection of proteins by autoradiography. The method could also be used to detect specific
proteins, when it is combined with immunological procedures. For specific protein detection,
all the additional binding capacity of the nitrocellulose membrane must be blocked with
excess proteins. Then the specific antibody for the target protein was applied after direct
binding by second antibody labeled with a radioactive group or conjugated to fluorescein
or to peroxidase. Finally, the complex formed with the target protein could be detected
by autoradiography under UV light, or by the peroxidase reaction product [640,641].

The western blot protocol is illustrated in Figure 2.10. The detailed protocol of western
blot is given in Appendix A.1. Blot in experiments was imaged with ChemDoc MP and
analyzed by Fiji.

2.7 Data Analysis

GraphPad Prism version 10 was used for the statistical analysis and presentation of
the data. If data followed a Gaussian distribution (Shapiro-Wilk test), paired t-test or
ordinary one-way ANOVA with multiple comparison method was used to test for statistical
significance. Data are presented as mean = standard error of the mean (SEM) or median
+ 95% CI. If data did not follow a Gaussian distribution, the Wilcoxon test was used
for comparisons between two datasets and the Kruskal-Wallis test was used for multiple
comparisons within the same dataset. p < 0.05 was considered as significant.
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3.1 Piezo1 Channel Investigation

3.1.1 Wild Type Piezo1l Channel Activation

Influence of Different Yodal Concentration in RBCs

The first experiment was designed to test whether there is a difference in Ca2* signaling
upon stimulation with different concentrations of Yodal. RBCs from three healthy
donors were exposed to 2uM, 5uM and 10 pM Yoda 1-containing Tyrode solution and the
change in intracellular free Ca2t was used as a read-out parameter. The results of the
confocal microscopic measurements using the Ca2t-fluorophore Fluo-4 are summarized
in Figure.3.1. Compared with the Tyrode solution-only control group, RBCs in the
Yoda 1-stimulated groups have significantly higher Fluo-4 fluorescence intensity, indicating
a higher intracellular free Ca2t concentration (Fig.3.1 A-D). The increase has two phases.
In the approximately first 60seconds after Yoda 1 application, there is a slow increase
in Ca2t. Subsequently, the Ca2t concentration is increased to a maximum (Fig.3.1E).
2pM and 5pM Yoda 1 stimulation could reach twice and almost three times higher Fluo-4
intensity than 10uM Yoda 1. In addition, 5uM Yoda 1 application can cause higher Ca2t
influx than 2pM Yoda 1, but there is no statistic significant difference (Fig.3.1E,F). In
addition, the maximum Ca2%t concentration after Yoda 1 stimulation shows a bell-shaped
relationship as a function of Yoda 1 concentration, and the maximum effect of Yodal is
around 5 M (Fig.3.1F). Thus, 5pM Yoda 1 was selected for further experiments.

Influence of ATP-depletion in Yoda 1-stimulated RBCs

Next, the experiments for testing whether the Ca?*- signaling is altered by Yoda 1
application after plasma membrane Ca2t-ATPase (PMCA) is blocked by ATP depletion.
RBCs from healthy donors were kept in glucose-free solution for 16 hours at 4°C to deplete
intracellular ATP storage. According to reference mentioned in methods section 2.2.2, this
could lead to reversible ATP depletion in RBCs [576,577,642,643]. In addition, residual
ATP in RBCs after incubation was tested once by ATP detection assay, and the amount
of residual ATP is below the sensitivity of the ATP detection assay (data not show). ATP
depleted RBCs and normal RBCs were then challenged with 5pM Yoda 1. The results
of the confocal microscopy measurements are shown in Figure3.2. 5pM Yodal can still
increase intracellular Ca2+t concentration in ATP depleted RBCs (Fig. 3.2 B,D,E). The first
phase of the Ca2t increase is faster than it in normal RBCs (Fig. 3.2 E). The maximum
Ca2t level in ATP-depleted RBCs after Yodal stimulation is higher than in normal
RBCs which is significant (Fig.3.2 C-F). In addition, the Ca2* concentration decreased
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Fig. 3.1: Ca’*-signaling of healthy RBCs at different concentrations of Yoda 1 stimulation.
(A)-(D) Example of confocal images at 120 seconds of recording with same display range: (A) Control,
(B) 21M Yoda 1; (C) 5aM Yoda1, (D) 10uM Yoda 1. (E) Cellular Ca?T-response is described as median
fluorescence intensity trace (F/Fg) of the Ca?t-indicator Fluo-4 is plotted over time of all cells. The
arrow indicates the time of solution change (30seconds), (Ngonor=3, Nce11>50). (F) Analysis of the
maximal cellular response (F/Fg). (Nexpeirment=3). Black-control condition with Tyrode solution; rose:
2uM Yoda1; red: 5pM Yoda 1; dark red: 10uM Yoda 1. Data is shown as meidan with 95% CI in (F).
Statistical differences were evaluated using mixed effect model with Tukey’s multiple comparison method.
p < 0.05 was deemed significant.
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after reaching the plateau is seems slower in ATP-depleted RBCs than in normal RBCs
(Fig. 3.2 E). In addition, the ATP-depleted RBCs without Yoda 1 stimulation have slightly
increased Ca2t under the shear stress of the perfusion system compared to the normal
RBCs without Yodal stimulation. (Fig.3.2A,B,F).

As Yoda 1 is one Piezo 1 agonist, its application could lead to Ca2™ entry and eventually
the Ca2t level will reach the threshold for Gardos channel activation. The open probability
of Gardos channels depends on the intracellular Ca2t concentration and a higher open
probability leads to KT efflux and hyperpolarization. The Gardos effects in Yoda 1-
challenged normal and ATP-depleted RBCs were tested by the MBE-method and the
results are shown in Figure 3.3. Yoda 1 stimulation results in hyperpolarization in both
normal RBCs and ATP-depleted RBCs (Fig. 3.3 A). The resting membrane potential of
ATP-depleted RBCs (-17.2 + 1.6 mV) is slightly less negative than normal RBCs (-19.7 +
0.3mV) (Fig.3.3B). The ATP-depleted RBCs achieve a significantly higher maximum
hyperpolarization (-=76.3 £ 3.3mV) and the slightly higher hyperpolarization magnitudes
(=59.1 £4.1mV) than normal RBCs (-74.1 £ 4.4mV for maximum hyperpolarization and
-54.4 £ 4.1mV for hyperpolarization magnitudes) (Fig.3.3C,D). In addition, the ATP-
depleted RBCs have an about 11% higher hyperpolarization rate (Fig.3.3E) and 8%
shorter hyperpolarization time (Fig.3.3F). However, the normal RBCs stay longer in
maximum hyperpolarization state than ATP-depleted RBCs (Fig. 3.3 G). When compared
to the depolarized state, normal RBCs have a similar depolarization rate to ATP-depleted
RBCs (Fig.3.31), but ATP-depleted RBCs require more time to reach the new membrane
potential plateau (Fig. 3.3 H). The results show that removing ATP storage in RBCs could
increase the speed of first stage of Ca?® entry and the maximum Ca2t concentration
in RBCs after Yoda 1 challenge. However, ATP depletion would neither influence the
membrane potential change induced by Yodal stimulation nor the resting membrane
potential.

Influence of Gardos Channel Inhibition in Yoda 1-stimulated RBCs

The effects of Gardos channel inhibition on the Yoda 1-induced change in Ca2*-signaling
were then tested with normal RBCs and ATP-depleted RBCs pre-treated with the Gardos
channel inhibitor Tram-34. After Gardos channel inhibition, the rate of the first stages of
the Ca2® concentration increase is slower than in RBCs without Gardos channel inhibition.
But the rate of the second stages of the Ca2t concentration increase shows opposite trend
(Fig. 3.41). The first phase of the Yoda 1-induced increase in Ca2t concentration is faster
in Tram-34-pretreated ATP-depleted RBCs than in Tram-34-pretreated normal RBCs
(Fig. 3.41). Gardos channel-inhibited RBCs can also reach higher intracellular Ca2+ con-
centration after Yoda 1 stimulation, with about 2.5 times higher Fluo-4 intensity in normal
RBCs and 1.5 times higher Fluo-4 intensity in ATP-depleted RBCs (Fig. 3.4 A)D,E H,I).
Compared to ATP-depleted RBCs and normal RBCs with Yoda 1 stimulation and Gardos
channel inhibition, there is a 35% increase in Fluo-4 intensity in ATP-depleted RBCs
(Fig.3.4). However, after reaching the highest intracellular Ca2t concentration, the
Ca?t level in Géardos channel-inhibited RBCs decreases more rapidly (Fig.3.41). In addi-
tion, either normal RBCs or ATP depleted RBCs have a slightly increased intracellular
Ca2t concentration after Tram-34 application under shear stress from perfusion system

(Fig. 3.4C,G,LJ).
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Fig. 3.2: Ca’t-signaling of healthy RBCs and ATP-depleted RBCs with 5M Yoda1l stim-
ulation. (A) —(D) Example of confocal images at 220 seconds recording with same display range in
different conditions: (A) Normal RBCs, (B) Normal RBCs with 5uM Yodal, (C) ATP-depleted RBCs,
(D) ATP-depleted RBCs with 5 pM Yoda 1. (E) The median fluorescence trace (F/Fg) over time of all
cells is depicted in different conditions. Yoda 1l was added at 30seconds after the start of the recording as
indicated by the arrow. (Nexpeirment=06, Nee>50). (F) Statistical analysis of cellular maximal response
(F/Fo)(Nexpeirment=6). Black: normal RBCs with Tyrode solution, dark red: normal RBCs with 5 M
Yoda 1, gray: ATP depleted RBCs with Tyrode solution, light red: ATP-depleted RBCs with 5 uM Yoda 1.
Data is shown as means + SEM in (F). Statistical differences were evaluated using mixed effect model
with Tukey’s multiple comparison method. p < 0.05 was deemed significant.
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Fig. 3.3: Yoda1 effects on membrane potential in normal RBCs and ATP-depleted RBCs.
(A) Representative traces for the changes of membrane potential after application of 5pM Yodal in
normal RBCs (dark red trace) and ATP-depleted RBCs (light red trace); Arrows indicate when packed
RBCs, Yodal and TritonX-100 were added to the measurement system. (B)-(I) Statistical comparison:
(B) Resting membrane potential (Ep); (C) Maximal hyperpolarization (Vimyiay); (D) Hyperpolarization
magnitudes (A(Vmyjax- Em)) are obtained after subtracting the resting membrane potential (Em) from
the maximal hyperpolarization (Vmyg,y) reached at each condition; (E) Absolute hyperpolarizing rate;
(F) Hyperpolarizing time; (G) Duration time of hyperpolarization plateau; (H) Depolarization rate; (I)
Depolarization time (Nexpeiment=0). Data is shown as means + SEM in (B) - (F). Statistical differences
were evaluated using paired T-tests. p < 0.05 was deemed significant.
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Tram-34, as a Gardos channel inhibitor, is able to reduce the maximal hyperpolarization
induced by Yoda 1 application. There are two hyperpolarization peaks in Gardos channel
inhibited RBCs, a small quick hyperpolarization and a larger and slower hyperpolarization
after (Fig.3.5A). The maximum hyperpolarization and hyperpolarization magnitudes in
Tram-34 -treated group is much less than other groups (Fig. 3.5 A,C,D). Comparing the
hyperpolarization rate in Tram-34 treated groups to the groups without Tram-34 inhibition,
Tram-34-inhibited groups have hyperpolarization rate close to 0mV/s (Fig.3.5E). In
addition, Tram-34 pretreatment could cause resting membrane potentials slightly less
electronegative but this is not statistically significant (Fig.3.5B).

The results show the inhibition of the Gardos channel could lead to higher maximum
concentration induced by Yoda 1 but the RBCs cannot maintain the high Ca2* level
for long time. The hyperpolarization caused by Yoda 1 application mainly rely on the
Gérdos channel opening. But there seems to be some other factors contributing to the
hyperpolarization.

Influence of ClI~ Conductance Inhibition in Yoda 1-stimulated RBCs

The Cl~ conductance is very important in the regulation of cell volume and intracellular
pH in RBCs. To investigate whether C1~ conductance influences the Yoda 1 induced Ca2t-
signaling in normal and ATP-depleted RBCs. 10 pM NS3623, the C1~ conductance inhibitor,
was applied to normal RBCs and ATP-depleted RBCs 1 hour prior to Yoda 1 stimulation.
As shown in the confocal images, Yoda 1 can still induce Ca2* entry after C1~ conductance
inhibition in both normal RBCs and ATP-depleted RBCs (Fig. 3.6 A,D,E . H). However,
instead of a two-phase Ca2?t increase in Ca?t concentration with Yodal stimulation
alone, the increase in intracellular Ca2® concentration in NS3623 treated RBCs is slower
and there is only one phase (Fig.3.61). The Yoda l-only groups reach the maximum
Ca?™t concentration around 120seconds after the Yoda 1 application. However, it takes
almost 360 seconds to reach the maximum Ca?t concentration induced by Yodal in
NS3623 treated RBCs (Fig. 3.61). The maximum Ca2® concentration induced by Yoda 1 in
NS3623 treated groups is significantly lower than Yoda 1-only simulated groups with almost
half Fluo-4 intensity (Fig.3.6 B,D,F H,1,J). When ATP depletion and Cl~ conductance
inhibition are combined, the maximum Ca2t concentration induced by Yoda 1 is higher
than in NS3623-pretreated normal RBCs with a 23% increase in Fluo-4 intensity, and the
highest Ca2* concentration could be maintained for a longer time (Fig.3.61,J). However,
Cl~ conductance inhibition does not cause an increased intracellular Ca2t under shear
stress from perfusion system (Fig. 3.6 C,G,1,J).

The Cl1~ is the dominating ion in RBCs for establishing the resting membrane potential
and it is important for RBCs membrane potential changes as well. The effects of the C1~
conductance on hyperpolarization induced by Yoda 1 were tested using the MBE-method.
Yodal could induce more hyperpolarization (qty—107.4+0.9mV) in Cl~ conductance
inhibited normal RBCs compared to normal RBCs without NS3623 pretreatment (-77.9 +
5.5mV). Similarly, the hyperpolarization (-104.7 + 1.6 mV) in ATP-depleted RBCs with
CI~ conductance inhibition is higer than ATP-depleted RBCs without NS3623 treatment
(Fig. 3.7 C). The magnitude of hyperpolarization is higher in Cl~ conductance inhibited
RBCs as well (-93.7 + 1.1 mV in normal RBCs with NS3623 and -91.9 £ 0.7mV in ATP-
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Fig. 3.4: Effects of Gardos-channel pre-inhibition on Ca?*-signaling of healthy and ATP-
depleted RBCs with Yodal stimulation. (A)-(H) Examples of confocal images at 160 seconds
after recording started in different conditions: (A) Normal RBCs, (B) Normal RBCs with 5uM Yoda 1,
(C) Normal RBCs with 10 pM Tram-34, (D) Normal RBCs with 10 pM Tram-34 and 5 pM Yodal, (E)
ATP-depleted RBC, (F) ATP-depleted RBCs with 5uM Yoda 1, (G) ATP-depleted RBCs with 10 pM
Tram-34, (H) ATP-depleted RBCs with 10 pM Tram-34 and 5pnM Yoda 1. (I) The median fluorescence
traces (F/Fg) over time of all cells are shown. Yodal was added 30s after the start of the recording,
as indicated by the arrow. (J) Statistical analysis of the maximum cellular response (F/Fg). Black:
normal RBCs, dark red: normal RBCs with 5 M Yoda 1, dark green: normal RBCs with 10 pM Tram-34,
dark yellow: normal RBCs with 10 pM Tram-34 and 5pM Yoda 1, gray: ATP-depleted RBC, light red:
ATP-depleted RBCs with 5puM Yoda 1, light green:ATP-depleted RBCs with 10 pM Tram-34, yellow:
ATP-depleted RBCs with 10 pM Tram-34 and 5 1M Yoda 1, Ngonor=3, neep1>50). Data is shown as means
+ SEM in (F). Statistical differences were evaluated using mixed effect model with Tukey’s multiple
comparison test. p < 0.05 was deemed significant.
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Fig.

ATP-depleted RBCs.

3.5: Effects of pre-Gardos-channel inhibition on membrane potential in normal and
(A) Representative traces for the variations of membrane potential after

injection of 5 M Yodal in normal RBCs (dark red), ATP-depleted RBCs (light red), Tram-34 pretreated
normal RBCs (dark yellow) and Tram-34 pretreated ATP-depleted RBCs (yellow); Arrows indicate when
packed RBCs, Yodal and TritonX-100 were added into the measurement system. (B)-(E) Statistical
comparison of multiple parameters at different conditions: (B) Resting membrane potential (Ep,); (C)
Maximal hyperpolarization (Vimyray); (D) Hyperpolarization magnitudes (A(Vmygax- Em)) are obtained
by subtracting resting membrane potential (Ep,) from the maximal hyperpolarization (Vmygay) achieved
at each condition; (E) Hyperpolarization rate (Ngonor=3). Data is shown as means + SEM in (B)-(E).
Statistical differences were evaluated using mixed effect model with Tukey’s multiple comparison method.
p < 0.05 was deemed significant.
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depleted RBCs with NS3623) (Fig.3.7D). However, when comparing Cl~ conductance
inhibited normal and ATP-depleted RBCs with, there is no difference in either maximal
hyperpolarization or hyperpolarization magnitude (Fig.3.7 A,C,D).

The hyperpolarization rate is greater in NS3623 treated groups (65% faster in normal
RBCs and 56% faster in ATP-depleted RBCs) (Fig.3.7E). In contrast, the rate of de-
polarization is slower in the NS3623 treated groups (20% slower in normal RBCs and
approximately 30% slower in ATP-depleted RBCs) (Fig. 3.7 G). However, the hyperpolariz-
ing time and depolarizing time does not differ with or without Cl1~ conductance inhibition
(Fig. 3.7F,H). Furthermore, there is no difference in hyperpolarization rate, depolarization
rate, hyperpolarizing time and depolarizing time between normal and ATP depleted RBCs
(Fig.3.7E-H).

The results show the short time inhibition of C1~ conductance can slow the Ca?® entry
into RBCs and decrease the maximum intracellular Ca2t concentration induced by Yoda 1
stimulation. The inhibition of CI~ conductance for short time does not change the resting
membrane potential of RBCs yet but can enhance the hyperpolarization caused by Yoda 1
application.



60 3 Results

25um 25um

Normal RBCs-Ctrl Normal RBCs-Yoda1 Normal RBCs-NS3623

(E)

25um

Normal RBCs-Yoda1+NS3623 ATP depleted RBCs ATP depleted RBCs-Yoda1
(G)

Fokokk
25um
5“ ns
- B +
ATP depleted RBCs-NS3623 ATP depleted RBCs-Yoda1+NS3623 ik Sokokok
(1 J) *okokk ns
ns ns - skskskok
— Normal RBCs-Ctrl 30 —
— Normal RBCs
-Yoda1
— Normal RBCs % 20
-NS3623 s
— Normal RBCs o i : '
“Yodal+NS3623 K= 44 M
— ATP depleted RBCs i H ‘ m
— ATP depleted H H
ATP depleted & N &N
RBCs-NS3623 & P PP
ATP depleted RBCs F N F TN e
“Yoda1+NS3623 G RPN gl S
d I PR IL
N AN
......... —rrrrreeerererrrrrrr T S
0 200 400 600 P& ,\Qb S
Time(s) & v R Qb L
o‘& v &
< &
K

Fig. 3.6: Effects of pre-Cl -conductance inhibition influences on Ca?t-signaling of healthy
RBCs and ATP-depleted RBCs with of Yoda1l stimulation. (A)-(H) Example of confocal images
at 400 seconds in different conditions: (A) Normal RBCs, (B) Normal RBCs with 5uM Yoda 1, (C) Normal
RBCs with 10 1M NS3623, (D) Normal RBCs with 10 nM NS3623 and 5uM Yoda 1, (E) ATP-depleted
RBC, (F) ATP-depleted RBCs with 5 pM Yoda 1, (G) ATP-depleted RBCs with 10 M NS3623, (H)
ATP-depleted RBCs with 10 pM NS3623 and 5pM Yodal. (I) The median fluorescence traces (F/Fo)
over time of all cells are shown. Yoda 1l was added 30seconds after the start of the recording, as indicated
by the arrow. (J) Statistical analysis of maximum cellular response (F/F(). Black: normal RBCs, dark
red: normal RBCs with 5 M Yoda 1, dark blue: normal RBCs with 10 pM NS3623, dark purple: normal
RBCs with 10 nM NS3623 and 5 1M Yoda 1, gray: ATP depleted RBC, light red: ATP-depleted RBCs
with 5 M Yoda 1, light blue: ATP-depleted RBCs with 10 pM NS3623, pink: ATP-depleted RBCs with
10 pM NS3623and 5 M Yodal. (Ngonor=3, neerr>50). Data is shown as means + SEM in (F). Statistical
differences were evaluated using mixed effect model with Tukey’s multiple comparison method. p < 0.05
was deemed significant.
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Fig. 3.7: Effects of pre-inhibition of the Cl -conductance on membrane potential in normal
and ATP-depleted RBCs. (A) Representative traces for the variations of membrane potential after
injection of 5 pM Yoda 1 in normal RBCs (dark red), ATP depleted RBCs (light red), NS3623 pretreated
normal RBCs (dark purple) and NS3623 pretreated ATP depleted RBCs (pink). Arrows indicate
when packed RBCs, Yodal and TritonX-100 were added into the measurement system. (B) Resting
membrane potential (Ey,); (C) Maximal hyperpolarization (Vmygay); (D) Hyperpolarization magnitudes
(A(Vmpax- Em)) are obtained after the deduction of resting membrane potential (Ep,) from the maximal
hyperpolarization (Vmyg,y) reached at each condition; (E) Hyperpolarization rate; (F) Hyperpolarization
time; (G) Depolarization rate; (H) Depolarization time. (Ngonor=3). Data is shown as means + SEM
in (B)-(H). Statistical differences were evaluated using one-way ANOVA test with Tukey’s multiple
comparison method in (C)-(E). For (B), (F), (G) and (H), statistical differences were evaluated using
one-way ANOVA test with Holm-Siddk multiple comparison method, p < 0.05 was deemed significant.
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3.1.2 Genetic Variants of the Piezo1l Channel
3.1.2.1 The Combination of Mutations of Piezo1l and Spectrin

The female pediatric patient inherits the Piezo 1 mutation p.Asp710Asn from her mother
and the spectrin alpha mutation p.GIn2002Ter from her father. The patient underwent
splenectomy at the end of 2022. Blood samples were taken twice before and once after
the date of splenectomy. Blood samples from these family members and healthy controls
were transported to our laboratory and reached it within 10 hours after blood collection.
To investigate the effects of these mutations on the physiological function of RBCs and
the effects of splenectomy on the quality of RBCs, the Ca2t-signaling induced by Yoda 1
was measured using a flow cytometry and confocal microscopy (Fig.3.8). Before the
pediatric patient underwent splenectomy, the pediatric patient’s Fluo-4 stained RBCs
have different sizes and shapes and are brighter under the microscope compared to others
(Fig. 3.8 Ba-Bd). The average basal Ca2t level of the pediatric patient’s RBCs is higher
than that of the control or her parents. Her mother, who also has the Piezo 1 variant,
has RBCs with a slightly higher basal Ca?* than the controls and the father. The father,
who has the spectrin mutation, has the lowest base Ca2t (Fig. 3.8 Aa,Bi,Ca). With 1M
Yoda 1 stimulation, before the surgery, the mean Ca2t concentration of the pediatric
patient’s RBCs is higher than the others after 1 minute and 5 minutes and the father’s
RBCs have the lowest Ca2t level (Fig. 3.8 Ac,Ae,Cb,Cc). After surgery, the basal Ca2+
level of the pediatric patient’s RBCs is similar to that of the control and the parents,
and the variation of the pediatric patient ’s RBC size is smaller than before surgery
(Fig. 3.8 Ab,Be-Bi,Ca). In contrast to the pre-surgery conditions, the pediatric patient’s
RBCs do not show much difference in intracellular Ca2t concentration compared to the
others after Yoda 1 stimulation (Fig. 3.8 Ad,Af,Cb,Cc). The samples were also challenged
with 5pM Yoda 1. The results showed similar trend (Fig. A.1).

The data shows the Piezo 1 mutation p.Asp710Asn only can cause the basal intracellular
Ca2t concentration increase but the spectrin alpha mutation p.Gln2002Ter alone seems
to lead to decreased intracellular free Ca2t in basal condition. The combination of two
mutation in RBCs could lead to boost of basal intracellular Ca2* and the bigger response
to Yoda 1 stimulation. The spectrin alpha mutation can also lead to cell size and shape
variations. With combination of Piezo 1 mutation, the variation of RBCs size and shape
are bigger. After splenectomy, the effects of the double mutation on RBCs seem to be
diminished.

3.1.2.2 A Piezo1 Channel Mutation in a Thalassemia Patient

The patient has thalassemia § CD39 (C>T) variant and p.Argl940GIn mutation in
the Piezo1 gene. The Piezo 1 mutation p.Argl1940Gln is a novel variant with unknown
significance in Piezo 1 function. To understand how the Piezo 1 mutation affects on the
Ca2t-signaling in thalassemia B RBCs, blood samples from the patient, 1 thalassemia
B patient and 1 healthy control were shipped overnight. The thalassemia (3 patient has
same CD39 (C>T) variant as the patient but does not have any additional mutation. The
RBCs were then challenged with two different concentrations of Yoda 1 and the change in
intracellular free Ca2t was used as a read-out parameter. The results of the flow-cytometry
measurements using the CaZt-indicator Fluo-4 are summarized in Figure. 3.9.



3.1 Piezo1 Channel Investigation 63

(Aa) Tyrode solution-before (Ac) 1uM Yoda1 1min-before (Ae) 1uM Yoda1 5min-before
e 0 = 0.3 - 0.3 — Control
c S
g 3 H Father
© .2 S 0] 8 —  Mother
B v o 0 0.2 — Patent.
@ ° E-3 atient-before
N N @
0.1 4 © .
E go1 £ 0.1 by
S S 5 \
F4 4 é’ \‘
0.0 T T 0.0 1 T 7 0.0 . r
100 1000 10000 100000 100 1000 10000 100000 100 1000 10000 100000
(Ab) Tyrode solution-after (Ad) 1uM Yoda1 1min-after (Af) 1uM Yoda1 5min-after
. 0.3 - 0.3 - 0.3+ — ‘Gontrol
g g g Father
L o2 fi Lo N 8 02 Mother
o i ° Tk @ Patient-after
N / N { N
© © ¥ ©
0.1 0.14 0.1
5 5 5
= Z o =z \
0.0 0 i A\ 0.0 ; 2 S,
100 1000 10000 100000 1oo 1000 10000 100000 100 1000 10000 100000
(Ba) (Bc) (Bi) Tyrode solution
>3
‘@
c
Q
€2
°
[
N
S 1
15pm 15um £
E
o
Zo
Ctrl (60x] Father (60x Mother (60x] Patient (60x
(60x) (60x) (60x) (60x) @ o
© &£ &
(B9) & EEE
&' &' O O
© 5 5@ P
o°° % &° Q& Q
.
15um
Ctrl (100x) Father (100x) Mother (100x) Patient (100x)
(Ca) Tyrode solution (Cb) 1pM Yoda1 1min (Cc) 1pM Yoda1 5min
5 5000 Z 500 Z 500
S 4000 2 a00 2 a00 .
2 £ 2
% 30009 , £ 300 £ 300
2 @ @
E 2000 N 200 N 200
v [ [
o 1000 E 100 E 100
2 S S
w 0 Z o Z o
\‘°\v°‘~o°‘\o‘°¢°\~eé@°<@ & & & & ¢ & & & & ¢
SEELSE L S LS & F &
& & 8 & &S S
Q"\& é"\‘\qo Q"’& < Q"’& <@

Fig. 3.8: Ca’'-signaling in RBCs from a Piezo1 and spectrin double mutation pediatric
patient, family members of the patient and healthy controls under different conditions. (A)
Representative normalized histograms of Fluo-4 intensity of controls (black and gray trace), father (dark
red or light red trace), mother (dark blue or light blue trace) and the pediatric patient (patient) (dark
purple or light purple trace) in different conditions. Darker color for samples taken before the date of
splenectomy of the patient and lighter color for samples taken after the date of splenectomy. (Aa)—(Ab)
Samples in Tyrode solution. (Ac) — (Ad) Samples after 1 pM Yoda 1 stimulation for 1 minute. (Ae)-(Af)
Samples after 1 uM Yoda 1 stimulation for 5 minutes. (B) Example of confocal images for each sample
and comparison of Fluo-4 intensity before and after the date of splenectomy. (Ba)-(Bd) displayed in
same range with 60x magnification and samples taken before the date of splenectomy: (Ba) Control, (Bb)
Father, (Bc) Mother and (Bd) Patient. (Be)-(Bh) displayed in same range with 100x magnification and
samples taken after the date of splenectomy :(Be) Control, (Bf) Father, (Bg) Mother and (Bh) Patient.
(Bi) Normalized Fluo-4 intensity measured by confocal imaging in Tyrode solution. (C) Statistical
analysis of average Fluo-4 intensity measured by flow cytometry in different conditions. (Ca) Fluo-4
intensity measured in Tyrode solution. (Cb)-(Cc) Fluo-4 intensity measured after 1 pM Yoda 1 stimulation
after (Cb)l minute and (CC) After 5 minutes. (Ncontrol—donor:5> Nfather—samplingzgv Nmother—sampling:37
Npatient—sampling—before:27 Npatient—samplingfafter:17 Deell-flow cytometry 30,000, Deell-confocal >50). Data is
shown as means £ SEM in (Bi)-(Cd). The sampling number of patient were smaller than 3, thus, the
statistical analysis was not applied.
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The basal Ca2t level is lowest in the thalassemia patient without Piezo 1 mutation. The
control also has low intracellular Ca2® compared to the patient with both thalassemia
mutation and Piezo 1 mutation. The thalassemia patient with the Piezo 1 mutation has also
greater variation among RBCs (Fig. 3.9 A,B). When RBCs are challenged with Yoda 1, the
Piezo 1 activator, both the average Fluo-4 intensity and the high Ca2™ population increase
in all the samples (Fig. 3.9). The RBCs stimulated with 5 M Yoda 1 have similar Fluo-4
intensity as 1 1M Yoda 1 application from the same donor but there are higher percentage
of high CaZ* population in RBCs with 5 1M Yoda 1 challenging (Fig. 3.9 C-F). The average
Fluo-4 intensity decreased over time but the percentage of high Ca2® population maintain
the similar level within 5 minutes after Yoda 1 application (Fig. 3.9 E,F). Compared to the
healthy control and the thalassemia patient without Piezo 1 mutation, the thalassemia
patient with the Piezo 1 mutation has a significant higher average Fluo-4 intensity after
Yoda 1 stimulation (Fig.3.9 C,E). In addition, the thalassemia patient without the Piezo 1
mutation has the lowest average Fluo-4 intensity (Fig.3.9 C,E). In contrast, the patient
with Piezo 1 mutation has the smallest percentage of high Ca2t population. The healthy
control has higher percentage of high Ca2+ population than that of the thalassemia patient
without Piezo 1 mutation. (Fig.3.9D.F).
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Fig. 3.9: The results of the flow-cytometry measurements of Ca?*t-signaling in RBCs from
patient and controls. (A) Representative normalized histograms of Fluo-4 intensity of control (black
black and gray traces), thalassaemia 3 only patient (red traces) and the Piezol mutant thalassemia
patient (blue traces). in different conditions. (Darkest colors for samples in Tyrode solution without any
additional stimulation, darker colors for samples with 1 uM Yoda 1 stimulation and lightest colors for
samples with 5 pM Yoda 1 stimulation). (B)-(H) Statistical analysis of flow cytometry results. (B) Average
Fluo-4 intensity comparison of RBCs in Tyrode solution. (C) Average Fluo-4 intensity change over time.
(D) Percentage change of high Ca?t RBCs population over time. (E) Average Fluo-4 intensity change
in different conditions; (F) Percentage change of high Ca?t RBCs population in different conditions
(nee1>30,000). Data is shown as means + SEM in (B) and data is shown as mean in (C)-(H). Statistical
differences were evaluated using one-way ANOVA test with Tukey’s multiple comparison method. p < 0.05
was deemed significant.

3.2 Gardos Channel Activation and Intracellular Ca2™*

Activation of the Gardos channel causes KT loss, followed by Cl~ and water loss, leading
to cell shrinkage. Cell shrinkage causes a reduction in cell volume and shape, creating
mechanical stress on the cell membrane, which could activate the Piezo1 channel and
increase intracellular Ca2t. In addition, Gardos channel opening causes a change in
membrane potential, which could induce voltage-dependent channel opening, in particular
Cay2.1, to affect intracellular Ca?* concentration. To investigate the effects of Gardos
channel activation on intracellular Ca2t concentration, the healthy RBCs were challenged
with 100 pM NS309 or 10 pM Ionomyecin in solution with different Ca2* concentrations.
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The change in intracellular free Ca?t as a read-out parameter was measured by flow
cytometry. Flow cytometry histogram of Fluo-4 intensity of RBCs with NS309 or without
stimulation are taken from Jansen et al [599]. The percentage of high Ca?t RBCs with
NS309 stimulation as a function of the external Ca2* concentration is also taken from
Jansen et al [599].

When the extracellular free Ca2*t concentration is 1 pM, the Ionomyecin, the Ca2*-ionophore
stimulation increases the intracellular Ca2t concentration of almost all RBCs and about
90% RBCs can be considered as responding cells. In contrast, after NS309 stimulation,
a small population of RBCs with slightly higher intracellular Ca2t level and a slightly
higher percentage of responding RBCs than RBCs without stimulation (Fig.3.10 A,F).
At extracellular Ca2t concentrations of 10 pM, 100 pM and 350 pM, there is an obvious
population of responding cells after application of NS309. The RBCs in solutions containing
10 pM or 100 pM free Ca2* have a similar percentage of responding cells, which is higher
than in RBCs in a solution containing 350 pM free Ca2t (Fig.3.10 B,C,D,F). However,
RBCs with NS309 stimulation in a solution containing 1 mM free Ca2t shows a similar
percentage of responding cells as RBCs with NS309 treatment in 1 pM free Ca2+ solution,
which is lower than other conditions with NS309 application (Fig.3.10 E,F). Ionomycin
treatment results in more than 95% responding cells when RBCs are kept in solution
with 10 pM, 100 pM, 350 pM or 1 mM free Ca2t. The intracellular Ca2t concentration
appeared to be higher than RBCs with the NS309 challenge in solution same free Ca2+
concentration (Fig.3.10 B-F). Furthermore, instead of a linear regression, the percentage
of high Ca2t RBCs population shows a bell-shaped relationship as a function of external
Ca?*t concentration after stimulation with 100 pM NS309 (Fig. 3.10F).

In summary, the data show the Gardos channel activation can induce the Ca2t entry the
RBCs, but the Ca2t influx is dependent on extracellular Ca2t and it can be inhibited by
a high Ca2* concentration.
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Fig. 3.10: Ca’t-dependence of NS309 and Ionomycin stimulation. (A)-(E) Flow-cytometry
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defines responding RBCs: (A) Solution containing 1M free Ca?T; (B) Solution containing 10 pM free
Ca?*; (C) Solution containing 100 pM free Ca®*; (D) Solution containing 350 uM free Ca?*; (E) Solution
containing 1 mM free Ca?t. (F) Comparison of the percentage of high Ca’T RBCs after 100 uM NS309
or 10 pM Ionomycin or no stimulation as a function of the external Ca?t concentration. Percentage of
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3.3 Transient Receptor Potential Vanilloid Type 2

(TRPV2) Channel

3.3.1 Influence of Long-term Cannabis Consumption on TRPV2

Channel Function in

RBCs

To understand the physiological functions of TRPV2 in RBCs and the effects of long-term
marijuana consumption on TRPV2 function, blood was collected from healthy non-smokers
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(NS) and regular marijuana smokers (MS). The RBCs were challenged with 30 pM AY-THC
and the change in intracellular free Ca?t was used as a read-out parameter. The Fluo-4
intensity was measured by confocal imaging and flow cytometry. Representative normalized
histograms of Fluo-4 intensity of NS and MS RBCs in Tyrode solution with or without
30 M A9-THC stimulation are taken from Flormann et al, as well as high Ca2+ RBCs
population percentage comparison of samples in Tyrode solution and right after A9-THC
stimulation [644]. Some representative confocal slices of RBCs treated with A9-THC and
quantification of TRPV2 expression by flow cytometry and Western blots are also taken
from Flormann et al [644].

Time after addition of 30uM A°-THC

Omin 5min 15min 20min 30min 40min

-
o
3
=

T0pm Brightness of pixels corresponds to Fluo-4 fluorescence intensity

Fig. 3.11: Representative confocal slices of RBCs from a healthy control loaded with the
Ca’T-fluorophore Fluo-4. Each row represents the change in the same RBC over time. The time after
addition of A%-THC is indicated above each image column. Both, RBC shape and Ca?T content indicate
the transient nature of the A?-THC stimulation.

As the images show in Figure3.11, after A9-THC application, within 10 minutes of
application of A9-THC, RBCs responding to A9-THC have an increased intracellular Ca2+t
concentration. The intracellular calcium concentration decreases after reaching its highest
level. Meanwhile, the responding discocytes become hyperhydrated and transform into
stomatocytes and even spherocytes.
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The basal Ca2t concentration in MS RBCs is similar to that in NS RBCs (Fig.3.12 A,
B,C,E). Right after A9-THC stimulation, the population of high Ca?t RBCs is increased
in both NS and MS (Fig.3.12 A,D) and the average Fluo-4 intensity of RBCs is increased
(Fig. 3.12 C). There is a higher percentage of high Ca2+ RBCs in MS (20%) than that in
NS (16%) right after A9-THC application (Fig.3.12D) and therefore the average Fluo-4
intensity is higher in MS (Fig. 3.12 C). After 10 minutes of AY%-THC stimulation, the high
Ca?™t population in MS is maintained at the same percentage. However, the high Ca2t
population in NS is increased by 25% (Fig. 3.12D,F). The average Fluo-4 intensity of RBCs
from NS is similar to that of MS after 10 minutes of A9-THC stimulation (Fig.3.12E).
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Fig. 3.12: The results of the flow-cytometric measurements of Ca’*-signaling in RBCs from
marijuana smokers (MS) and healthy non-smokers (NS) with 30 pM A°-THC stimulation. (A)
Representative normalized histograms of Fluo-4 intensity of NS (green traces) and MS (blue traces). Darker
colors for samples in Tyrode solution without any additional stimulation and lighter colors for samples
measured right after A%-THC stimulation. The color code also applied to panel B. (B) Representative
normalized histograms of Fluo-4 intensity of NS and MS in Tyrode solution without any additional
stimulation and 10 minutes after A%-THC stimulation. (C)-(F) Statistical analysis of flow-cytometric
results. (C) Average Fluo-4 intensity comparison and (D) High Ca’?t RBCs population percentage
comparison of samples in Tyrode solution and right after A%-THC stimulation. (E) Average Fluo-4
intensity comparison and (F) High Ca?t RBCs population percentage comparison of samples in Tyrode
solution and right after A%-THC stimulation (Nps=3, Nns=4, nee1>>30,000). Data is shown as means +
SEM in (C)-(F) Statistical differences were evaluated using one-way ANOVA test with Tukey’s multiple
comparison method. p < 0.05 was deemed significant.

To investigate the difference in intracellular Ca2t concentration between MS and NS RBCs
after A9-THC stimulation due to the difference in TRPV2 expression under long-term
cannabis consumption, TRPV2 antibody and fluorescent secondary antibody against
TRPV2 antibody were used for WB and flow cytometry. The secondary antibody used for
flow cytometry was conjugated to Alexa-647A dye and the secondary antibody used for
WB measurement was conjugated to HRP.
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As shown in Figure3.13 A and B, the expression level of TRPV2 shows no difference
between MS and NS. In addition, both antibodies do not show significant differences in
the expression level of TRPV2 normalized to the spectrin between MS and NS with WB
measurement, the more accurate and sensitive protein quantification method compared to
flow cytometry (Fig.3.13 C-F).

The data shows only a small population of RBCs can respond to A-THC and the
population is slightly bigger in marijuana smokers than healthy people. RBCs responding
to AY-THC can lead to cell swelling and Ca2t entry. However, the number of TRPV2

copies seem to have no difference between marijuana smokers and non-smokers.
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Fig. 3.13: Quantification of TRPV2 expression by flow cytometry and Western blots. (A)
and (B) Flow cytometry measurement with TRPV2 antibody (Alomone). (A) Representative normalized
histograms of Fluo-4 intensity of NS (green traces) and MS (blue traces). (B) Averaged fluorescence of
Alexa-647A of RBCs from MS and NS. (C)-(F) Western blot for TRPV2 with two different antibodies
from Alomone (left) and Bosterbio (right). Purple boxed bands are TRPV2 staining and yellow boxed
bands are spectrin staining. Unboxed bands indicate non-specific cross reactivity of the antibodies. (C)
WB image of TRPV2 antibody (Alomone) staining (upper panel) and spectrin antibody staining (lower
panel). (D) WB images of TRPV2 antibody (Bosterbio) staining (upper panel) and spectrin antibody
staining (lower panel). (E) Statistical analysis of the normalized expression level of TRPV2 stained with
the Alomone antibody, data was normalized to the spectrin. (F) Statistical analysis of the normalized
expression level of TRPV2 stained with the Bosterbio antibody, data was normalized to the spectrin.
(NMS-donor=3; NNS-donor=4). Data is shown as means + SEM in (B), (E) and (F). Statistical differences
were evaluated using unpaired T-test. p<0.05 was deemed significant.
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3.3.2 Effects of TRPV2 Activation on Sickle Cells

During deoxygenation, increased Ca2t conductance could promote dehydration of sickle
cells through activation of the Géardos channels, leading to RBCs sickling. Activation
of the TRPV2 channel, a non-selective cation channel, could increase intracellular Ca2+t
concentration. To investigate whether TRPV2 channel activation has impacts on sickle
cells, RBCs from healthy controls (AA) and sickle cell patients (SS) were challenged
with A9-THC and the Ca2t signaling was detected by flow cytometry. In addition, the
MBE method was used to measure the change in membrane potential after A9-THC
stimulation. Dose-response effects of A9-THC in healthy RBCs, statistical comparison of
the normalized Fluo-4 intensity before THC stimulation and normalized Fluo-4 intensity
change after A9-THC application are taken from Hatem et al [645]. Quantitative analysis
of normalized Fluo-4 intensity of AA and SS RBCs responding to A9-THC in different
time slots are taken from Hatem et al as well [645]. In addtion, resting membrane (Ey,)
and hyperpolarization magnitudes (A(Vmpax- Em) of RBCs from SS and AA with 80 uM
A9-THC in different conditions are taken from Hatem et al [645].

When the concentration of AY-THC is less than 11M, there is no obvious increase in
the size of the high Ca2t population. When the RBCs are stimulated with more than
1M A9-THC, the percentage of high Ca?*t cells increased with time during the first
50 seconds after AY-THC stimulation. The high Ca2t population also increases with the
A9-THC concentration (Fig.3.14 A). The high Cat population has no obvious difference
between groups receiving 60 pM, 90 pM and 120 pM A9-THC stimulation for 55 seconds
(Fig.3.14 A,B). The A9-THC effects are shown in Figure3.14B. The curve shows the
percentage of responding cells in response to different concentrations of AY%-THC after
I minute of incubation. The ECs of A%-THC in RBCs is about 13.35 pM (Fig. 3.14 B).
According to the dose-response curve, 30 nM are chosen as the dose close to the EC5q and
80 pM as the dose of a maximum A9-THC effect in further experiments.

Intracellular Ca2* is significantly higher in sickle cell patients compared to healthy controls
under basal conditions (without stimulation) with 45% higher normalized Fluo-4 intensity
(Fig.3.14 C,D black and red traces respectively). After 30 uM A9-THC stimulation, an
increase in the percentage of high Ca2t RBCs occurs in both AA and SS groups (Fig. 3.14 D-
F). The percentage in the SS group is higher than in the AA group and the high Ca®*
RBCs from the SS group have slightly higher intracellular Ca2* as well (Fig. 3.14 D-H).
When RBCs are stimulated with 30 pM A9-THC, the percentage of high Ca2t RBCs is
increased significantly after stimulation and reaches the maximum plateau after 3 minutes
in both SS and AA groups. The SS group maintains a significantly higher percentage
of high CaZ*t cells than AA (Fig.3.14E,F). In addition, both AA RBCs and SS RBCs
that respond to AY-THC reach the highest intracellular Ca?* after 3 minutes of A9-THC
application and the calcium level starts to decrease after 5 minutes. The intracellular Ca2+t
concentration is higher in SS RBCs than AA RBCs with a 20% higher normalized Fluo-4
intensity (Fig.3.14 G,H). RBCs treated with 80 uM A9-THC show a similar trend as that
of the RBCs with 30 M A9-THC (Fig. A.2).

80 M A9-THC can induce, as expected, hyperpolarization of —16.3 + 1.5mV in SS RBCs
in oxygenated conditions with an average —22.4 + 1.4mV as the maximum hyperpolar-
ization potential reached (Fig.3.15B,C, Fig.3.16 C,D). Ethanol at an equivalent amount
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does not cause any membrane potential change (Fig.3.15). The significant difference
in maximal hyperpolarization and hyperpolarization magnitudes between A9-THC and
ethanol stimulated RBCs indicates the hyperpolarization is induced by A9%-THC. The
hyperpolarization is enhanced by 74% and the maximum membrane potential achieved
during hyperpolarization in SS RBCs is significantly increased to 28.4 + 2.4mV under
deoxygenation conditions with oxygen levels reduced to 0.8 - 1 mg/L (Og partial pressure:
19.6 - 24.5mmHg). In addition to increased maximal hyperpolarization and hyperpolariza-
tion magnitudes, the hyperpolarization rate is 68% faster in the deoxygenation condition
(Fig. 3.16 C,D). However, the same amount of A9-THC induces only a small change in the
membrane potential of AA RBCs in both oxygen condition (-3.8 +0.7mV) and deoxygen
conditions (5.8 +1.3mV) (Fig.3.16 C,D). The hyperpolarization could be prevented by
pre-incubation with 100 nM charybdotoxin, the Gardos channel inhibitor (Fig.3.16 C-E).
In contrast, 30 pM AY-THC induces almost no change in membrane except in SS RBCs
in deoxygenated condition (Fig. A.4). It is noteworthy that the resting membrane po-
tential of SS RBCs is on average less electronegative (6.3 £ 0.3mV) than that of AA
cells (-10.4 +0.5mV). SS RBCs also have a less negative resting membrane potential
(-4.1+£0.4mV) under deoxygenated condition. In addition, charybdotoxin has no effect on
the resting membrane potential (Fig.3.16 B).

The data show RBCs respond to acute AY%-THC stimulation can lead to a rapid and pro-
longed increase in intracellular Ca2t and the RBCs from SCD patients are more responsive
than the ones of healthy people. The increase of Ca?* in RBCs from SCD patients can
active the Gardos channels and induce hyperpolarization. The hyperpolarization of SS
RBCs can be enhanced in deoxygenation condition.
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Fig. 3.14: The results of the flow-cytometry measurements of Ca’'-signaling in RBCs from
healthy controls (AA) and sickle cell patients (SS). (A) Different effect of A?-THC dose and time
change on the population of RBCs with high Ca®t within the first minute after A?-THC application. (B)
Dose-response effects of AY-THC in healthy RBCs. The curve shows the percentage of responding cells in
response to different concentrations of A%-THC after 1 minute of incubation. (C) Statistical comparison of
the normalized Fluo-4 intensity before THC stimulation between AA and SS cells. (D)-(H) Flow-cytometry
data and statistical analysis after 30 nM A?-THC stimulation: (D) Representative normalized histograms
of Fluo-4 intensity in the high Ca®t population of AA cells without A%-THC (black trace), SS cells
without AY%THC (red trace), AA cells with A?-THC (green trace), and SS cells with A*-THC (blue
trace); (E) Percentage change in the high Ca?t population over time after A°-THC application (green-AA,
blue-SS); (F) Quantitative analysis of AA and SS RBCs with high Ca’t in response to A’-THC in
different time slots; (G) Normalized Fluo-4 intensity change in AA and SS RBCs responding to A°-THC
over time after A%-THC application (green-AA, blue-SS), (H) Quantitative analysis of normalized Fluo-4
intensity of AA and SS RBCs responding to A?-THC in different time slots. (In (A) and (B) Ngonor=4,
in (C)-(M) Ngonor=8, nce1>30,000). Data is shown as means + SEM in (B), (C), (E)-(H) and (J)-(M).
Statistical differences were evaluated using unparied T-test for (B); two-way ANOVA test with Sidak
multiple comparison method in (F) and (H).
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Fig. 3.15: Membrane potential with 80 pM A-THC and corresponding amount of solvent
(ethanol) stimulation in SS RBCs. (A) Representative trace with A%-THC (blue), with EtOH (yellow).
Arrows indicate when packed RBCs, stimulation with indicated compound and TritonX-100 were added
to the measuring system. (B) Maximal hyperpolarization (Vinpj,y). (C) Hyperpolarization magnitudes
(A(Vmppax- Em)) are obtained after the deduction of resting membrane potential (En,) from the maximal
hyperpolarization (Vimyy,,) reached at each condition Membrane potential change. (D) Absolute value
of hyperpolarization rate (Ngg480M-THC-donor=39, NSS4 EtoH-80-donor=5). Data is shown as means
+ SEM in (B)-(D). Statistical differences were evaluated using unpaired T-test. p < 0.05 was deemed
significant.
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Fig. 3.16: Membrane potential upon A’-THC stimulation in AA and SS RBCs in differ-
ent oxygen conditions. (A) Representative traces with 80 M A%-THC in different oxygen con-
ditions: AA RBCs in oxygenated condition (green), AA RBCs in deoxygenated condition (black),
SS RBCs in oxygenated condition (blue), SS RBCs in deoxygenated condition (red). Arrows indi-
cate when packed RBCs, A?-THC and TritonX-100 were added to the measuring system. (B) Rest-
ing membrane (Ep) of RBCs from AA and SS under different conditions. (C) Hyperpolarization
magnitudes (A(Vimpfax- Em) of RBCs from SS and AA with 80pM A%-THC in different conditions.
Maximal hyperpolarization (Vmpay). (D) Maximal hyperpolarization (Vmyg,,) and (E) Absolute
value of hyperpolarization rate of RBCs from SS and AA with 80 pM A%-THC in different condi-
tions. (NAA—Oxy—donor:12a NAA—Deoxy—donor:117 NAA+ChTX—Oxy—donor:7a NAA+ChTX—Deoxy—d0nor:67
NSS—Oxy—donor:357 NSS—Deoxy—donor:207 NSS—i—ChTX—Oxy:ga NSS+ChTX—Deoxy—donor:5) Data is shown
as means = SEM in (B) - (E). Statistical differences were evaluated using one-way ANOVA test with
Tukey’s multiple comparison method. p < 0.05 was deemed significant.
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3.4 Calcium Quantification by Fluorescence Lifetime
Image Microscopy (FLIM)

3.4.1 Hemoglobin Concentration Influence on Fluorescence Intensity
Dependent Semi-quantification of Calcium Concentration

As shown in previous sections 1.3.3 and 2.2.3, the most common measurement of intracel-
lular Ca2™ concentration is the measurement of the change in Ca2*t-indicator intensity by
confocal microscopy or flow cytometry. By comparing the measured fluorescence intensity
of the indicators with the fluorescence intensity of the indicators in the basal state, a
semi-quantification of intracellular Ca2t could be achieved. The absorption of excitation
light as well as the absorption of the emission light by RBCs, in particular the hemoglobin,
influences the finally recorded fluorescence intensity of the Ca2t-indicators during the
experiments. In order to study the influence of the hemoglobin, the fluorescence inten-
sity of Fluo-4 was measured in RBCs after they had been challenged with hypoosmotic
(130 mOsm/L), isotonic (300 mOsm/L) and hyperosmotic Tyrode solution (800 mOsm/L).
The RBCs in 130 mOsm/L Tyrode solution can transform to stomatocytes, and RBCs in
800 mOsm /L Tyrode solution could transform to echinocytes.

In Figure 3.17 A and B show, that when RBCs are challenged with iostonic Tyrode solution
and hyperosmotic Tyrode solution, there is only one RBCs population. The averaged
Fluo-4 intensity of echinocytes in 800 mOsm /L Tyrode solution is slightly lower than that
of discocytes but not significantly (Fig.3.17 A,B). The Fluo-4 intensity in echinocytes
as measured by confocal microscopy is nearly (40% lower compared to discocytes, see
Figure 3.17 C. Differently, RBCs in hypoosmotic Tyrode solution show two population with
different Fluo-4 intensity. Both groups show a significant higher average Fluo-4 intensity
than RBCs in isotonic Tyrode solution and hyperosmotic Tyrode solution (Fig.3.17 A,B).

The data shows the volume of RBCs changing could lead to fluorescence intensity change.
The decreased volume will lead to decreased fluorescence intensity of intracellular dye in
RBCs. In contrast, the increased volume can cause the stronger fluorescence intensity of
intracellular dye in RBCs.
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Fig. 3.17: Results of flow cytometry and confocal imaging measurements of Fluo-4 intensity of
RBCs challenged with solutions of different osmolarity. (A) Representative normalized histograms
of Fluo-4 intensity of discocytes (RBCs in 300 mOsm/L Tyrode - black trace), echinocytes (RBCs in
800 mOsm/L Tyrode - red trace) and stomatocytes (RBCs in 130 mOsm/L Tyrode - purple trace). The
white panel indicates RBCs with low fluorescence intensity and green panel indicated the RBCs with high
fluorescence intensity. (B) Average Fluo-4 intensity of discocytes, echinocytes and stomatocytes with low
Fluo-4 intensity and stomatocytes with high Fluo-4 intensity (Nexperiment=6). (C) Statistical analysis of
Fluo-4 intensity measured by confocal imaging of discocytes and echinocytes. For each condition, nge;;>50.
Data is shown as means + SEM in (B) and (C). Statistical differences were evaluated using one-way
ANOVA test with Tukey’s multiple comparison method. p < 0.05 was deemed significant.

3.4.2 FLIM Measurement of Intracellular Ca2+ Concentration

Because the intensity of the Ca2+-indicator is influenced by the hemoglobin concentration,
the methods based on Ca2*-indicators can not be calibrated and hence does not allow
exact quantification. The differences we achieve as differences in fluorescence sensor
intensity I refer to as semiquantification. In addition, the intensity measurement by
confocal microscopy or flow cytometry lacks sensitivity among other limitations. Therefore,
a sensitive quantitative method is needed that only depends on the intrinsic characteristics
of the indicator. The fluorescence lifetime is a possible parameter with an independent
Ca2t response under ideal conditions. The experimental methods and results presented
in the following sections aim at studying the potential of the FLIM method in a real
laboratory scenario. During experiments, Three FLIM microscopy system were used: a
Leica 2-photon excitation (2PE) fluorescence lifetime imaging microscopy system (Leica,
2PE FLIM system), a TauMap 2PE fluorescence lifetime imaging microscopy system
(TauMap 2PE FLIM system) and customised 1-Photon (1PE) excitation fluorescence
lifetime imaging microscope system (1PE FLIM system).
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3.4.2.1 Ca®*-indicators Selection and Hemoglobin Influence

There are several groups of Ca2t indicators on the market. In the experiments, RBCs
were loaded separately with different Ca2t indicators and treated with or without Ca2*-
ionophore to obtain RBCs with high intracellular Ca2® or maintain low intracellular Ca2+.
FLIM of RBCs with different Ca2+ indicators were measured using the Leica 2PE FLIM
system.

As shown in Figure3.18 Aa,Ab,Ba,Bb,Ca,Cb,Da and Db, RBCs with Fluo-4, Fura-2,
Oregon Green 488 BAPTA-1 (OGB-1) and Fura-red show similar fast lifetimes in the
FLIM images. RBCs containing low and high intracellular Ca?* have similar decay curves
when the RBCs are loaded with OGB-1, Fura-2 and Fura-red (Fig. 3.18 B¢,Cc,Dc). However,
the statistics shows that there is a significant difference in the amplitude averaged lifetime
between high and low Ca?*t conditions when RBCs were stained with OGB-1, Fura-2 and
Fura-red (Fig.3.18 Bd,Cd,Dd). In contrast, RBCs stained with Fluo-4 show a faster decay
in the high Ca2t condition than in the low Ca2® condition but the amplitude averaged
lifetime is not significantly different between these two conditions (Fig.3.18 Ac,Ad).

Surprisingly, RBCs with X-rhod-1 show a distinctly different fast lifetime in FLIM images
and clearly different decay curves between high and low Ca2* conditions (Fig. 3.18 Ea,Eb,Ec).

Statistics shows that the amplitude-averaged lifetime is significantly longer in RBCs at
high Ca2t than in RBCs at low Ca2t (Fig. 3.18 Ed).

The influence of hemoglobin on lifetime is discussed in the following. Firstly, if there
are detectable fluorescent signals from RBCs under imaging conditions was checked by
imaging RBCs without any loaded dyes at different excitation wavelengths with three
different FLIM systems. Only data recorded by the Leica 2PE FLIM system is shown in
this section. Data obtained using another two systems are shown in Appendix A.2.

Using Leica 2PE FLIM system, the excitation and emission spectrum using unstained
RBCs was recorded. As shown in Figure 3.19 B, there are three emission peaks detected.
The highest emission peak is detected between 620 nm to 680 nm while the second highest
emission peak is around 500 nm. The smallest peak is around 440 nm to 460 nm and the
intensity is less than half that of the biggest peak (Fig.3.19B). The highest excitation
peak is detected at 690 nm wavelength, and the detected signal intensity decreases with
increasing wavelength (Fig.3.19B).

FLIM images of unstained RBCs were obtained with excitation laser wavelength of 700 nm,
800 nm, 900 nm and 915nm. As shown in Figure 3.19 Aa-Ad, with increasing excitation
laser wavelength, fewer photons are recorded in the FLIM images taken by the Leica 2PE
FLIM system. FLIM images with 700 nm excitation has the highest average intensity, which
is 10.5 times higher than the average intensity of FLIM images with 915 nm excitation, the
group with the lowest average intensity (Fig.3.19D). The representative decay curves show
that the 915 nm excitation of RBCs have the fastest lifetime decay among all conditions
(Fig.3.19C). And the amplitude averaged lifetime in the 915nm excitation condition
is shorter than the 800 nm and 900 nm excitation groups. FLIM images with 700 nm
excitation is not able to be analyzed so the data is not included (Fig.3.19E).

To investigate the influence of Hb on the excitation and emission spectrum of dyes, the
excitation and emission spectrum using unstained RBCs were compared with those of
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Fig. 3.18: FLIM images of Ca’t- indicator loaded RBCs with low and high intracellular Ca®"
and statistical analysis. Data obtained by a Leica 2-photon excitation (2PE) fluorescence lifetime
imaging microscope (Leica 2PE FLIM system). (Aa)-(Ab) FLIM images of Fluo-4 loaded RBCs with low
and high intracellular Ca?T. Blue represents shorter lifetime and red represents longer lifetime, which
are alsoe applied to panel (Ba), (Bb), (Ca), (Cb), (Da), (Db), (Ea) and (Eb). (Ac) Representative decay
curves of Fluo-4 loaded RBCs with low (black) and high (green) intracellular Ca?*. Dots show the
measured data, and lines indicate the fitted regression, which are also applied to panel (Bc), (Cc), (Dc)
and (Ec). (Ad) Amplitude-averaged lifetime of Fluo-4 loaded RBCs with low and high intracellular Ca?*.
(N1ow-ca=21, Nhigh-ca=20). (Ba)-(Bb) FLIM images of Oregon Green 488 BAPTA-1 (OGB-1) loaded
RBCs with low and high intracellular Ca?*. (Bc) Representative decay curves of OGB-1 loaded RBCs
with low (black) and high (green) intracellular Ca?*. (Bd) Amplitude-averaged lifetime of OGB-1 loaded
RBCs with low and high intracellular Ca?T (njoy-ca=1, Npigh-Ca=13). (Ca)-(Cb) FLIM images of Fura-2
loaded RBCs with low and high intracellular Ca®t. (Cc) Representative decay curves of Fura-2 loaded
RBCs with low (black) and high (red) intracellular Ca?*. (Cd) Amplitude-averaged lifetime of Fura-2
loaded RBCs with low and high intracellular Ca?® (njgy-ca=19, Npigh-Ca=21). (Da)-(Db) FLIM images
of Fura red loaded RBCs with low and high intracellular Ca?t. (Dc) Representative decay curves of Fura
red loaded RBCs with low (black) and high (red) intracellular Ca?t. (Dd) Amplitude-averaged lifetime of
Fura red loaded RBCs with low and high intracellular Ca?t (njoy-ca=10, Npigh-Ca=11). (Ea)-(Eb) FLIM
images of X-rhod-1 loaded RBCs with low and high intracellular Ca?T. (Ec) Representative decay curves
of X-rhod-1 loaded RBCs with low (black) and high (red) intracellular Ca?t. (Ed) Amplitude-averaged
lifetime of X-rhod-1 loaded RBCs with low and high intracellular Ca’t (nj0y-ca=15, Npigh-ca=11). Data
is shown as means + SEM in (Ac), (Ad) (Bc), (Bd), (Cc), (Cd), (Dc), (Dd), (Ec) and (Ed). Statistical
differences were evaluated using unpaired T-test. p < 0.05 was deemed significant.



3.4 Calcium Quantification by Fluorescence Lifetime Image Microscopy (FLIM) 81

(B)
o)
=
»n 1.5 .
qC, — Emission Spectrum of RBCs
- Excitation spectrum of RBCs
£ 1.0
T
8
5 0.5
£
™
10 © 0.0
Z 400 600 800 1000
Wavelength(nm)
5
o
o
C
[e]
°
<
[oR
0
(C) (D) . (E) -
’78000- . 800  kkkk kokkk
& I Sk -
- 1+: - RBCs-700nm-raw 2 6000- g s
Z . RBCs-700nm fit © - 600+
g 01\~ . RBCs-800nmraw 8 %%
@ l i — RBCs-800nm fit  .£ 4000+ 2 E 4004
S 0.014 RBCs-900nm raw g X
o] — RBCs-900nm fit 20004 5=
€ 0.0011 - RBCs915nmraw & L 2007
S — RBCs-915nmfit <
0.0001 TTTTTTTTTT T T T T T T T T[T T I T TTTT] 0- c T T T
0 5(-)00- 10000 15000 QQQ&QQO&QQQ&\%Q& @“& @o& ,@“&
Lifetime(ps) AT oY o e e

Fig. 3.19: Overview of the signals from pure RBCs after laser excitation. Data were obtained
using the Leica 2PE FLIM system. (A) Representative photon-count images of RBCs with (Aa) 700nm
2PE, (Ab) 800nm 2PE, (Ac) 900nm 2PE and (Ad) 915nm 2PE. Each spot represents one RBC. Black
represents lower photon counts and white represents higher photon counts. (B) Excitation and emission
spectrum of RBCs with 2PE. (C) Representative decay curves of RBCs with 750nm 2PE (black), 800nm
2PE (red), 900nm 2PE (green) and 915nm 2PE (blue). (D) Average intensity of RBCs with 750nm 2PE,
800nm 2PE, 900nm 2PE and 915nm 2PE (n=10). (E) Amplitude averaged lifetime of RBCs with 800nm
2PE, 900nm 2PE and 915nm 2PE (n=10). Data is shown as means + SEM in (D) and (E). Statistical

differences were evaluated using one-way ANOVA with Tukey’s multiple comparison method. p < 0.05
was deemed significant.

different dyes in RBCs or a cell line derived from human embryonic kidney cells (HEK293).
As shown in Figure3.20 Aa and Ba, the peaks of the emission and excitation spectrum
of Fluo-4 and OGB-1 in RBCs seem to be red-shifted compared to that in HEK cells.
The peaks of the excitation and emission spectrum of Fura red in RBCs are shifted to
the left compared to HEK cells (Fig.3.20 Da). However, the peaks of the excitation and
emission spectrum of X-rhod-1 is the same for HEK cells (Fig. 3.20 Ea). The peaks of the
excitation and emission spectrum of different dyes in RBCs were also compared with the
peaks of pure RBCs (Fig. 3.20 Aa,Ba,Ca,Da,Ea). The emission peak of Fluo-4 overlaps
with the second biggest emission peak of RBCs and the peak of the excitation spectrum
of Fluo-4 is similar to that of RBCs (Fig.3.20 Aa). The excitation peak of OGB-1 is
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shifted to the right compared to RBCs, but the peak of the emission spectrum overlapped
the second biggest emission peak of RBCs (Fig.3.20Ba). For Fura-2, the peak of the
excitation spectrum is similar to that of RBCs, while the peak of the emission spectrum is
slightly right-shifted comparing to the second biggest peak of RBCs (Fig.3.20 Ca). For
Fura red and X-rhod-1, the peak of the excitation spectrum is obviously separated from the
peak of RBCs (Fig.3.20 Da,Ea). However, the peak of the emission spectrum of Fura-red
overlapped with the biggest peak of the emission spectrum of RBCs (Fig.3.20Da). In
contrast, the peak of the emission spectrum of X-rhod-1 in in yellow rnange with the
smallest overlap to RBC emission peaks (Fig. 3.20 Ea).

When the decay curves of different dyes in RBCs with high or low calcium are compared
with the decay curves of pure RBCs, all five dyes show obviously different lifetime decay
compared to RBCs (Fig. 3.20 Ab,Bb,Ch,Db,Eb).

In summary, lifetime of X-rhod-1 is distinguished from the signals originating in RBCs
which makes it the best dye for FLIM imaging with least influence of additional signals
from RBC and was selected for further studies.
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Fig. 3.20: Excitation and emission spectrum of hemoglobin and five different dyes in RBCs
and HEK cells and decay curves of RBCs and dyes under high or low Ca?" conditions in
RBCs in the Leica 2PE FLIM system. (Aa) Emission spectrum of Fluo-4 in RBCs (black), HEK cells
(dark blue) and Hb (dark red) and excitation spectrum of Fluo-4 in RBCs (gray), HEK cells (light blue)
and Hb (light red). (Ab) Representative decay curves of Fluo-4 in RBCs with low (green) and high (blue)
Ca?t and Hb (red). Dots displayed the measured data and the lines indicated the fitted regression, which
are also applied to panel Bb, Cb, Db and Eb. (Ba) Emission spectrum of Oregon Green 488 BAPTA-1
in RBCs (black), HEK cells (dark blue) and Hb (dark red) and excitation spectrum of Oregon Green
488 BAPTA-1 in RBCs (gray), HEK cells (light blue) and Hb (light red). (Bb) Representative decay
curves of Oregon Green 488 BAPTA-1in RBCs with low (green) and high (blue) Ca?* and Hb (red). (Ca)
Emission spectrum of Fura-2 in RBCs (black) and Hb (dark red) and excitation spectrum of Fura-2 in
RBCs (gray) and Hb (light red). (Cb) Representative decay curves of Fura-2 in RBCs with low (green)
and high (blue) Ca?T and Hb (red). (Da) Emission spectrum of Fura red in RBCs (black), HEK cells
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Fig. 3.20 (previous page): (dark blue) and Hb (dark red) and excitation spectrum of Fura red in RBCs
(gray), HEK cells (light blue) and Hb (light red). (Db) Representative decay curves of Fura red in RBCs
with low (green) and high (blue) Ca?t and Hb (red). (Ea) Emission spectrum of X-rhod-1 in RBCs
(black), HEK cells (dark blue) and Hb (dark red) and excitation spectrum of X-rhod-1 in RBCs (gray),
HEK cells (light blue) and Hb (light red). (Eb) Representative decay curves of X-rhod-1 in RBCs with
low (green) and high (blue) Ca®* and Hb (red).

3.4.2.2 FLIM Data Analysis Methods

During the FLIM data analysis, the advanced FLIM fitting method (AFFM) and the
maximum entropy method (MELT) were used for data analysis. Compared to AFFM,
the MELT method provides the spectrum of the lifetime component distribution of the
maximum entropy fitting (Fig.3.21 A). Comparing the perfection of the fitting, the MELT
method has a significantly smaller chi-square than AFFM (Fig. 3.21 B). In addition, AFFM
methods with preset number of components could obtain unreasonable lifetime components
and amplitudes in some conditions, whereas MELT could directly show the resolvable
number of components with a more realistic fitting (Fig. 3.21 C,D).
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Fig. 3.21: Comparison of two data fitting methods. (A) Lifetime components spectral of X-rhod-1
in RBCs with 1PE (black trace) and 2PE (red trace) detected by the maximum entropy method (MELT).
Data is obtained by the Leica 2PE FLIM system and 1PE FLIM system. (B) Statistical comparison of
chi-square between the advanced FLIM fitting method (AFFM) and MELT (n=4516). (C) Examples
of unreasonable fitted lifetime components from AFFM compared to MELT (n=49). (D) Examples of
unreasonable fitted amplitudes between AFFM and MELT (n=49). in (B)-(D), Data is obtained by the
Leica 2PE FLIM system and shown as means + SEM. Statistical differences were evaluated using paired
T-test in (B). p < 0.05 was deemed significant.

3.4.2.3 Influence of 1PE and 2PE on FLIM Parameters of X-rhod-1 Loaded RBCs.

Three FLIM systems were used for experiments presented in this thesis. Two of the systems
used 2PE (the Leica 2PE FLIM system and the TauMap 2PE FLIM system) and one of
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the systems used 1PE (the 1PE FLIM system). As shown in Figure 3.21 A, with 1PE, the
FLIM images of X-rhod-1 loaded RBCs show only two lifetime component peaks in the
spectrum. However, with 2PE, the FLIM images of X-rhod-1 loaded RBCs show three
lifetime components. The second longest lifetime component to and the longest lifetime
component t3 are similar to the two lifetime components 11 and 1o of the FLIM images
taken with the 1PE FLIM system. The shortest lifetime component t1 of the FLIM images
taken by the Leica 2PE FLIM system is not detected in FLIM images taken by the 1PE
FLIM system.

3.4.2.4 Influence of Acquisition Parameters on X-rhod-1 Lifetime in RBCs

To investigate whether the image acquisition parameters could influence the lifetime of
X-rhod-1 in RBCs, FLIM images of RBCs loaded with X-rhod-1 were taken using different
acquisition parameters, including excitation wavelength, exposure time and temperature.
In addition, the reproducibility of the experiment of the lifetime of X-rhod-1 in RBCs on
different days of the experiment was tested.

As shown in Figure 3.22 A, in FLIM images taken by the TauMap 2PE FLIM system, the
decay curve of X-rhod-1 in 800 nm 2PE, 850 nm 2PE, 900 nm 2PE and 920 nm 2PE are
similar to each other. Data analysis resolved three lifetime components (11, t9 and t3). 11
is the shortest lifetime component. t9 is the second longest lifetime component and t3 is
the longest lifetime component (Fig.3.22 B,C,D). There is no statistical difference between
11 and T2 among conditions with different excitation laser wavelengths (Fig. 3.22 B,C).
In contrast, the t3 from 800 nm 2PE excitation is significantly different from t3 of the
image taken with 900 nm 2PE and 920 nm 2PE (Fig. 3.22 D). With the 1PE FLIM system,
the FLIM images are taken with two different excitation laser wavelengths, 470 nm and
532nm. The FLIM parameters shows no difference between the two laser wavelength
excitations (Fig. A.6).

Next, FLIM images of RBCs loaded with X-rhod-1 are acquired using the same excitation
laser wavelength and different exposure times in the TauMap 2PE system. As shown in
Figure 3.23 A, the decay curves are similar under different acquisition conditions. t; and
19 show no difference among different acquisition conditions (Fig. 3.23 B,C). For t3, there
is a significant difference between images taken with 4.4 second exposure time and images
taken with 97 second exposure time. The 13 of images with another exposure time show no
difference to the images with 4.4 second exposure time but a downward trend (Fig.3.23 D).

The effects of surrounding temperature during FLIM imaging with the Leica 2PE FLIM
system is shown in Figure 3.24. As shown in Figure3.24 A the lifetime decay curves of
X-rhod-1 at different temperature conditions show a slight difference in the tail. Regarding
the tail, the decay of X-rhod-1 FLIM images taken at 26°C is the slowest decay in the tail
and the decay of X-rhod-1 FLIM images taken at 37°C is the fastest decay (Fig.3.24 A).
The t1 and 12 are significantly shorter with increasing temperature (Fig.3.24 B,C). Dif-
ferently, the t3 of FLIM images taken in 26°C and 29°C show no significant difference
(Fig.3.24 D). However, both of them are significantly longer than t3 of FLIM images
taken in 37°C (Fig. 3.24 D). The amplitude-averaged lifetime is also significantly shorter
with increasing temperature (Fig.3.24 E). However, the lifetime-weighted ratio shows no
significant difference with changing temperature (Fig. 3.24 G). Furthermore, although there
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are significant differences between the amplitude ratio of the three conditions at different
extracellular temperatures, there is not enough data to show a clear relationship between
temperature and amplitude ratio (Fig.3.24 F).

In addition, the reproducibility of the lifetime components of FLIM images with the same
FLIM system and acquisition parameters was tested. As Figure 3.25 A show, in Leica 2PE
FLIM system, the lifetime decay curves of X-rhod-1 in RBCs in the same condition are
similar in different experiment days. The lifetime components show variations among
different experiment days but there is no significant difference detected (Fig. 3.25B-D).
Data obtained using other FLIM imaging system are shown in Appendix (Fig. A.7).
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Fig. 3.22: Effect of excitation laser wavelength on lifetime and lifetime components. Data were
taken from FLIM images of X-rhod-1-stained RBCs acquired by the TauMap 2PE FLIM system. (A)
Representative decay curves of X-rhod-1 in RBCs with 800 nm 2PE (black), 850 nm 2PE (red), 900 nm
2PE (green) and 920nm 2PE (blue). Dots displayed the measured data and lines indicated the fitted
regression. (B)—(D) Statistical comparison of lifetime components of FLIM images with different excitation
laser wavelengths: (B) shortest lifetime component (t1); (C) second longest lifetime component (t2);
(D) longest lifetime component (t3) (1890 nm=06, N850 nm=0, 1900 nm==7, 1920 nm=18). Data is shown
as means = SEM in (B)-(D). Statistical differences were evaluated using one-way ANOVA with Tukey’s
multiple comparison method. p < 0.05 was deemed significant.
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Fig. 3.23: Effect of acquisition time on lifetime and lifetime components. Data were taken from
FLIM images of X-rhod-1-stained RBCs acquired by the TauMap 2PE FLIM system. (A) Representative
decay curves of FLIM imaged of X-rhod-1 in RBCs with 4.4 seconds acquisition time (black), 7.4 seconds
acquisition time (red), 13.4 seconds acquisition time (green), 25 seconds acquisition time (blue), 49 seconds
acquisition time (purple) and 97 seconds acquisition time (light brown). (B)-(D) Statistical comparison of
lifetime components of FLIM images with different acquisition time: (B) 11, (C) T2 and (D) t3. (n4.45=5,
n7.45=5n1345=11, no55=9, n4 45=9, ng7s=8). Data is shown as median in (B)-(D). Statistical differences
were evaluated using one-way ANOVA with Tukey’s multiple comparison method in (B). p < 0.05 was
deemed significant.

In summary, with the same system, the lifetime components of X-rhod-1 stained RBCs
from the same donor are stable. In the 1PE FLIM system, two different excitation laser
wavelengths do not influence the lifetime components of X-rhod-1 stained RBCs as well.
In the TauMap 2PE FLIM system, the longest lifetime component t3 is only different at
800 nm, the shortest laser wavelength and when the acquisition time is only 4.4 second.
The other two lifetime components 11 and t9 are not influenced by either excitation
wavelength or acquisition time. Environment temperature has a significant influence
on t1, T2, amplitude averaged lifetime and amplitude ratio. The is t3 less sensitive for
temperature compared to t1 and 1o and the lifetime weighted amplitude ratio is not
affected by temperature.
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Fig. 3.24: Effect of ambient temperature on FLIM parameters. FLIM images of X-rhod-1
loaded RBCs were acquired with the Leica 2PE FLIM system. (A) Representative decay curves
of FLIM images of X-rhod-1 in RBCs at 26°C (black), 29°C (red) and 37°C (green). The dots displayed
the measured data and the lines indicated the fitted regression. (B) Statistical comparison of different
FLIM images taken at different temperatures: (B) 11, (C) T2, (D) 3, (E) amplitude averaged lifetime, (F)
amplitude ratio, and (G) lifetime weighted amplitude ratio (n=10). Data is shown as means + SEM in
(B)-(D). Statistical differences were evaluated using one-way ANOVA with Tukey’s multiple comparison
method in (B). p < 0.05 was deemed significant.
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Fig. 3.25: Parameters of FLIM images of X-rhod-1 loaded RBCs from the same donor on
different days. Data acquired using the Leica 2PE FLIM system. (npay1= 10, npayo=9, Npay3=60).
(A) Representative decay curves of FLIM images from three different days (day 1-black, day 2-red, day
3-green). (B)—(D) Statistical comparison of lifetime components of FLIM images taken on three different
experimental days: (B) 11, (C) T2 and (D) t3. Data is shown as means + SEM in (B)-(D). Statistical
differences were evaluated using one-way ANOVA with Tukey’s multiple comparison method. p < 0.05
was deemed significant.

3.4.2.5 Ca®*-ionophore Selection

Bromo-A23187 and Ionomycin are two common Ca2T ionophores used in the biological
experiments. Their addition potentially equalizes intracellular Ca2t concentration and
the extracellular Ca2® concentration. In this way, with the help of the ionophore, the
RBCs with a known concentration of Ca?® can be obtained for further experiments.

To find the ionophores that do not contribute to the lifetime components of the decay,
FLIM images of unstained RBCs treated with lonomycin or Bromo-A-23187 were acquired
using the Leica 2PE FLIM system.
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As shown in Figure 3.26 Aa, in the MELT analysis, both untreated RBCs and Ionomycin-
treated unstained RBCs show two lifetime components (11 and t9). The 1 and t9 of
untreated RBCs are similar to those of ITonomycin treated RBCs and do not show much
variation at different excitation laser wavelengths. However, the FLIM images of Bromo-
A23187 treated unstained RBCs show only one lifetime component, which is slightly shorter
than t1 of Ionomycin-treated and untreated RBCs (Fig.3.26 A). At the same excitation
wavelength, Bromo-A23187 treated RBCs show a similar lifetime decay like Ionomycin
treated RBCs (Fig.3.26 B). The average intensity of Bromo-A23187 treated RBCs is
significantly less than that of lonomycin-treated RBCs at 915nm 2PE (Fig.3.26 C). In
addition, the amplitude-weighted lifetime of Bromo-A23187 treated RBCs is obviously
less than that of Ionomycin-treated RBCs at 900 nm 2PE (Fig.3.26 D). The FLIM images
of Bromo-A23187 treated RBCs with 915nm 2PE could not be resolved due to the low
number of photons, so the data are not included in Figure 3.26 D.

In addition, the FLIM images of X-rhod-1 stained RBCs treated with either lonomycin
or Bromo-A23187 were taken in the TauMap 2PE FLIM system and 1PE FLIM system.
Data show that there is no significant difference between Ionomycin and Bromo-A23187
treated X-rhod-1 stained RBCs (Fig. A.9).

In summary Ionomycin and Bromo-A23187 do not show significant influence on X-rhod-1
decay in RBCs. Ionomycin shows higher fluorescence intensity than Bromo-A23187 in the
same condition and the Bromo-A23187 is only resolved one very short lifetime component.
Thus, Bromo-A23187 was selected for further experiments.
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Fig. 3.26: Influence of ionophores on the parameters of FLIM images. Raw data acquired
by the Leica 2PE FLIM system (n=10). (A) MELT components spectral of RBCs (red), RBCs with
Tonomycin (green) and RBCs with Bromo-A23187 (blue) with different excitation laser wavelengths. The
darkest color indicates 800 nm 2PE. The second darkest color indicates 900 nm 2PE and the lightest
color indicates 915 nm 2PE. (B) Representative decay curves of FLIM images of RBCs with Ionomycin
(orange) and Bromo-A23187 (yellow). The dots displayed the measured data and the lines indicated the
fitted regression. (C) —(D) Statistical comparison of FLIM images between Ionomycin-stimulated RBCs
and Bromo-A23187-stimulated RBCs: (C) Average intensity with 915 nm 2PE; (D) Amplitude-averaged
lifetime with 900 nm and 915nm 2PE. Data is shown as means + SEM in (C) - (D). Statistical differences
were evaluated using unpaired T-test. p < 0.05 was deemed significant.
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3.4.2.6 Influence of Donor Variation and Ca2t pumps on X-rhod-1 Lifetime in RBCs

When a Ca2t-ionophore is applied to living RBCs and the intracellular Ca2+ concentration
increases, the Ca2® pump of the RBCs is as able to open and reduce the intracellular Ca2+t
concentration. RBCs in the experiments had been fasted for 72 hours to deplete ATP. The
time that ATP-depleted RBCs maintained the same Ca2t concentration was tested. In
addition, the effects of donor variation on the lifetime of X-rhod-1 in RBCs were tested.

RBCs from three donors were stained with X-rhod-1 and FLIM images were taken using
the Leica 2PE FLIM system. As shown in Figure3.27 A, the lifetime decay curves of
X-rhod-1 loaded RBCs show no obvious difference among the three donors. The three
lifetime components t1, to and T3 also show no statistical difference between donors
(Fig.3.27B,C,D).

The next step was to test how long the designed intracellular Ca2t concentration of
ATP-depleted RBCs could be maintained. A time series of FLIM images of X-rhod-1
loaded RBCs with the desired intracellular Ca2t concentration was acquired using the
Leica 2PE FLIM system. As shown in Figure 3.28, the amplitude-averaged lifetime of
RBCs at basal intracellular Ca?t does not change over time. The amplitude-averaged
lifetime of RBCs with 10 uM or 100 pM Ca2* is relatively stable for around 300 seconds
then decreases with time. And the RBCs with 100 uM Ca2* show a faster decrease than
the RBCs with 10 pM Ca?t (Fig. 3.28).

The time series of FLIM images of X-rhod-1 loaded RBCs were also taken using the 1PE
FLIM system (Fig. A.11). The results were similar to the FLIM images from the Leica
2PE FLIM system.

In summary, the RBC variation due to different donors does not affect the lifetime
components of X-rhod-1 stained RBCs. The intracellular concentration of Ca2* in fasted
RBCs induced by Bromo-A23187 can only maintain around 5 minutes after FLIM image
acquisition starts.
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Fig. 3.27: Influence of donor variation on FLIM parameters. Data acquired using the Leica 2PE
FLIM system. (A) Representative decay curves of FLIM images of X-rhod-1-stained RBCs from three
donors (donor 1: black, donor 2: red, donor 3: green). Dots displayed the measured data, and the lines
indicated the fitted regression. (B)-(D) Statistical comparison of FLIM images of X-rhod-1-stained RBCs
from three donors: (B) t1; (C) t2; (D) T3 (Ndonor1 =122, Ndonor2=131, Ngonor3=171). Data is shown as
means + SEM in (B)-(D). Statistical differences were evaluated using ANOVA with Tukey’s multiple
comparison method. p < 0.05 was deemed significant.
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Fig. 3.28: Influence of time after ionophore application on FLIM parameters. Data acquired
using the Leica 2PE FLIM system. Amplitude-averaged lifetime of 15 mintue time series of FLIM of
X-rhod-1 in RBCs with basal Ca?t (black) or after application of Bromo-A23187 with additional Ca? in
the environment (10 pM Ca?*-light red, 100 pM Ca?*-dark red). (Mimage/per data point=0-)
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3.4.2.7 The Influence of Hemoglobin (Hb) Concentration on X-rhod-1 Lifetime in
RBCs

Physiological or pathophysiological environmental changes could lead to changes in the
RBC shape following the SDE sequence. The SDE sequence is often associated with changes
in RBC volume and Hb concentration. During experiments, the shape change of RBCs
were often observed in the images due to increased intracellular Ca?* and the subsequent
biological cascade of increased Ca2t. To test whether a change in Hb concentration
could influence the measured X-rhod-1 lifetime in RBCs, X-rhod-1 loaded RBCs were
challenged with hypoosmotic PBS solution (about 130 mOsm/L), isotonic PBS solution
(approximately 300 mOsm/L) and hyperosmotic PBS solution (around 800 mOsm/L). The
different osmolar environments were supposed to create X-rhod-1 loaded stomatocytes,
discocytes and echinocytes. Additional Ca2t and Bromo-A23187 were applied to the
environment to test whether the potential changes in FLIM parameters occurred due
to a change in intracellular Ca2t concentration. The FLIM images of the challenged
RBCs were then acquired and analyzed. In addition, HEK cells were loaded with X-rhod-1
and FLIM images were acquired and compared with FLIM images of RBCs in the same
condition.

As expected, the X-rhod-1 loaded stomatocytes without extra Ca2* have a significantly
higher intensity than RBCs in isotonic PBS without added Ca%t (Fig.3.29A). The X-
rhod-1 loaded echinocytes without additional Ca2* have a slightly lower average intensity
than RBCs in isotonic PBS, but the difference is not significant (Fig.3.29 A). The decay
curves of X-rhod-1 in RBCs in hypoosmotic solution are slower than the decay curves of
X-rhod-1 in RBCs in isotonic and hyperosmotic environments (Fig.3.29 B). The decay
curves of X-rhod-1 in discocytes are slightly slower than the lifetime decay of X-rhod-1 in
echinocytes (Fig. 3.29 B). However, the RBCs challenged with the same osmolarity solution
with or without additional Ca?* show that no obvious difference in the intensity and
lifetime decay curves (Fig.3.29 A,B).

As shown in Figure 3.29 C,D,E, the measured 11, 19 and t3 of X-rhod-1 loaded stomatocytes
are longer than those of X-rhod-1 loaded discocytes and echinocytes. In addition, the
three lifetime components of X-rhod-1 loaded echinocytes in hyperosmotic PBS are shorter
than those of X-rhod-1 loaded RBCs in isotonic PBS (Fig. 3.29 C,D,E). Furthermore, 11,
79 and 13 of X-rhod-1 loaded RBCs in isotonic PBS with added Ca2t are significantly
longer than in isotonic PBS but there is no obvious difference in three lifetime components
of echinocytes with or without additional Ca2* (Fig.3.29C,D,E). Interestingly, t1 of
X-rhod-1 loaded stomatocytes is significantly shorter than that of stomatocytes with extra
Ca2t, but the and t3 is higher. However, there is no significant difference in 19 between
stomatocyes with or without additional Ca?* (Fig.3.29C,D E).

The stomatocytes loaded with X-rhod-1 have almost twice longer amplitude-averaged life-
time of X-rhod-1 than discocytes, and the variation of stomatocytes is greater (Fig.3.29 F).
The amplitude-averaged lifetime of X-rhod-1 in echinocytes is about 25% shorter than
in discocytes, which is significantly different (Fig.3.29F). When the CaZ*-ionophore and
Ca2t are added to the solution, the averaged lifetime of stomatocytes is 10% shorter than
in stomatocytes without Ca?* supplementation (Fig.3.29 F). Differently, the amplitude-
averaged lifetime of X-rhod-1-stained discocytes with extra Ca2t in the environment is
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significantly longer than that of X-rhod-1-stained discocytes without additional CaZ*t
(Fig. 3.29F). In addition, there is no significant difference between echinocytes with and
without increased intracellular Ca2* (Fig.3.29F).

The amplitude ratio shows a similar trend to the amplitude-averaged lifetime (Fig. 3.29F,G).
The X-rhod-1 stained stomatocytes have the higher amplitude ratio than discocytes
and echinocytes (Fig.3.29 G). The X-rhod-1 stained RBCs in isotonic solution without
additional Ca2t have a significantly lower amplitude ratio than RBCs in isotonic PBS
with extra Ca2t (Fig.3.29 G). Differently, not only the X-rhod-1 loaded echinocytes with
or without increased intracellular Ca2® have a similar amplitude ratio, but the amplitude
ratio of the stomatocytes with or without increased intracellular Ca?* has no significant
difference (Fig.3.29 G). The lifetime-weighted amplitude ratio shows a similar trend, but
differences between groups are smaller compared to the amplitude ratio (Fig. 3.29 G,H).

The FLIM images of X-rhod-1 in HEK cells were also acquired. There are three peaks in
the lifetime component spectra of X-rhod-1 in HEK cells, where the peak of the second
longest lifetime component is smaller than the other components (Fig.3.30 A). All peaks
of the lifetime component spectra of X-rhod-1 in HEKSs are shifted to the right compared
to that of X-rhod-1 in RBCs (Fig.3.30 A). The amplitude-averaged lifetime of X-rhod-1 in
HEK cells is much longer than that in RBCs at the same intracellular Ca2t concentration
(Fig.3.30B). When the lifetime components of the FLIM images of X-rhod-1 in HEK cells
are compared with those in RBCs in different osmolar solutions, the X-rhod-1-stained
HEK cells have the longest 11, T2 and 13 (Fig. 3.30 C,D,E). The X-rhod-1-stained RBCs in
low osmolarity solution have 11, 19 and t3 close to those of HEK cells but significantly
shorter (Fig.3.30C,D,E). The three lifetime components of X-rhod-1-stained RBCs in
normal and high osmolarity solution are much shorter than those of X-rhod-1 stained
HEK cells (Fig.3.30 C,D,E). In addition, the amplitude-averaged lifetime, amplitude ratio
and lifetime-weighted amplitude ratio of X-rhod-1 in HEK cells are longer than those of
X-rhod-1 in RBCs in solution at each osmolarity (Fig.3.30 F,G,H).

In summary, with increased Hb concentration in RBCs, 11, 12, 13, amplitude-averaged
lifetime, amplitude ratio and lifetime weighted amplitude decrease.

3.4.2.8 The Influence of Fluorescence Intensity on Measured X-rhod-1 Lifetime in
RBCs

The Fluorescence Intensity Difference between Different FLIM Images

During FLIM data analysis, the lifetime components and the amplitude averaged lifetime
appears to be dependent on the fluorescence intensity or photon count of the FLIM images.
To understand whether fluorescence intensity had an effect on the measured lifetime
parameters of X-rhod-1 in RBCs and what factors might influence fluorescence intensity,
FLIM images of X-rhod-1-loaded RBCs were compared under the same physical acquisition
conditions.

As shown in Figure3.31 A, the amplitude-averaged lifetime increases with an increasing
average intensity of FLIM images. There seems to follow a logarithmic regression between
the amplitude-averaged lifetime and the average intensity with a plateau when average
intensity reached around 15 photons per pixel. Similarly, the three lifetime components
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Fig. 3.29: Effect of Hb concentration on FLIM parameters. Data obtained by the Leica 2PE
FLIM system. (A) Comparison of the average intensity of X-rhod-1 in RBCs exposed to different
osmolar environments, with or without additional Ca?T. (B) Representative decay curves of FLIM
images of X-rhod-1-stained RBCs in PBS solution with different osmolarity, with or without additional
Ca’t (130mOsm/L: black, 130 mOsm/L+Ca?T: brown, 300 mOsm/L: red, 300 mOsm/L+Ca?": orange,
800 mOsm/L: purple, 800 mOsm/L+Ca?*: blue). Dots displayed the measured data, and lines indi-
cated the fitted regression. (C)-(H) Statistical comparison of FLIM images of X-rhod-1-stained RBCs
in different osmolarity environments, with or without additional Ca?*: (C) t1; (D) t2; (E) t3; (F)
Amplitude-averaged lifetime; (G) Amplitude ratio; (H) Lifetime-weighted ratio (ngrpcs-130 mOsm/L.=96,
nRBCs—13OmOsm/L+Ca:1337 nRBCS—300mOsm/L:133’ nRBCs—3OOmOsm/L+Ca:897 nRBCS—SOOmOsm/L:947
NRBCs-800 mOsm/L+Ca=086). Data is shown as means + SEM in (A) and (C)-(H). Statistical differences
were evaluated using one-way ANOVA with Tukey’s multiple comparison method. p < 0.05 was deemed
significant.
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Fig. 3.30: FLIM parameters of X-rhod-1 in RBCs with different Hb concentrations and HEK
cells. (A) Lifetime components spectrum of X-rhod-1 in RBCs with 1PE (black), X-rhod-1 in RBCs
with 2PE (red) and X-rhod-1 in HEK cells (green). (B) Statistical comparison of the amplitude averaged
lifetime of X-rhod-1 in RBCs (red) and HEK cells (blue) with different intracellular Ca?t (ngpcs=30 per
data point, ngpks=10 per data point) (C)-(H) Statistical comparison of FLIM images of X-rhod-1-stained
RBCs in PBS with different osmolarity (130 mOsm/L, 300 mOsm/L and 800 mOsm/L and HEK cells
in 300mOsm/L PBS): (C) 11; (D) t2; (E) t3; (F) Amplitude-averaged lifetime; (G) Amplitude ratio;
(H) Lifetime weighted amplitude ratio (nggks= 210, NRBCs-130 MOsm/L= 96, NRBCs-300 mOsm/L=133,
NRBCs-800 mOsm/1,=94). Data is shown as means + SEM in (B)-(G). Statistical differences were evaluated
using one-way ANOVA with Tukey’s multiple comparison method in (C)-(G). p < 0.05 was deemed
significant.

(11, T2 and t3) follow logarithmic regression over the average intensity with a saturation,
independent of the intracellular Ca2* concentration (Fig.3.31 B). In case of saturation, the
three components are considered as fully resolvable, a low intensity only allows a coarse
resolution. This results in only a single component in the MELT spectrum equal to the
average lifetime. The number of resolved components increases with the average intensity.
In the intermediate case of two components, the lifetimes are similar to the lowest and
highest components in the fully resolved case (Fig.3.31 B).

To find out whether the intensity difference was caused by the focusing of the image, the
sharpness of the image was analyzed. As shown in Figure3.31 C, there is a good linear
relation between sharpness and average intensity with R2 close to one. Further, t1, t9,
13 and the amplitude-averaged lifetime show a similar logarithmic regression to image
sharpness like between the lifetime parameters and the average intensity (Fig.3.31 D). This
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indicates that the intensity influences the resolution of the lifetime component detection,
which is highly dependent on the focus.

The model clearly shows the saturation behavior between image focus and lifetime compo-
nents or amplitude-averaged lifetime. The three lifetime components, as fully resolvable
conditions, can only be achieve when enough photons are recorded.
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Fig. 3.31: Effects of fluorescence intensity and image sharpness on FLIM parameters. Data
acquired by the Leica 2PE FLIM system. (A) Regression between amplitude-averaged lifetime and
average intensity (n=2545). (B) Relationship between lifetime parameters and average intensity under
different intracellular Ca?* conditions. (C) Regression of average intensity and image sharpness in different
intracellular Ca2t conditions. (D) Relationship between lifetime parameters and image sharpness in
different intracellular Ca?t conditions. (npaeaca=734, 010 UM-Ca=749, 0100 1M -ca=1061.)

The Fluorescence Intensity Difference within the Same FLIM Image

An intensity difference was also observed in the same image. To test the influence of the
intensity within the same image on lifetime parameters, the FLIM images of X-rhod-1-
stained RBCs with the same intracellular Ca2t concentration was analyzed.

From the statistical percentile of the fluorescence intensity distribution, the RBCs from
the same image can be divided into 20 groups (Fig. 3.32, Fig. 3.34 A). The average intensity
of all the populations above 15 photons per pixel indicating that the resolution of each
population is high enough to resolve the three stable lifetime components (Fig.3.31 B,
Fig.3.34 A). As shown in Figure3.34 B, The sharpness of each population shows little
variation from each other. In addition, the amplitude-averaged lifetime of each population
does not vary much from each other (Fig.3.33 and Fig. 3.34 C). This indicates that the
intensity difference between the populations is not due to focus variation and do not
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influence the amplitude averaged lifetime. The first ten populations are considered as
low intensity populations, and the last ten populations are grouped as high intensity
populations. The intensity between the low and high intensity population is significant,
but there is no difference in sharpness between the low and high intensity population, nor
in amplitude averaged lifetime (Fig. 3.34 D-F). The variation of sharpness and averaged
lifetime is smaller in the high intensity group than in the low intensity group (Fig. 3.34 E,F).
However, the t1 and 19 of the low intensity population are significantly different from
the high intensity population, while the t3 of the low and high intensity populations are
similar (Fig.3.34 G).

In summary, within same image, the intensity difference is not because of the focus. The
amplitude-averaged lifetime is not influenced by the different intensity. The intensity
difference shows influence on t; and t9 but not 3.

Intensity population 1 Intensity population 2 Intensity population 3 Intensity population 4 Intensity population 5

Intensity population 6 Intensity population 7 Intensity population 8 Intensity population 9 Intensity population 10

Intensity population 11 Intensity population 12 Intensity population 13 Intensity population 14 Intensity population 15

150

photon count

-100um

Intensity population 16 Intensity population 17 Intensity population 18 Intensity bopu\ation 19 Intensity population 20 20

Fig. 3.32: The example photon-count images of X-rhod-1-stained RBCs populations with
different intensity from the same image. The intensity populations were divided into 20 populations
according to the statistical percentile of the fluorescence intensity distribution. RBCs from opulation
1 had the lowest photon counts and RBCs from population 20 had the highest photon counts. Black
represents lower photon counts and white represents higher photon counts. Each spot in image is one
RBC.
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Fig. 3.33: The example FLIM images of X-rhod-1-stained RBC populations with different
intensity from the same image as Figure 3.32. Blue represents shorter lifetime and red represents
longer lifetime. Each spot in image is one RBC.

3.4.2.9 Theoretical Relation between Intracellular Ca2t Concentration and FLIM
Parameters of X-rhod-1 in RBCs

To test whether there was a parameter of FLIM images that could be used to measure the
intracellular Ca2t. The X-rhod-1 loaded RBCs were challenged with PBS containing a
designed Ca2* concentration and Bromo-A23187. The FLIM images of the challenged
RBCs were acquired using the 1PE FLIM system (Fig. A.12) or the Leica 2PE FLIM

system.

With the Leica 2PE FLIM system, FLIM images of the RBCs with 19 different theoretical
intracellular Ca2t concentration from three independent experiments were acquired and
analyzed (Fig.3.35). Surprisingly, the amplitude-average lifetime shows a dependence
on intracellular Ca2t concentration but neither amplitude ratio nor the lifetime-weight
amplitude ratio shows a strong dependence on Ca2t concentration ( Fig.3.36 A-C). The
variation between three experiments is obvious (Fig.3.36 A-C). Taking the average of
three experiments, all amplitude-averaged lifetime, amplitude ratio and lifetime-weighted
amplitude ratio show a relationship with intracellular Ca?* concentration (Fig. 3.36 D-F).
The amplitude ratio and the lifetime-weighted amplitude ratio have larger error bars
(Fig. 3.36 E,F).
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Fig. 3.34: The effects of intensity differences within the same images on the sharpness and
parameters of FLIM images. (A) The average intensity of different intensity populations. (B) The
sharpness of different intensity populations. (C) The amplitude-averaged lifetime of different intensity
populations. (D)-(G) Statistical comparison of parameters between low and high intensity populations.
The first ten intensity populations as in (A) were considered as low intensity population and the remaining
ten populations were grouped as high intensity population: (D) Average intensity (E) Sharpness; (F)
Amplitude-averaged lifetime; (G) 11, T2 and 3. (N=3).

Then the normalized amplitude averaged lifetime, normalized amplitude ratio and normal-
ized lifetime-weighted amplitude ratio are used to reduce temperature influence. As shown
in Figure 3.37 A, after normalization, the variation of amplitude averaged lifetime among
three experiments is smaller and there is a clear the dependence on amplitude averaged
lifetime on intracellular Ca2t. However, there is still an obvious variation in amplitude
ratio and lifetime-weighted amplitude ratio among three experiments (Fig. 3.37B,C). The
relationship between either amplitude ratio or lifetime-weighted amplitude ratio and in-
tracellular Ca2t is not strong. Taking the average value of three experiments, amplitude
averaged lifetime does not change when the intracellular Ca2t is lower than 1 pM. When
the intracellular Ca2t is higher than 1M, the amplitude-averaged lifetime increases with
increasing Ca2t concentration (Fig.3.37D). The amplitude ratio shows a slightly increase
as the Ca2® concentration increased, but the change is not large and the error bar is still
big (Fig.3.37E). The averaged lifetime-weighted amplitude ratio shows an increase when
intracellular Ca2* reached 100 M with a huge error bar in each data point (Fig.3.37 F).
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In summary, the fast FLIM show dependence to the intracellular Ca2t concentration.
Amplitude ratio, lifetime-weight amplitude ratio and amplitude averaged lifetime also
change with increased Ca?* concentration. Compared to amplitude ratio and lifetime-
weight amplitude ratio, amplitude averaged lifetime shows more sensitivity.
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Fig. 3.35: FLIM images of X-rhod-1 in RBCs with defined intracellular Ca?* concentration.
The color represents the fast lifetime 1. Blue represents shorter lifetime and red represents longer lifetime.
Data was acquired with the Leica 2PE FLIM system. Each spot is an individual RBC.
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Fig. 3.36: Regression of intracellular Regression of intracellular Ca’t concentration and
FLIM parameters concentration and FLIM parameters. Data from FLIM images were taken
with the Leica 2PE FLIM system. (A)-(C) FLIM parameters of X-rhod-1 loaded RBCs over 19 defined
intracellular Ca?T concentrations from three independent experiments. (A) Amplitude-averaged lifetime;
(B) Amplitude ratio; (C) Lifetime-weighted amplitude ratio. (D)-(F) FLIM parameters of X-rhod-1 loaded
RBCs over 19 defined intracellular Ca?* concentrations in average of three independent experiments: (D)
Amplitude averaged lifetime; (E) Amplitude ratio; (F) Lifetime-weighted amplitude ratio. Data acquired
using the Leica 2PE FLIM system (N=3). Data is shown as means + SEM.
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Fig. 3.37: Regression of intracellular Ca®>t concentration and normalized FLIM parameters.
Data from FLIM images were taken with the Leica 2PE FLIM system. (A)—(C) Normalized FLIM
parameters of X-rhod-1 loaded RBCs over 19 defined intracellular Ca?t concentrations from three
independent experiments: (A) Amplitude-averaged lifetime; (B) Amplitude ratio; (C) Lifetime-weighted

amplitude ratio.

(D)-(F) Normalized FLIM parameters of X-rhod-1 loaded RBCs over 19 defined

intracellular Ca?t concentrations in average of three independent experiments: (D) Amplitude-averaged
lifetime; (E) Amplitude ratio; (I) Lifetime-weighted amplitude ratio (N=3). Data is shown as means +

SEM.



4 Discussion

4.1 Mechanistic lon Channel Regulation and Interactions
in RBCs

RBCs are one of the elements of blood, the important tissue for transport nutrition and
waste, defense of microbios and homeostasis of pH, and ions [1,2]. The special biconcave
disc shape, large amount of hemoglobin (Hb) and lack of nuclei and organelles help RBCs
to perform physiology functions, including gas transport and maintenance of systematic
acid-base balance [7,8,14]. Human RBCs have a lifespan of in average 120 days. During
this time, RBCs need to survive and cope with stresses related to their function. However,
they lack a nucleus and organelles and lose the capacity for protein renewal [15-17]. Tons
play an essential role in RBCs to regulate cellular activities, including maintaining pH and
osmotic homeostasis [75-77], maintaining electrical neutrality [74], as well as generating
and conducting membrane potentials [78]. Ton also participate in cell volume changes [79],
metabolism regulation [80], and signal transduction [81]. In addition, ions alter the affinity
of hemoglobin for oxygen and the ability to transport oxygen [82]. Ca%*, as a universal
signaling molecule, is involved in various stages of the RBCs life cycle, from precursor
cells to apoptosis [107]. Most Ca2t in RBCs is bound and buffered and the free Ca2+
concentration in healthy mature RBCs at basal level is estimated to be in the range of
30 -60nM [109,110]. The extremely low basal permeability of the human RBC membrane
to Ca2t and a powerful Ca?® pump help RBCs to maintain the low basal free CaZ™
concentration [108]. In blood plasma, the Ca2t concentration is about 2.44mM [87]. Since
one open channel can carry up to 100 million (107) per second [212], the tremendous
gradient across the RBC membrane can lead to more than 10-fold changes in the free Ca2+
level in the submembrane space within milliseconds when a few hundred channels open
and transport 100 ions per second [108]. The huge change in free Ca2t level can cause
acute changes in the activity of multiple Ca2t-sensitive proteins and regulate multiple
activities [108]. Long-term dysregulation of Ca2* leads to the formation of polymeric
protein complexes and induces cytoskeletal remodeling and associated changes in cell
shape and membrane plasticity [152]. Thus, understanding regulation is important for
understanding physiological and pathophysiological conditions of RBCs.

With decades of studies, several channels have been identified as sources of Ca2t entry in
RBCs under physiological and pathophysiological conditions, including Piezo 1 [646-648],
Cay2.1 [128], transient receptor potential canonical 6 (TRPC6) [649], transient receptor
potential vanilloid type 2 (TRPV2) [310], N-methyl-D-aspartic acid (NMDA )-receptors
[108] and other non-selective voltage-activated cation channels [650]. In addition, the
studies of Ca2t-regulated channels in RBCs, namely the Gardos channel, the Ca2t-
dependent KT channel, showed strong evidence for interaction properties between Gardos

105
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channel and Piezo 1 channel in RBCs [378]. It indicates that ion channels can regulate
the physiological and pathophysiological function of other channels and the interactions
between ion channels are important for RBCs. However, after years of studies, the
regulation and interplay characteristics of the Gardos channel and Piezo1 channel are
still not fully understood because it can be distinctly different from those in other cell
types [651]. Studies of the interaction of ion channel in RBCs are just started.

Piezo 1 channel is a non-selective cationic mechanosensitive channel and has been found
in human RBCs with a few hundred copies per cell [244,249,251,252]. Piezo1 can be
rapidly activated by mechanical stimulation related to lipid bilayer tension [249] including
membrane stretching [244], fluid shear flow [260,261], osmotic stress [258], substrate
stiffness [262], matrix roughness [263] and environmental confinement [264]. Pizeo 1
channel is classified as a non-selective cation channel and it is permeable to monovalent
ions (such as alkali ions, Kt, Nat, and CsT), divalent ions (Ba?*, Ca2t, Mg?t, and
Mn?t), and several organic cations (tetramethyl ammonium, tetraethyl ammonium),
with a selectivity sequence of Ca2t> K*+> Nat> Mg2+ [244,266]. Combined with the
enormous gradient across the RBC membrane and its high permeability for Ca2*, the
activation of Piezo 1 channels will cause Ca?t influx and induce downstream signaling
cascade [108,244]. As shown in Figure 3.1, Yoda 1, the Pizeo 1 activator, could significantly
increase the intracellular Ca2® concentration in RBCs. The Ca2t increase of shows two
phases with different Ca2t-entry time constants (Fig. 3.1 E).

As Piezo 1 is a mechanosensitive channel, the lipid bilayer tension could active it [244].
This suggests that changes in the membrane and cytoskeleton structure may influence the
function of Piezo 1 channel. The study of a family in which the mother carries the Piezo 1
mutation p.Asp710Asn, the father has the spectrin alpha mutation p.GIln2002Ter and the
patient has both mutations provides some evidence of cytoskeletal structure influence on
the Piezo 1 channel function. After clinical examination, the Piezo 1 variant was predicted
to be benign and the mother has no clinical phenotype. As intracellular Ca2t concentration
measurements by flow cytometry of the mother with Piezo 1 mutation p.Asp710Asn shows,
a slightly higher basal Ca2t level than healthy controls but the confocal microscopy images
show as slightly lower basal Ca2t level than healthy controls. After Yoda 1 application,
the average intensity of RBCs from the mother is similar to healthy control or slightly
lower (Fig. 3.8 A,C,and Fig. A.1). The additional, automatic patch clamp experiments from
Nanion Technologies show no differences in the baseline current, the percentage of Yoda 1
responders and the Yoda 1-induced current between healthy controls and the mother [652].
It supports that the p.Asp710Asn mutation is a benign mutation and has no obvious effect
on Pizeo 1 function. Differently, RBCs from the father with the spectrin alpha mutation
p.GIn2002Ter showed lower basal Ca2t level in flow cytometry measurements and confocal
microscopy imaging. After stimulation with Yoda 1, the father’s RBCs also have lower
Ca2t level than healthy controls (Fig. 3.8, Fig. A.1). The additional patch clamp shows
the reduced baseline current [652]. It hints the spectrin alpha p.GIn2002Ter mutation has
a negative influence on normal Piezo 1 channel activation. In contrast, the patient, who
has both Piezo 1 and spectrin alpha mutations, shows a different phenotype. Before the
splenectomy, the patient’” RBCs shows huge size variations and a much higher basal CaZ*
and a higher maximum Ca?™ level after Yoda 1 stimulation measured by flow cytometry
measurement (Fig.3.8 A,C and Fig. A.1). The patch clamp measurements show that the
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patient’s RBCs have a significantly higher basal current. The Yoda 1 induced absolute
current of the patient’s RBCs at 80 mV, which is higher than others, but not significant.
All data show that the combination of the spectrin mutation alpha p.GIln2002Ter and,
the p.Asp710Asn mutated Piezo 1 channel results in a higher open probability and higher
sensitivity of the RBCs to Yodal. It supports the theory that changes in cytoskeletal
structure can affect the function of the Piezo 1 channel.

In addition, the study of thalassemia patients shows altered Piezo 1 channel function in
thalassemic RBCs. In the experiments, RBCs from a thalassemia (3 patient (HBB CD39
variant) with a Piezo 1 mutation (p.Argl940GIn) and a thalassemia {3 patient (same HBB
CD39 variant) without any additional mutation were studied. The RBCs of the patient
with only thalassemia 8 have lower basal Ca?t and lower Yoda l-induced Ca?*t entry
than the healthy control. The number of responding cells is also lower than that of the
healthy control (Fig.3.9). It shows that the thalassemia 3 mutation has a negative effect
on wild type Piezo 1 channel function. In contrast, combined thalassemia (3 mutant and
the Piezo 1 variant p.Arg1940GIn, the RBCs show a significantly higher basal Ca2® and
Yoda 1-induced Ca2* entry than the healthy control. The percentage of Yoda 1 responding
RBCs is slightly less than the healthy control (Fig.3.9). This indicates the combination of
thalassemia 3 mutation and Piezo 1 variant has a positive influence on Piezo 1 function.
According to several studies, the $-thalassemic RBCs have irregular tetramers. These
irregular tetramers have irregular oxygen affinity and can precipitate to RBCs membrane
surface, causing oxidative deformability [497,499,500]. The altered deformability can
influence the membrane lipid tension and it may influence the activation of Piezo 1 channels.
In addition, the Piezo 1 mutation p.Arg1940Gln can be expected to be a gain-of-function
mutation and its effect on Piezo 1 function is greater than that of the thalassemia mutation.
Then the RBCs from the patient with both thalassemia 3 and Piezo 1 mutation shown an
increased Ca?t uptake. But these interpretations still need further investigation to be
confirmed.

As mentioned before, the Géardos channel can be activated by Ca?t influx and lead to
K™ loss [122,315,316]. When healthy RBCs are incubated in solution with external
Ca2t and treated with 100 uM NS309, the Gardos channel activator, there is a group of
RBCs showing increased intracellular Ca*t, considered as high Ca2t RBCs (Fig. 3.10).
The number of RBCs with increasing internal Ca?® shows a bell-shape relationship with
external Ca2* concentration and the maximum high Ca?*t RBC number at around 20 M
external Ca2* (Fig.3.10 G). The healthy RBCs treated with Ionomycin, a Ca2+ ionophore,
in the same solution as NS309 treated RBCs show an almost 100% RBCs with increased
internal Ca2t and the intracellular Ca2® concentration is higher than NS309-treated
RBCs (Fig.3.10). In previous studies, the NS309-induced Géardos channel activation
depends on external Ca?™ concentration and the relationship between the NS309 induced
membrane potential change and external Ca2® concentration is linear rather than bell-
shaped [599,653]. Considering that the Gardos channel is a KT channel and not permeable
to Ca2t, the mechanism of Ca?™ increase triggered by the Gardos channel is completely
elusive. In addition, the studies of NS309 shows NS309 acts as a Gardos channel activator
and increase the channel sensitivity towards Ca2t, but NS309 cannot cause an increase of
Ca2t influx into RBCs [330,653]. Thus, the increased intracellular free Ca2t in RBCs
depends on other Ca2*t transporters related to Gardos channel activity. In a study by
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Jensen et al, the NS309 induced Ca2t entry can be partially blocked by Gardos channel
inhibitors and a Cay2.1 channel blocker. However, the Piezo 1 inhibitors can increase
the number of high Ca2t RBCs [599]. The activation of Gardos channel can lead to
the increase in KT permeabilization. When the membrane permeability to a specific ion
gets higher, the membrane potential shifts more toward equilibrium potential of that
ion. Thus, the increase of permeablizeation of K+ can cause more negative of membrane
potential, leading to hyperpolarizarzation [212]. In addition, in RBCs, intracellular KT is
approximately 30 times higher than in the extracellular part in RBCs (Table 1.1). The
activation of Gardos channel cause huge amount KT loss, which reduce positive charges
in RBCs, resulting in hyperpolarization. Hyperpolarization induced by Gardos channel
activation can be altered by the addition of Yoda 1, the Piezo 1 channel activator, resulting
in depolarization induced by the open state of the Piezo1 channel [599]. According to
previous studies, the number of Gardos channels in RBCs is very low and the behavior
of channel openings is stochastic [335,339]. It is assumed that the activation of Gardos
channels leads to membrane potential flickers and the membrane potential flickering
can activate Cay2.1 [654]. When the external Ca?t concentration is below 20 1M, i.e.
below the estimated concentration of maximum response in the presence of NS309, the
number of responding RBCs increases with the Ca?® concentration. Simultaneously, the
opening probability of the Gardos channels increases. This induces flickering in the RBC
membrane potential, leading to activation of Cay2.1. There are two mechanisms which
can lead to a predominant opening of the Gardos channel. First, when the external Ca2+t
concentration is above 20 pM in presence of NS309, second if there is an acute increase
in Ca?* concentration caused by Piezo 1 channel activation. This in turn results in less
flicker and decreased Cay2.1 activity. The flickering of the membrane potential is more
sensitive to lower Ca2t concentration in the presence of NS309.

When RBCs are only stimulated with the Yodal, the Ca2t influx caused by Piezo 1
channel openings can activate the Gardos channel, leading to KT loss and resulting in
immediate hyperpolarization (Fig.3.5). The use of the Gardos channel inhibitor, Tram-34,
leads to a significant decrease of the hyperpolarization parameters shows Géardos channel
activation causes hyperpolarization after Yoda 1 application (Fig.3.5C,D,E). No difference
in resting membrane potential between RBCs with and without Tram-34 shows that Gardos
channel does not affect resting membrane potential and the Tram-34 either (Fig.3.5B).
As Figure 3.4 E shows, when Yoda 1 stimulation time is shorter 150 seconds, the increase
of Ca2t concentration is characterized by two different slopes, a slower increase during
phase 1 followed by a faster increase during phase 2. Interestingly, the inhibition of
the Gardos channel can further slow down the increase speed of Ca2t in phase 1. This
indicates that the hyperpolarization induced by the Géardos channel is important for the
first phase of Ca2t influx, and the second phase of Ca2* influx is slightly inhibited by the
hyperpolarization. Moreover, instead of maintaining the maximum Ca2* concentration
for a few minutes, with Gardos channel inhibition, the Ca2t concentration decrease faster
(Fig. 3.4 E). It indicates that the membrane potential change is important for maintaining
the Ca2t at high levels in RBCs. At the beginning of Yoda 1-induced Piezo 1 activation, the
intracellular Ca2t concentration is below the threshold for a permanent open state of the
Gardos channel. The increased Ca?™ leads to an increased open probability of the Gérdos
channel and the induction of more membrane flickering. The Cay2.1 channels are activated
and lead to additional Ca?* influx. During this period, the inhibition of Gardos channel
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does not result in membrane flickering. Then the Cay2.1 is inactivated and there is no
extra Ca2T influx from Cay2.1 in RBCs, the rate of Ca?™ increase is reduced. After some
time of Yoda 1 stimulation, the intracellular Ca2t concentration reaches the level where
the Gardos channel is predominantly open. The membrane potential is no longer flickering
and the Cay2.1 channel is not activated, the Ca2* influx through Cay2.1 disappears and
the rate of Ca2t influx is also reduced. However, the maximum Ca2t concentration in
RBCs treated with Yoda 1 and Tram-34 indicated other sources of Ca?t-entry. The fast
drop in Ca2* concentration in RBCs treated with Yoda 1 and Tram-34 after reaching the
maximum also indicates fast Ca2t efflux pathways in RBCs, which are highly dependent
on the membrane potential depolarization.

The C1~ conductance is the main factor to determine resting membrane [78,196]. In
addition, Cl~ is also involved in regulating cell volume [655] and intracellular pH [197,
198]. After inhibition of CI~ conductance by NS3623, the two phases of Ca2* increase
induced by Yoda 1 in normal RBCs is replaced by a single delayed phase of Ca2t increase.
With NS3623 and Yoda 1-stimulated normal RBCs, the rate of the Ca2t increase is
slower than either phase of Ca2® increase in normal RBCs with only Yoda 1 stimulation
(Fig. 3.6). In addition, the maximum Ca2% concentration is smaller, indicating that the
Cl~ conductance is also one of the positive factors, likely a key factor, of the first phase
of Ca2t increase. C1~ conductance is also a positive factor in the second phase of Ca2t
increase. As for the membrane potential changing, the application of NS3623 causes a
slightly reduced resting membrane potential and significantly increased hyperpolarization
magnitude (Fig.3.7B,D). Previous experiments show that the hyperpolarization induced
by Yoda1 is highly dependent on the activation of Gardos channels. As described above,
the Gardos channel activation subsequently increases KT permeability, followed massive
K+ efflux, which shifts the membrane potential of RBCs towards the equilibrium of K+
and creates a favorable electrochemical gradient for anion release, including C1~ [212,656].
The release of Cl~ also moves out the negative charges and makes the membrane potential
less negative. The inhibition of Cl~ conductance can reduce the loss of negative charge
from Cl™ during Gardos channel activation and the hyperpolarization magnitude is higher.
In addition, the reduced Ca2t entry rate of NS3623 treated normal RBCs shows that
the hyperpolarization is not in favor of the Ca2™ influx caused by Yoda 1 stimulation,
which is contrary to the Gardos channel inhibition experiments. It suggests too high
hyperpolarization works as inhibition of Ca2t influx, which might relate to the Cay2.1
channel. As mentioned above, the Cay2.1 is likely activated by membrane potential
flickering. The inhibition of Cl~ conductance leads to higher hyperpolarization and might
reduce the membrane potential flickering. Thus, the contribution of Cay2.1 activation in
Ca2t increase is inhibited. The data also indicate there are likely other unknown pathways
regulated by Cl~ conductance involved in Ca?t influx. In addition, there is the possibility
that NS3623 can in addition of being a Cl~ conductance inhibitor induce additional effects.
The report by Mondero Alonso et al. shows that NS3623 can enhances the activity of non-
selective cation channels (NSC) in hyperpolarizing conditions [656]. According to the data
from Mondero Alonso et al., 100 pM NS3623 could increase intracellular Na™t concentration
in a short time and prevent RBCs from reaching their maximum hyperpolarization [656].
The only known conducting pathways capable of transporting large amounts of Nat in
short time are NSCs [657-659]. Interestingly, NS3623 induced the Na™ uptake induced by
NS3623 is voltage- and CaZt-dependent. However, the ability of NS3623 to enhance NSC
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is only evident at high concentrations (100 pM) but not at low concentrations (10 pM or
less) [656]. In Yoda 1-related experiments, only 10 pM NS3623 was used. In addition, the
application of 10pM NS3623 results in a rapid development of hyperpolarization instead
of preventing RBCs from reaching maximum hyperpolarization (Fig.3.7 A,C,D), which is
consistent with the data reported by Mondero Alonso et al. [656]. Even if 10 pnM NS3623
actually activates NSC, due to the Ca2t gradient across the membrane, there should be
an additional Ca2t influx, resulting in a faster Ca?t increase and a higher maximum
Ca2t level. However, Figure3.61 and J show opposite results. Thus, it is less possible to
regulate Ca2t influx because of the improved NSC function due to NS3623 in the Yoda 1
stimulation experiments.

After ATP depletion, the 5 pM Yoda 1 can increase the intracellular Ca2® with two phases
but the first phase has a faster increase speed and higher Ca2t maximum concentration
compared to the non-ATP-depleted RBCs with Yoda 1 stimulation, (Fig. 3.2 E). The rate of
decrease of Ca2t after the Ca2™ concentration reaches the maximum Ca2t in ATP-depleted
RBCs is slower than in non-ATP-depleted RBCs (Fig. 3.2 E). This can be explained by
the fact that the function of the plasma membrane Ca?t ATPase (PMCA) function is
not functional due to the missing ATP. Without enough ATP, the PMCAs do not have
enough energy to transport Ca?t against the gradient across RBC membrane and reduce
the intracellular Ca2t concentration. The Ca2t concentration in ATP-depleted RBCs
without Yoda 1 stimulation increases slightly during experiments (Fig. 3.2 E). One possible
reason is that the shear stress causes a small Ca2t influx through a few copies of Piezo 1 or
other mechanical-sensitive channels. The small Ca2t increase can be balanced by PMCAs
activities. When PMCAs activities are inhibited, a small amount of Ca?* accumulates
and leads to increased intracellular Ca2t. The resting membrane potential between
normal RBCs and ATP-depleted RBCs is the same (Fig.3.3). In addition, compared
to normal RBCs and ATP-depleted RBCs after Yoda 1 stimulation, only the maximum
hyperpolarization and depolarization time are significantly different (Fig.3.3 C,H). The
hyperpolarization magnitude is not significantly different statistically, but the p value is
0.15 (Fig. 3.3D). The ATP-depleted RBCs can also reach higher membrane potential at the
end of depolarization (Fig.3.3 A). It suggests that ATP-regulated pumps are not involved
in the regulation of resting membrane potential, hyperpolarization and depolarization.
However, reduced pumped-out Ca2t can cause increased cation concentration in RBCs
and can result in a higher membrane potential during depolarization. The Ca2+ pump
can slow the first phase of Ca influx caused by Yoda 1 induced Piezo 1 channel activation.
It also shows that the 5nM Yodal activated Piezo 1 channels and generated fluxes that
are above the pumping capacity of the PMCA, hence the intracellular Ca2t concentration
increases.

When RBCs are ATP-depleted and treated with both Tram-34 and Yoda 1, the speed
of the first phase of Ca?* increase is much faster than that of normal RBCs treated
with Tram-34 and Yoda 1, followed by the second phase of Ca2t increase at the same
speed and higher Ca2t maximum (Fig. 3.41,J). In addition, the ATP-depleted RBCs with
Tram-34 and Yoda 1 stimulation can maintain the high Ca?* concentration longer than
normal RBCs with Tram-34 and Yoda 1 stimulation (Fig.3.41). When Cl~ conductance
has been inhibited and ATP has been depleted, the RBCs after Yoda 1 stimulation had a
higher maximum Ca2* than normal cells stimulated with NS3623 and Yoda 1 (Fig. 3.6).
It not only supports that the ATP-regulated Ca2t-pumps are among the factors rather
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suppressing the first phase of Ca?T increase, but also shows that the Géardos channel
activation and Cl~ conductance are positive factors for the first phase of Ca2t increase.
However, the membrane potential change after Yodal stimulation has no difference
between ATP-depleted RBCs with Tram-34 and normal RBCs with Tram-34 (Fig.3.5). No
differences in membrane potential change after Yoda 1 stimulation between ATP-depleted
RBCs and normal RBCs with NS3623 stimulation (Fig.3.7) occurd, supporting that
PMCAs do not contribute much to membrane potential regulation.

Transient receptor potential vanilloid type 2 (TRPV2) channel, another non-selective
cation channel, has been reported to be present in RBCs [310]. TRPV2 is known as a
thermosensitive cation channel and can be activated at temperatures above 52°C [297,298].
TRPV2 is also reported to be a mechanosensitive channel [299]. Belkacemi et al. conclude
that activation of TRPV2 may mediate Ca?t entry and subsequent activation of the
Gérdos channel [310]. Data from our experiment are consistent with the conclusion of
study from Belkacemi et al. When healthy RBCs are stimulated with AY%-THC, a TRPV?2
agonist, a Ca2t increase has been observed in a group of RBCs (Fig. 3.12,Fig. 3.14, and
Fig. A.2) and hyperpolarization has been recorded by the MBE method (Fig.3.16 A,C,D).
An initial study shows that the RBCs from a healthy donor have a significantly milder
response to AY%-THC than RBCs from a regular marijuana smoker [644], suggesting
that long-term cannabis use may be able to upregulate RBCs responding to A9-THC. In
experiments, RBCs from three marijuana consumers (MS) and four matched healthy donors
(NS) are tested. As shown in Figure3.12, both MS and NS RBCs show heterogeneous
responses to AY-THC. MS show a slightly higher number of cells responding to A9-THC
immediately after stimulation (Fig.3.12). Interestingly, the Western blot (WB) results
show no significant differences in TRPV2 expression levels between MS and NS (Fig. 3.13).
The additional patch clamp experiments performed at Nanion Technologies show no
difference in cellular conductance between NS and MS RBCs [644]. All these data suggest
that the hypersensitivity of TRPV2 in MS RBCs is not due to increased expression levels,
but rather to altered sensitivity or gating behavior of TRPV2.

Similarly, heterogeneity of A9-THC response has also been observed in sickle cells (SS)
(Fig.3.14 D,EF and Fig. A.2 A B,C). Compared to healthy controls (AA), the percentage
of responding cells in the SS group is much higher, as well as the average Fluo-4 intensity
(Fig.3.14 and Fig. A.2). Additional patch clamp experiments showing higher average
conductance and higher number of responding cells in SS groups also provide evidence
for the heterogeneity of A9-THC response [645]. Monitoring by the MBE method, 80 pM
AI-THC can cause only a very small change in membrane potential in AA RBCs, whereas
the same concentration can induce a larger hyperpolarization in SS RBCs (Fig.3.16 A,C,D).
It seems that SS RBCs are also more responsive to AY-THC stimulation. However, no
difference of TRPV2 expression level can be found between SS and AA groups by western-
blot detection [645]. It may suggest that the observed hypersensitivity to A9-THC of SS
RBCs is also because of altered sensitivity or gating behavior. However, the influence
of the large difference in the number of RBCs with high sensitivity to A9-THC on the
observed parameters should be considered. Interestingly, the hyperpolarization induced
by AY-THC is more dependent on the oxygenation level. Under deoxygenated condition
with an oxygen partial pressure only about 19.6 — 24.5 mmHg, the hyperpolarization is
enhanced (Fig. 3.16 C,D, and Fig. A.4 B,C). It appears that deoxygenation enhances Gardos
channel activation, as hyperpolarization can be prevented by Gardos channel inhibitors
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(Fig.3.16 C,D, and Fig. A.4 B,C), suggesting that oxidative stress may influence ion channel
activation.

In addition, activation of the Gardos channel can lead to KT efflux and subsequent water
loss, which should result in RBC dehydration/shrinkage. Thus, cell dehydration should
be observed after RBCs stimulated with AY%-THC and TRPV2 channels are activated.
However, in our experiments, RBCs stimulated with A9-THC showed swelling instead of
shrinkage (Fig.3.11), which is in agreement with previous studies [310,312]. In addition,
Na™ /KT-ATPase always works in RBCs, with ratio of 3 Na™ moving outward for 2 KT
transported inward. The observed RBCs swelling effects could likely be explained by Na™
entry through TRPV2 channels exceeding the KT efflux via the Gérdos channel [645,660].
The increased swelling in MS RBCs is possibly due to the impaired counter-regulation by
the ion pumps but not involving cannabinoid G-protein coupled receptors [310]. Variability
in the relative abundance of TRPV2 and Géardos channels in individual RBCs could
explain the differences in RBC hydration state after A9-THC stimulation. The response
of A9-THC induced overhydration in healthy RBCs seems to be transit, within less than
1 hour after stimulation. It is likely due to counter-regulation via Na™ /KT-ATPase and
the Ca2t-ATPase, the pumps important for maintaining ion homeostasis and membrane
potential, in addition to a time-dependent decrease in swollen cell volume via Gardos
channel [644].

In contrast, the immediate consequence of A9-THC exposure of SS RBCs is a rapid and
prolonged increase in intracellular Ca?* concentration via TRPV2, which reaches and
exceeds the threshold for activation of the Gardos channel. In this case, the Gardos
channel remains open long enough to cause significant K loss, offsetting the NaT influx
through TRPV2, ultimately increasing intracellular Hb concentration and promoting
sickling due to cell volume reduction. In addition, the increased basal Ca2* level in SS
RBCs (Fig. 3.14 C) makes it easier to reach the threshold for Gardos channel activation,
which can accelerate sickling. The lower activity of PMCA in SS RBCs may also provoke
delayed Ca?t effects [661].

All experiments with patient’s samples and the heterogeneity of AY%-THC responses raise
the question of the relationship between ion channel responses and the age of RBCs in
circulation. According to the studies of SCD, the HbS in sickle cells can distort and damage
RBCs resulting in an overall shorter lifespan than healthy RBCs [18,662,663]. The age of
RBCs from patient with Piezo 1 and spectrin mutation and the patient with thalassemia 3
and Piezo 1 mutation may also be younger than healthy controls. The spleen is the largest
filter of RBCs and can remove RBCs from circulation because of either physiological
senescence or pathological alterations [664]. The high basal level of CaZt in RBCs from
these patients may influence the multiple cell activities, including cell clearance. Ca2t
can regulate the cytoskeletal stability by activating Calcium-calmodulin complex (Ca-
CaM) and regulating Ca%t-dependent phosphorylation on cytoskeletal proteins, inducing
remodeling of the cytoskeletal structure and associated changes in cell shape and membrane
plasticity [108]. These changes in high Ca2+ RBCs lead to RBC clearance in the spleen.
In addition, the studies show that some diseases, including thalassemia, SCD or severe
hematological diseases can induce spleen enlargement with a subsequent propensity to filter
not only abnormal cells but also healthy RBCs [665, 666]. Patients may have increased
RBC clearance, resulting in shorter RBC lifespan, anemia and hypoxia, which induces
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RBC hematopoiesis and leads to an increased proportion of young RBCs in circulation.
Ion channel sensitivity may decrease over time and thus young RBCs have higher responses
to ion channel activators stimulation. Data from patients with both spectrin and Piezo 1
mutation may show evidence of a relationship between ion channel activity and cell age.
Before splenectomy, the patient’s RBCs have different phenotypes compared to healthy
controls, including higher basal Ca2™, higher response to Yoda 1, higher baseline current
and higher Yoda 1 induced current. However, after splenectomy, all of the above parameters
are at the same level as healthy controls (Fig. 3.8 and Fig. A.1) [652]. It is possible that
after splenectomy, the rate of RBCs clearance is reduced and the average age of RBCs in
the patient is increased, which is getting closer to healthy controls. The reduced RBCs
clearance also means the RBCs can remain longer in the circulation with less aneamia,
which require less stress erythropoiesis and RBCs have better quality with longer lifespan
until new equilibrium is reached. The reduced proportion of young RBCs and the increased
average age of the RBCs lead to reduced ion channel sensitivity in the patient. This
means that the overall behavior of the patient’s RBCs is closer to that of healthy controls.
However, further experiments are needed to prove this.

In addition, the physiological environment of sickle RBCs and thalassemic RBCs may
be disturbed by increased oxidative stress, associated with nitric oxide and altered ion
balance [667,668]. This could also change the activity of various channels. The up-
regulated ion channel activities shown in MS and sickle cell patients rising the concerns
of risk of cannabinoid use. In long-term cannabinoid users, cannabinoid-induced RBCs
have overhydration (Fig.3.11) [310,312] and reduced filterability [644], in combination
with vasoconstriction also associated with cannabis use [669], it may increase the risk of
thrombotic complications. In SCD patients, TRPV2 activation leads to cell shrinkage and
increased likelihood of sickling, which may explain why daily cannabis users with SCD
have worse pain episode severity scores in recent reports [670]. But the SCD patients
with daily cannabis treatment also show lower rate of hospital admissions and emergency
room visits [670]. The regular levels found in the blood of daily smokers are lower than
the A9-THC concentration used in the experiment [671]. Maybe RBCs can encounter an
acutely high A9%-THC concentration peak in the lungs after puffing on a cannabis cigarette.
Longitudinal clinical studies on cannabis use are still needed.

Although the experimental data show the activities of several ion channels and their
interactions in Ca?* regulation in RBCs. There are still weaknesses in the studies.

Firstly, comparing the effects of 5pM Yoda 1 in healthy RBCs in different experiments,
the data clearly shows that the maximum Ca2t concentration can be reached after Yoda 1
stimulation decreased over the experimental time of one and half years. This is because
repeated freezing and thawing leads to degradation of Yoda 1, which can reduce the
effective concentration of Yoda 1 in the experimental solution. This may affect the outcome
of the experiments.

Secondly, the RBCs were loaded with Fluo-4 before being fasted to deplete ATP. During
the 16-hour incubation, the Fluo-4 in the RBCs could degrade over time, resulting in low
fluorescence intensity in the experiments.

Thirdly, Tram-34, the used Gardos channel inhibitor, cannot completely eliminate the
Yoda 1l induced hyperpolarization. There is always a small and rapid hyperpolarization
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in the beginning followed by a slightly more pronounced hyperpolarization. A second
type of Gardos channel inhibitor should be used in future experiments to investigate
if Tram-34 completely inhibit Gérdos channel activity and there is another type of K+
channel involved in the progression of Yoda 1-induced hyperpolarization. Or Tram-34 has
other effects on RBCs which could lead to hyperpolarization in combination with Yoda 1.

Fourthly, due to the limited number of available blood donors, there are only three donors
in some of the experiments, which is the least number to perform statistics. Some of the
statistics might become significant when the number of donors is increased.

Fifthly, the MBE method is reflecting membrane potential change in a RBC population
rather than in individual cells. Thus, it is difficult to represent channel activation and
membrane potential change in single cell, which makes it difficult to study membrane
potential flickering by MBE methods. To investigate the regulatory factors of Cay2.1
channel activation, further experiments are needed.

In conclusion, Piezo 1 channel function may be affected by membrane composition and
cytoskeletal structure. Piezo1 and TRPV?2 channel activation can lead to Ca2t increase
and activation of the Gardos channel. Gardos channel open may lead to membrane
potential flickering and Cay2.1 channel activation. Gardos channel, Cay2.1 channel
and Cl~ conductance have a positive contribution to Piezo 1 induced intracellular Ca2+t
concentration. Finally, PMCAs activity counteracts the Ca2™t increase. The data further
supports the concept of ion channel interaction, such as linkage between Piezo 1 channel,
Géardos channel and Cay2.1 channel. In addition, the data provide the evidence that the
oxygenation state of the RBCs can alter ion channel activities.

4.2 FLIM Measurement to Quantify Intracellular Ca2+
Concentration

As mentioned in the previous chapter 1.2.2.2, concentration of Ca?t, the important
cellular massager, is tightly regulated inside cells. Changes in Ca?t concentration can
trigger different downstream pathways to regulate cellular activities [108]. Therefore, the
quantification of Ca2t concentration is one of the most important challenges in RBC
biology or cell biology. The most common method is to measure the change of Ca2+-
indicator intensity in cell imaging. By comparing the measured fluorescence intensity
of the indicators with the fluorescence intensity of the indicators in the basal state, in
theory a semi-quantification of the intracellular Ca2t concentration could be achieved.
However, when measuring the intensity of Ca2*-indicators in RBCs, the absorption of
excitation and emission light by Hb can influence the detected fluorescence intensity
of the Ca2t-indicators. During experiments, in hypoosmotic solutions we observe two
populations of RBCs, a high intensity and a low intensity group respectively. An elevated
fluorescence intensity can be induced by the membrane stretching as a consequence of the
volume increase. Such a mechanical stress might trigger a Piezo 1 channel activation and
significantly increase the level of Ca2t. In the group of RBCs with low intensity the Piezo 1
channel might not have been active. In this case, the concentration of Ca2*-indicator in
swollen RBCs should be diluted due to the increased volume, and the Ca2t concentration
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should decrease as well. The fluorescence intensity of this group is expected to be lower
compared to RBCs in isotonic solution. However, as shown in Figure3.17 A and B, the
intensity was higher instead of lower. For echinocytes, the decrease in volume will cause
both Ca2* and CaZt-indicator concentrations to increase, which should result in an
increase in fluorescence intensity. However, the fluorescence intensity was lower compared
to RBCs in isotonic solution (Fig.3.17). This inverse behavior could be explained by a
change in Hb concentration and consequently the absorption of the excitation and emission
light by Hb has greater effects on the detected fluorescence intensity than Ca2t and Ca2+-
indicator concentrations. In swollen RBCs, the Hb concentration is decreased, hence the
absorption of the excitation light reduced, leaving more light for absorption by fluorescent
indicators and causing more emission light. Moreover, the decreased Hb concentration will
also decrease the absorption of emission light, which means more emission light can be
detected. In the opposite way, in echinocytes, the increase in Hb concentration causes an
increased absorption of excitation and emission light. Both factors will reduce the detected
emission light respectively. The influence of Hb is likely to have an exponential relationship
with the final detected fluorescence intensity. Compared to the linear relationship between
Ca2t and Ca?f-indicator concentration and fluorescence intensity, it therefore has a
greater influence with respect to the same concentration change.

Fluorescence lifetime, the time that a fluorophore remains in an excited state before
emitting a photon, is one of the most important intrinsic properties of a fluorophore [526].
Fluorescence lifetime is independent on fluorophore concentration, initial perturbation
conditions and fluorescence intensity. On the other hand it is highly dependent on internal
factors such as fluorophore structure, polarity, viscosity and microenvironmental factors
including temperature, and the presence of fluorescence quenchers [525,526]. FLIM can
exploit the lifetime decay properties of fluorescence to provide high-resolution images
and is distinct from other imaging techniques. Driven by advanced instrumentation and
laser technology, FLIM is not only used for obtaining high-resolution images, but also
for the visual observation of molecule interactions as well as drug delivery and release
when combined with FRET technology [672-675]. Recently, FLIM has also been used to
monitor the concentration of macromolecules [611,676]. In theory, when Ca2*t-indicators
bind Ca2t, their structure undergoes small changes, which likely influence the fluorescence
lifetime. Because the lifetime is not affected by the initial perturbation conditions, FLIM
has the potential of being a reliable quantification method to detect intracellular ion
concentrations.

The FLIM technique involves scanning a sample area and obtaining spatially resolved
photon statistics (Time-Correlated Single Photon Counting - TCSPC). Several methods
are used to analyze FLIM data. The advanced FLIM fitting method (AFFM) and the
maximum entropy lifetime method (MELT) were used in the data analysis. As shown in
Figure3.21 A, the MELT method could provide the maximum entropy lifetime component
spectrum, which helps to visualize the number and variation of present lifetime components.
Compared to AFFM, MELT results in a smaller chi-square value, which means that MELT
can provide a better fit than AFFM (Fig. 3.21 B). In addition, AFFM with a preset number
of components sometimes leads to fitting with inappropriate lifetime components and
amplitudes (Fig.3.21 C,D). In conclusion, the MELT method could more easily find the
number of components for best fitting and provide reliable fitting parameters. However,
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for some experiments with small sample sizes, which were only aimed at assessing whether
there is a difference between conditions with different experimental parameters, the data
was analyzed only by AFFM to reach a quick and preliminary conclusion. Thus, in the
data analysis, only data acquired by the 1PE FLIM system and Leica 2PE FLIM system
were analyzed using the MELT method. Data acquired by the TauMap 2PE FLIM system
was analyzed using AFFM.

Not all Ca2*-indicators are lifetime sensitive to Ca?t concentrations. Fluo-4, one of the
most common Ca2+-indictors for RBCs, has a stable lifetime (Fig. 3.18 A). Fura-2, Fura red,
Oregon Green 488 BAPTA-1 (OGB-1) and X-rhod-1 have Ca?*t concentration dependent
lifetimes (Fig. 3.18 B-E). However, emission and lifetime decay can also be detected from
unstained laser-excitated RBCs (Fig. 3.19, and Fig. A.5), whether RBCs receive 1PE or
2PE. The emission and excitation spectrum of RBCs was obtained with 2PE (Fig. 3.19 B).
In addition, most of the excitation and emission spectra of the tested indicators are
different in RBCs compared to HEK cells, except for the excitation spectrum of X-rhod-1.
Some of the excitation and emission spectra of Ca2t-indicators have similar maximum
intensity peaks to unstained RBCs under equal excitation (Fig.3.20 Aa,Ba,Ca,Da and
Ea). The lifetime decays of Fluo-4, OGB-1, Fura2 and X-rhod-1 are significantly different
from those of RBCs (Fig. 3.20 Ab,Bb,Cb,Eb). Photon emission and lifetimes detected from
unstained RBCs (Fig. 3.19 and Fig. A.5) seem to suggest that Hb generate autofluorescence
like some other studies suggest [565-568,570]. However, the excitation spectrum of pure
RBCs recorded in experiments (Fig.3.19B) is different from the absorption spectrum of
Hb [677]. This indicates that the signal detected by pure RBCs in the experiment may
not be the autofluorescence of Hb, but a photoconversion-based fluorescence. There are
also studies suggesting that the fluorescence detected from RBCs with UV light excitation
is not from Hb but from bilirubin isomers, since the detected spectral response is similar
to bilirubin. The high energy of laser excitation, especially 2PE, potentially breaks down
Hb to bilirubin isomers and generate fluorescence [573-575]. Thus, the fluorescence signal
from RBCs after laser excitation is most likely photoconversion-based fluorescence, but
further investigation is needed. Nevertheless, RBC signals could affect the spectrum of
Ca2t-indicators and their lifetime. The Ca2t- indicator with the least influence of RBC
signals and the most pronounced lifetime decay is X-rhod-1. Therefore, X-rhod-1 was
selected for further experiments.

Theoretically, the fluorescence lifetime is independent of the excited emission intensity,
photobleaching, excitation laser wavelength and intensity as well as fluorophore concentra-
tion [676,678]. However, in real experiments the fluorescence is not an isolated mechanism
but the entirety of emitted light is influenced by energy conversions and light scattering
in the complex environment of biological samples. During the experiments, the FLIM
images of X-rhod-1 loaded RBCs with 2PE show three lifetime components but the FLIM
images with 1PE show only two lifetime components (Fig.3.21 A). The smallest lifetime
component 17 is an additional one in the 2PE. Since the other lifetime components t9 and
13 in 2PE are similar to the two lifetime components in 1PE, the t1 in 2PE most likely
originates in RBCs. Because 2PE requires cooperating two low-energy photons to cause a
higher-energy electron transition in the fluorophore, and it is a nonlinear process in that
the absorption rate depends on the second power of the light intensity, the total energy
absorbed by the fluorophore is higher compared to 1PE [679,680]. The high energy of
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the excitation may break down Hb to bilirubin and generate the photoconversion based
fluorescence (Fig. 3.19 and Fig. A.5). However, the shortest lifetime components t1 were
also detected in X-rhod-1 loaded HEK cells with 2PE. It lies between 11 and t9 in X-rhod-1
loaded RBCs. The spectrum of t1 in HEK cells shows a small overlap with to in X-rhod-1
loaded RBCs (Fig.3.30 A). The data suggest that the shortest lifetime components are
from the CaZ*-indicator or the microenvironment around the indictor in cytosol.

The experiments also show that for the same type of laser excitation (1PE or 2PE),
neither the excitation laser wavelength nor the acquisition time influence the lifetime
decay or the fitted lifetime components (Fig.3.22, Fig.3.23 and Fig. A.6). However,
there are significant differences between 13-800 nm and t3-900 nm or 13-920nm and a
significant difference between FLIM images with 4.4 seconds and 97 seconds acquisition
time (Fig.3.22D, Fig.3.23D), which can be explained by a significant statistical error
due to low photon counts. The laser with a wavelength of 800 nm cannot induce the high
intensity in emission light of X-rhod-1 compared to the 900 nm and 920 nm lasers, resulting
in low photon counts (Fig.3.20 Ea). The total photon counts for an acquisition time of
4.4 seconds were smaller compared to 97 seconds. The large variation within the data
set obtained by 4.4 seconds acquisition time also supports the low photon counts theory
mentioned above (Fig.3.23D). To avoid additional signals from RBCs while obtaining
maximum excitation, the 532 nm laser wavelength is ideal for the 1PE FLIM system and
the 915 nm laser wavelength is ideal for the Leica 2PE FLIM system.

Further experiments with 2PE also prove that the number of photons (intensity) and
the focus of the FLIM image can influence the measured lifetime components and the
amplitude-averaged lifetime (Fig. 3.31). As shown in Figure 3.31 A, the amplitude-averaged
lifetimes increase with the average intensity of the FLIM images in a logarithmic way.
The amplitude-averaged lifetime may reach a plateau when the average intensity reaches
about 15 photons per pixel. The similar trends also apply to the three separate lifetime
components (Fig. 3.31 B). The intensity change is highly dependent on the focus during
imaging with a linear relationship. The trend between focus and average lifetime or three
components is similar to the trend between average intensity and lifetime parameters
(Fig.3.31 C,D). The MELT method is theoretically able to resolve all lifetime components
present in a multi-component decay, and better statistics lead to finer resolution of the
decay structure, ultimately allowing resolution of all lifetime components. The MELT
components show saturation with increasing FLIM intensity, i.e. photon count. In the
saturated case there are three components and these are assumed to be all resolvable
components. The histogram resolution depends on the photon count according to the law
of large numbers. At low intensities, the spectrum shows only a single lifetime component
equal to the average lifetime. As the intensity increases, two components are resolved
with lifetimes similar to the lowest and highest components in the fully resolved case.
This suggests that for the same sample, as long as the focus setting or other acquisition
parameters allow the FLIM system to collect enough photons, the number of lifetime
components and the lifetime parameters are stable. It also strongly supports that the
significant difference between 800 nm 2PE FLIM images and 900 nm or 920 nm 2PE FLIM
images, as well as between 4.4 seconds and 97 seconds acquisition time FLIM images, is
due to low photon counts.

However, in the same image, the average intensity of the cells is not homogeneous. As
Figure 3.32 shows, each RBC has an individual average intensity. The amplitude-averaged
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lifetime seems not homogeneous either (Fig.3.33). To simplify the analysis, the recorded
RBC population is divided into 20 groups according to the percentiles of the average
intensity distribution, and all the groups have enough photon counts that exceed the
temporal resolution limit of the FLIM system. The average intensity has obvious differences
between these groups but the focus parameter and amplitude average lifetime seem similar
to each other (Fig.3.34 A-C). If the first ten populations are considered as low-intensity
populations, and the last ten populations are grouped as high-intensity populations. Apart
from the significant differences in average intensity, t; and t9 between low and high
intensity populations have small but significant difference (Fig.3.34 D,G), indicating that
other factors could influence the lifetime components.

The lifetime can be influenced by internal factors. In experiments, those potential factors
might include temperature, Hb concentration, and biological variation of RBCs from
different donors. Theoretically, lower temperatures lead to longer fluorescence lifetimes
[525,681]. As Figure 3.24 A shows, the decay curves of X-rhod-1 loaded RBCs are slightly
different. The lifetime components t1, 19 and the amplitude-averaged lifetime have an
obvious dependency on temperature (Fig.3.24 B,C,E). Component t3 shows no significant
difference between 26°C and 29°C but at 37°C it is significantly shorter (Fig.3.24 D). That
shows that the two shorter lifetime components are more sensitive to temperature changes
than t3. The combined average lifetime is strongly dependent on temperature as found in
previous studies. The higher the temperature, the shorter the average lifetime. However,
the amplitude ratio and the lifetime-weighted amplitude ratio do not show a significant
relationship with temperature (Fig. 3.24 F,G).

Hb has higher concentration in mature RBCs [54], indicating a possible small distance
between Hb and X-rhod-1 molecule. In Hb molecule, Hb can act as a good internal
quenching molecule and cause FRET between X-rhod-1 and Hb [562-564]. FRET could
influence the lifetime of the donor, in this case, the lifetime of X-rhod-1. When RBCs
are in hypotonic solutions and swell to stomatocytes, cell volume increases and Hb
concentration decreases [463,464,480,481]. In contrast, when RBCs are placed in hypertonic
solution, RBCs will shrink to echinocytes with decreased cell volume and increased Hb
concentration [463,464]. As expected, stomatocytes in hypotonic solution emit a higher
intensity than RBCs in isotonic solution and echinocytes in hypertonic solution (Fig. 3.29 A).
The significant differences of decay curves, t1, T3 amplitude-averaged lifetime, amplitude
ratio and lifetime-weighted amplitude ratio between stomatocytes, normal RBCs and
echinocytes shows that when Hb concentration increases, the parameters become shorter
or smaller (Fig. 3.29 B,C,E-H). Although the difference of 19 between normal RBCs and
echinocytes is not significant, it shows that to decreases with increasing Hb concentration
(Fig.3.29D). Comparing the lifetime parameters of HEK cells, which can be considered as
cells with the lowest possible Hb concentration (0 mM), to three RBCs groups, all lifetime
parameters of X-rhod-1 loaded HEK cells are bigger or longer than those of RBCs in all
osmolar conditions (Fig.3.30 B-H). However, HEK cells have organelles which can store
Ca2t, such as the endoplasmic reticulum (ER), mitochondria and Golgi apparatus [248].
In HEK cells, Ca2t can be released from ER in some conditions, for example, via inositol
1,4,5-trisphosphate (IP3) receptor, an intracellular Ca?* channel. IP3 can be activated
by increasd Ca2t in nanomolar range and lead to Ca2* release from ER [682-686]. The
application of Ca2t-ionophores can unselectively releases Ca2t from ER, mitochondria,
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and other cell compartments and provide an extra source of Ca?* into cytosol [687]. In
addition, HEK cells were not incubated in glucose-free solution to deplete their ATP stores
in the experiments. All these factors together make the free Ca2t levels in HEK cells
and RBCs not exactly comparable. Therefore, only the lifetime components could be
compared. All data support that Hb concentration has an influence on these lifetime
parameters and possibly because of FRET. But the small Hb concentration differences due
to donor differences result in similar decays and lifetime components (Fig. 3.27), indicating
that the variations in the Hb amount in RBCs due to donor differences seem not strong
enough to change the lifetime parameters.

In addition, it is common for chemicals and biochemicals commonly used for solution
preparation, even distilled water, to have trace amounts of Ca2t contamination in the
range of 1 — 1011M [688]. Thus, the commercial Ca2t-free PBS may also contain traces of
Ca2*. Contamination in the micromolar range is a significant problem in the preparation
of solutions containing Ca2t in the nano- to micromolar range. The Ca2t contamination
is higher than the basal Ca2t-level in RBCs. When RBCs are placed in hypo- or hyper-
osmotic solutions, the changes in cell shape due to osmolarity can cause mechanical stress
on the cell membrane, which can activate Piezo 1 channels and possibly resulting in an
increased intracellular Ca2t. This explains the associated changes in lifetime parameters,
especially the amplitude-average lifetime, amplitude ratio and lifetime-weighted amplitude
ratio in RBCs. RBCs are placed in low or high osmotic solution with an additional amount
of 1mM Ca2t. The data show no differences in all lifetime parameters of X-rhod-1 in
echinocytes with or without extracellular Ca?* (Fig.3.29 C-H). For stomatocytes, t1,
13, and the amplitude-average lifetime of X-rhod-1 have around 5% difference between
conditions with or without extracellular Ca2*, which is significant. There is no difference
in T9, amplitude ratio and lifetime-weighted amplitude ratio of X-rhod-1 in stomatocytes
(Fig.3.29 C-H). The very small difference in 11 and t3 of X-rhod-1 in stomatocytes and no
differences in 19 of X-rhod-1 in stomatocytes and 11 to t3 of X-rhod-1 in echinocytes shows
that the differences in lifetime components observed between stomatocytes, echinocytes
and discocytes are highly dependent on Hb concentration. The difference in amplitude-
averaged lifetime in stomatocytes in solution with or without extracellular Ca2t could be
due to the difference of 11 and 13 (Fig.3.29 C,E,F).

Additional chemicals such as Cell-tak (to ‘glue’ cells to the substrate for optical inves-
tigations), Pluronic-127 (as an additive to enhance dye uptake by the cells) and Ca2+
ionophores were used for experiments. In Figure A.8 and Figure A.10, the data suggest
that the Pluronic F-127 and Cell-tak do not affect the intensity or lifetime. For the CaZ™
ionophore, the Ionomycin-treated unstained RBCs have a similar spectrum with two peaks
as unstained RBCs but the Bromo-A23187-treated unstained RBCs have a spectrum with
only one peak, which is smaller than the shortest peak of unstained RBCs (Fig.3.26 A). It
suggests the possibility that Bromo-A23187 reduces emitted photons from RBCs. The
average intensity and amplitude averaged lifetime of Bromo-A23187 in unstained RBCs is
smaller than that of lonomycin in RBCs (Fig. 3.26 C,D). Additionally, both Bromo-A23187
and Ionomycin do not contribute to the intensity, lifetime and lifetime components of
X-rhod-1 in RBCs (Fig. A.9). Bromo-A23187 is slightly more suitable due to the lower
average intensity and lifetime in untreated RBCs and the spectrum with only one and the
smallest component.
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The use of Ca?* ionophore and increase the Ca2® concentration may lead to Ca2t ATPases
(PMCA) to work and reduce the Ca2t concentration to basal condition. Although the
RBCs were incubated in glucose-free solution for 72 hours. According to the literature,
RBCs incubated in glucose-free solution for 24 hours already can be considered as ATP
depleted [576,577,642,643]. In addition, residual ATP in RBCs after incubation was tested
once by ATP detection assay, and the amount of residual ATP is below the sensitivity
of the ATP detection assay (data not show). The amplitude averaged lifetime starts to
decrease after 5 minutes in the Leica FLIM system with precise time sequence (Fig. 3.28).
The amplitude-averaged lifetime, amplitude ratio and lifetime-weighted amplitude ratio
start to decrease after 2 images in the 1PE FLIM system with roughly 5 minutes per
image (Fig. A.11). The high Ca?* concentration in RBCs induced by Bromo-A23187 is
not maintained for more than 10 minutes. One of the potential reasons for this is that
complete ATP depletion is impossible. Hence, the remaining ATP can still support PMCA
function and reduce the concentration. Or there are other Ca2™ transporters that can
reduce Ca2t concentration in RBCs. Another possible reason is because of increased
intracellular Ca2t, the Gardos channels are activated and RBCs start to dehydrate and
shrink. The shrinkage could reduce or shorten the lifetime parameters. The changes in
amplitude-averaged lifetime, amplitude ratio and lifetime-weighted amplitude ratio over
the Bromo-A23187 stimulation time indicated these three parameters can be used for
further Ca2t quantification.

In addition, experiments conducted on different days may have variations due to handling
and changes in the lab environment. The decay and lifetime components of experiments
on different experimental days with RBCs from the same donor and treated in the same
condition are similar (Fig.3.25 and Fig. A.7). This indicates that FLIM measurements
with the same FLIM microscopy system are stable and the data are repeatable. Once all
the experiment parameters have been set, series of FLIM images of X-rhod-1 loaded RBCs
with different intracellular Ca?® concentration were acquired and analyzed. There is a
clear fast lifetime change between different Ca2*t concentrations (Fig. 3.35). The three ideal
parameters, amplitude-averaged lifetime, amplitude ratio and lifetime-weighted amplitude
ratio, changes with increased Ca2t concentration (Fig.3.36 and Fig. A.12). However, the
variation of each parameter between samples is up to 5% (Fig. 3.36 A-C). After normalizing
the data to the basal Ca2t condition to remove the influence of temperature, the variation
of the amplitude-averaged lifetime between samples is smaller but the amplitude ratio or
lifetime-weighted amplitude ratio are not (Fig.3.37 A-C). Normalized amplitude-averaged
lifetime and Ca2* concentration show an obvious non-linear relation (Fig.3.37 A,D). The
normalized amplitude ratio and the normalized lifetime-weighted amplitude ratio seem to
have a nonlinear relation with the Ca2t concentration. However, compared to normalized
amplitude-averaged lifetime, normalized amplitude ratio and normalized lifetime-weighted
amplitude ratio are not sensitive to changes in Ca2* concentration (Fig. 3.37).

It seems promising that FLIM images of X-rhod-1 loaded RBCs can be used to quantify
Ca2t concentration and normalized amplitude-averaged lifetime can be used as a read-out
parameter. However, there are still some questions and technical problems need to be
answered and solved in further experiments.
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Firstly, are signals from unstained RBCs detected Hb based on photoconversion fluores-
cence? Understanding this question may help to reduce the influence of signals from RBCs
on the measured decay. However, there is not enough evidence to make a conclusion
here and this needs to be investigated in the future. In addition, the influence of Hb
concentration on the lifetime components of X-rhod-1 needs to be reduced. The application
of third harmonic generation microscopy may allow to measure local Hb concentration
label-free [689]. The determined Hb concentration can be included in the data analysis
and reduce the influence of FRET from the Hb around indicator.

Secondly, what do these lifetime components represent? Theoretically, there should be
two lifetimes, one representing the Ca2t bound X-rhod-1 and one representing the Ca2+
unbound X-rhod-1. But there is lack of explanation of the third lifetime component. Which
lifetime component represents which states of X-rhod-1 also needs further investigation.

Thirdly, the heterogeneous intensity and lifetime of RBCs in the same images. It might
indicate the heterogenous response of RBCs to ionophores which leads to different ac-
tual Ca2t concentration in RBCs from the ideal concentration, leading errors in the
determination of the amplitude-averaged lifetime of a given Ca2*concentration.

Fourthly, the measurement of extracellular Ca2t concentration is difficult. The available
Ca2t-electrode is supposed to be able to measure CaZ*concentration between 10 pM to
10 mM. However, during experiments, there are defined conditions with Ca2* concentration
lower than 10 pM. Additionally, although it is claimed that the sensitivity of the sensor
is lower to 10 pM, during the real measurement, the reading of low Ca2*concentration
solution is unstable with huge errors. During the imaging, the RBCs need to stay in
PBS, a buffered solution. The buffered solution can influence the read-out of the Ca2+-
electrode. Troubleshooting is still in progress at the time of this writing. Therefore, all
Ca2t concentrations for the experiments conducted with the Leica FLIM system are still
theoretical. Further determination of extracellular Ca?® concentration should be done.

In conclusion, FLIM is a technique with great potential to quantify intracellular Ca2+t
concentration. However, whether the FLIM could be used for quantify Ca2+concentration
in single RBCs need to be further tested.
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A.1 Detailed Protocols of Experiments

RBCs Collection and Washing
The protocol for washing the RBCs is outlined in the following steps:

I. A defined volume of blood was mixed with Tyrode solution, saline or Ringer solution

IT.

III.

and centrifuged to remove plasma and buffy coat (at 500 rcf for 5 minutes or 5500 rcf
for 3 minutes).

The sedimented RBCs were resuspended in Tyrode solution, saline or Ringer solution
and centrifuged (at 500 rcf for 5 minutes or 5500 ref for 3 minutes). This is called the
washing step. The washing step was repeated in three times.

After the last washing step, the sedimented RBCs were ready for further experiments.

ATP-depleted RBCs Preparation

The protocol to prepare the ATP-depleted RBCs suspension is outlined in the following
steps:

L.

IT.

III.

A defined volume of blood or washed cells was mixed with 1 ml of glucose-free Tyrode
solution or phosphate-buffered saline (PBS) and centrifuged at 500 rcf for 5 minutes
to remove plasma and buffy coat or supernatant.

Sedimented RBCs were washed three times with 1 ml of glucose-free Tyrode solution
or PBS.

After the last washing step, sedimented RBCs were incubated in 1 ml glucose-free
Tyrode solution or PBS for 16 hours at at 4°C or 72 hours in RT.

Calcium Indicators Loaded RBCs
The protocol to prepare the Ca2t indicator loaded RBCs is outlined in the following steps:

I. Washed RBCs were mixed with 1ml of experimental medium containing 5pM of

IT.

III.

the Ca2t indicators required for the experiment. These RBCs were incubated in
a thermomixer (Thermomixer comfort or ThermoMixer C) at 37°C with 400 rpm
shaking speed for 1 hour in the dark.

After incubation, the RBCs were centrifuged at 500 rcf for 5 minutes to remove the
probe solution.

Sedimented RBCs were washed three times with 1 ml of experimental medium to
remove probe in the extracellular environment.

123
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IV. After the final washing step, sedimented RBCs were resuspended with experimental
medium for subsequent fluorescence detection.

Fluorescent-dye-conjugated Antibody bound RBCs Preparation
The protocol to prepare fluorescence-labeled RBCs is described in the following steps:
I. Washed RBCs were mixed with 100 jl of the label buffer containing primary antibodies

at the designed concentration, followed by incubation in thermomixer at RT with
400 rpm shaking speed for 1 hour.

II. After incubation, the RBCs were centrifuged at 500 rcf for 5minutes to remove
supernatant.

ITII. Sedimented RBCs were washed three times with 1ml of label buffer to remove
unbound primary antibodies.

IV. After the third wash, the sedimented RBCs were resuspended with 100 pl of label
buffer containing secondary antibodies, followed by incubation in thermomixer at RT
with 400 rpm shaking speed for 1 hour in the dark.

V. After incubation, the RBCs were centrifuged at 500 rcf for 5 minutes to remove the
supernatant.

VI. Sedimented RBCs were washed three times with 1 ml of the label buffer to remove
unbound secondary antibodies.

VII. After the final wash, the sedimented RBCs were resuspended with 1 ml of the label
buffer for further experiments.

Cell Lysis preparation
The detailed protocol of lysing cells by NP-40 is described in the following steps:

I. Washed cells with PBS, followed by centrifugation at 1500 rcf for 5 minutes. Repeated
washing step 4 times.

II. Added 300l of lysis buffer for other cells to the sedimented cells and lysed cells for
10 minutes on ice.

III. Centrifuge cell lysis at 4°C, 14000 rcf for 10 minutes. Collect supernatant.

Ghost RBCs Preparation
The detailed protocol of harvesting ghost cells is described in the following steps:

I. 200l of blood was mixed with 300l of 0.1 M phosphate buffer to wash RBCs.
Centrifuged at 14000 rcf for 30 seconds, removed supernatant.

IT. Added 300l of lysis buffer for ghost preparation to the sedimented RBCs and lysed
RBCs for 10 minutes on ice.

IIT. Centrifuged cell lysis at 4°C, 14000 rcf for 20 minutes, removed supernatant.

IV. Added 150 pl of the same lysis buffer and centrifuged at 14000 rcf for 20 minutes at
4°C to wash ghost cells. Repeated washing steps twice.
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V. Added 150 1l of the same lysis buffer to the ghost cells and centrifuged at 14000 rcf
for 45 minutes at 4°C to wash and pack ghost cells.

VI. Resuspended the ghost cells with 100 pul of the same lysis buffer.

Membrane Potential Measurements According to MBE method
The detailed protocol of the MBE method is described in the following steps:

I. The RBCs prepared as described in previous section 2.2.1 must be packed by cen-
trifugation at 13000 ref for 2 minutes to obtain 99.99% of the hematocrit value.

II. 1001l or 150l of packed RBCs was loaded into a beaker or 2ml Eppendorf tube
containing Ringer solution with calcium, pretreated with 20 pM CCCP.

ITI. The tested chemical was added to the measuring system
IV. If necessary, a second tested chemical was added to the measuring system

V. Triton X-100 detergent (1% in 3M NaCl) was added to the measuring system as a
cell lysis solution.

Bradford assay
The measurement steps of the Bradford assay are described below:
I. Added 5pl of the BSA standard or 2l of sample to a 96-well plate.

II. Prepared a substrate mixture with Reagent A and Reagent S (A:S 1:50). Added
25 pl of the substrate mixture to each well

IIT. Added 200 pl of Reagent B to each well
IV. Incubated the mixture in the dark at RT for 15 - 20 minutes

V. Measured the total protein in the spectrophotometer and recorded data by BloTek’s
Genb PC

NanoDrop measurement
The detailed NanoDrop measurement steps are described below:

[. Blanked Nanodrop by adding 10 pul same lysis buffer as cell lysis to the bottom
pedestal, lowered the arm and obtained blank data file.

IT. Cleaned the lower and upper pedestals
ITI. Mixed the sample by vortex.

IV. Added 10 pl of the sample to the bottom pedestal. Lowered the arm and read the
absorbance at 280 nm.

V. Removed the sample and cleaned the pedestals.

SDS-PAGE experiment
The detailed SDS-PAGE experiment protocol is described below:

[. Mixed 5pl sample buffer with sample solution containing 30 png protein. The sample
was boiled at 95°C for 5 minutes.
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IL.

I1I.

IV.

Placed pre-cast gel in running box and filled SDS running buffer to the running box.
Removed comb from gel.

Loaded samples and protein ladder to designed wells. Added sample buffer to rest
empty wells.

Electrophoresis was conducted at 100V for 30 minutes followed by 45 minutes at
120 V.

Western Blot experiment
The detailed protocol of western blot is described below:

L

IL.

ITI.
IV.

VL

VIL

VIIL

Pre-run gel was transferred to the electroblotting stack, on the blotting nitrocellulose
membrane and under cathode stack, when the anode stack was under the blotting
membrane.

Placed the transferred stacks into the transfer device and performed electroblotting
for 5.5 minutes at 20 V.

The membrane was blocked with blocking buffer for 2 hours, at RT.

The blocked membrane was incubated with the primary antibody in blocking buffer
overnight at 4°C with gentle agitation.

The blot was washed with Tris-buffered saline with tween-20 (TBST) solution for
15 minutes at RT. The blot needed to be washed three times.

The blot was incubated with the secondary antibody in blocking buffer for 1 hour at
Rt with gentle agitation.

The blot was washed with TBST solution for 10 minutes at RT. The blot needed to

be washed three times.

The blot was incubated in ECL Western Blotting Substrate for 1 minute at RT.
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A.2 Supplementary Figures

The Combination of Mutations of Piezo1l and Spectrin

Before the pediatric patient (with both Piezo 1 mutation and spectrin mutation as previous
section 3.1.2.1 mentioned) underwent splenectomy, the pediatric patient’s RBCs have the
highest average intracellular Ca2* concentration while the father’s (with spectrin mutation)
RBCs have the lowest Ca2® after 1 minute of 5 M Yoda 1 stimulation (Fig. A.1 Aa,Ba).
However, after 5 minutes, the intracellular Ca2t concentration in the different samples is
similar (Fig. A.1 Ac,Bb). In contrast to the pre-surgery conditions, the pedriatric patient’s
RBCs do not show much difference in intracellular Ca2t concentration compared to the
others after 5uM Yoda 1 stimulation after the splenectomy (Fig. A.1 Ab,Ad,Ba,Bb).
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Fig. A.1: Ca’t-signaling in RBCs from a Piezo1 and spectrin double mutation pediatric
patient, family members of the patient and healthy controls after 5 1M Yoda1l conditions.
(A) Representative normalized histograms of Fluo-4 intensity of controls (black and gray trace), father
(dark red or light red trace), mother (dark blue or light blue trace) and the pediatric patient (patient)
(dark purple or light purple trace) in different conditions. Darker color for samples taken before the
date of splenectomy of the patient and lighter color for samples taken after the date of splenectomy.
(Aa)—(Ab) Samples after 5uM Yoda 1 stimulation for 1 minute. (Ac)—(Ad) Samples after 5pM Yoda 1
stimulation for 5 minutes. (B) Statistical analysis of average Fluo-4 intensity in different conditions. Fluo-4
intensity measured (Ba) after 1 minute and (Bb) after 5 minutes. (Ncontrol-donor=9; Nfather-sampling=35
Nmother—samplingzga Npatient—sampling—before:2a N patient-sampling—after=1, Neen>30,000). Data is shown as
means = SEM in (Ba) and (Bb). The sampling number of patient were smaller than 3, thus, the statistical
analysis was not applied.

Effects of TRPV2 Activation on Sickle Cells

After 80 pM A9-THC stimulation, an increase in the percentage of high Ca2t RBCs occurs
in both AA and SS groups. (Fig. A.2B,C). The percentage of high Ca2t RBCs is increased
significantly after stimulation and reaches the maximum plateau after 3 minutes in both
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SS and AA groups. The SS group maintains a significantly higher percentage of high Ca2+
cells than AA (Fig. A.2B,C). In addition, both AA RBCs and SS RBCs that respond to
A9-THC reach the highest intracellular Ca2t after 3 minutes of A9-THC application and
the calcium level starts to decrease since 5 minutes. The intracellular Ca2t concentration
is slightly higher in SS RBCs than AA RBCs with a (20% higher normalized Fluo-4
intensity (Fig. A.2D,E). However the difference is not significant (Fig. A.2D,E).

In contrast to 80 pM A9-THC mentioned in previous section 3.3.2, 30 pM A9-THC induces
almost no change in membrane potential in either AA RBCs (-2.5+0.7mV) or SS RBCs
(=5.0 £ 1.1mV) in oxygenated condition (Fig. A.4). In addition, the ethanol as equivalent
amount of 30 M A9-THC could not induce membrane potential change in SS RBCs
in oxygen condition (Fig. A.4 A-C). However, 30 utM A9-THC could induce significant
hyperpolarization of —=11.6 + 1.8 mV in SS RBCs in deoxygenated condition (Fig. A.4).
Ethanol at an equivalent amount does not cause any significant membrane potential change

(Fig. A.3A-D).
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Fig. A.2: The results of the flow cytometry measurements of Ca’t-signaling in RBCs from
healthy controls (AA) and sickle cell patients (SS) after 80 uM A’-THC stimulation. (A)
Representative normalized histograms of Fluo-4 intensity in the high Ca?t population of AA cells without
AY-THC (black trace), SS cells without A%THC (red trace), AA cells with A%-THC (green trace), and
SS cells with A%-THC (blue trace); (B) Percentage change of the high Ca?t population over time after
AY-THC application (green-AA, blue-SS); (C) Quantitative analysis of AA and SS RBCs with high Ca*
in response to A?-THC in different conditions; (D) Normalized Fluo-4 intensity change in AA and SS
RBCs responding to A%-THC over time after A%-THC application (green-AA, blue-SS); (E) Quantitative
analysis of normalized Fluo-4 intensity of AA and SS RBCs that responding to A°-THC in different time
points. (donor==8, Nee11>30,000.) Data is shown as means + SEM in (B)- (E). Statistical differences were
evaluated by two-way ANOVA test with Tukey’s multiple comparison method. p < 0.05 was deemed
significant.
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Fig. A.3: Membrane potential with 30 pM A°-THC and corresponding amount of solvent
(ethanol) stimulation in SS RBCs. (A) Representative trace with A’-THC (blue), with ethanol
(EtOH) (yellow). Arrows indicate when packed RBCs, stimulation and TritonX-100 were added to
the measuring system. (B) Maximal hyperpolarization (Vmmp.x). (C) Hyperpolarization magnitudes
(A(Vmppax- Em)) are obtained after the deduction of resting membrane potential (En,) from the maximal
hyperpolarization (Vmy,y) reached at each condition Membrane potential change. (D) Absolute value
of hyperpolarization rate. (Ngg430M-THC-donor=33; NSS4EtoH-30-donor=5-) Data is shown as means
+ SEM in (B)-(D). Statistical differences were evaluated using unpaired T-test. p < 0.05 was deemed
significant.
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Fig. A.4: Membrane potential upon 30 pM A’-THC stimulation in AA and SS RBCs in
different oxygen conditions. (A) Representative traces with 30 pM A°-THC in different oxygen
conditions: AA RBCs in oxygenated condition (green), AA RBCs in deoxygenated condition (black), SS
RBCs in oxygenated condition (blue), SS RBCs in deoxygenated condition (red). Arrows indicate when
packed RBCs, A?-THC and TritonX-100 were added to the measuring system. (B) Hyperpolarization
magnitudes (A(Vimppax- Em) of RBCs from SS and AA with 30 pM A%-THC in different conditions. (C)
Maximal hyperpolarization (Vmpyjay) of RBCs from SS and AA with 30 pM A®-THC in different conditions.
(D)Absolute value of hyperpolarization rate of RBCs from SS and AA with 30 nM A?-THC in different condi-
tions. (NAA—Oxy—donor:12a NAA—Deoxy—donor:117 NAA+ChTX—Oxy—donor:6a NAA+ChTX—De0xy—d0nor:67
NSS-Oxy-donor=33; Nss_Deoxy-donor=19; Nss+ChTX-0xy=% NSS+ChTX-Deoxy-donor=3.) Data is shown
as means = SEM in (B)-(D). Statistical differences were evaluated using one-way ANOVA test with
Tukey’s multiple comparison method. p < 0.05 was deemed significant.
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Detected Signal from Pure RBCs in FLIM Image

As shown in Figure A.5 Aa, in customised 1-Photon (1PE) excitation fluorescence lifetime
imaging microscope system (1PE FLIM system), clear RBC shapes could be detected
at 470 nm wavelength, indicating originate in RBCs at 470nm 1PE. However, no clear
RBCs are seen in images with 532 nm wavelength 1PE (Fig. A.5 Ab). The representative
decay curves show the RBCs with 532 nm excitation has more noise, indicating low photon
counts under this imaging condition (Fig. A.5 Ac). The average intensity of the image
with 532nm wavelength excitation is significant lower than in the 470 nm excitation
condition, while the amplitude-averaged lifetime of the RBCs under 532 nm wavelength
excitation is significantly lower than the RBCs with 470 nm wavelength excitation as well
(Fig. A.5 Ad,Ae).

FLIM images of unstained RBCs were obtained using a TauMap 2PE fluorescence lifetime
imaging microscope (TauMap 2PE FLIM system) with excitation laser wavelength of
750 nm, 800 nm, 900 nm and 920 nm. As shown in Figure A.5 Ba, the representative decay
curves in the FLIM images taken by TauMap 2PE FLIM system show similar lifetime
decays. In the TauMap 2PE FLIM system, with increasing excitation wavelength, the
average intensity of images decreases (Fig. A.5Bb). The 920 nm excitation condition has
the lowest average intensity, which is only 14% of the 750 nm excitation condition. In
contrast, the amplitude averaged lifetime of the 750 nm condition is lower than the other
conditions. The 920 nm condition has similar amplitude averaged lifetime to the 900 nm
condition which is lower than the 800 nm condition (Fig. A.5Bc).



A.2 Supplementary Figures 133

100
c
>
(]
(@]
50 ¢
o
o
e
o
20um
0
(Ac) (Ad) (Ae)
- 1 ey i 800+ ook
z \ [ o —
o - 470nm raw é >
- 01 470nm it x307 $2°°7 L.
.&: 5.0 - 532nmraw 8 H % "L:;
= — s32nm it £ 20- 8 E4004 |
E 0.001 3 28 .
o 240- : 27 500- o
Z 0.00011 . : . . & g
0 2000 4000 6000 8000 < ﬁ
Lifetime(ps) o= o
& & S &
& g
4 3 " 3
(Ba) (Bb) (Be)
4000- 250-
= 1 - 750nmraw _ K
Z \ 750nm fit & 3000 — e
o] 0.14) ¢ - 800nmraw © gg‘—ﬁo-
@ _ — 800nmfit 5000 o £
s 0y - 900nmraw 2 F 100-
= g o, & — 900nmfit 2 =i
Z 00001 )}—— ;7 920miit <
0 2000 4000 6000 8000 [ e e e -
ig o ffLELES L&
Lifetime(ps) ST ST e®

Fig. A.5: Overview of the signals from pure RBCs after laser excitation. (Aa)-(Ae) Data obtained
with a customized 1-Photon (1PE) excitation fluorescence lifetime imaging microscope system (1PE FLIM
system). (Ba)-(Bc) were obtained with the TauMap 2PE fluorescence lifetime imaging microscopy system
(TauMap 2PE FLIM system). (Aa)-(Ab) Representative photon-count image of RBCs with (Aa) 470 nm
1PE and (Ab) 532nm 1PE. Black represents lower photon counts and white represents higher photon
counts. (Ac) Representative decay curves of RBCs with 470nm 1PE (black) and 532nm 1PE (red).
The points displayed the measured data and the lines indicated the fitted regression, which are also
applied to panel (Ba). (Ad) Average intensity and (Ae) Amplitude-averaged lifetime of RBCs with 470 nm
1PE and 532nm 1PE. (n470 nm=2 ns32nm=2). (Ba) Representative decay curves of RBCs with 750nm
2PE (black), 800nm 2PE (red), 900nm 2PE (green) and 920nm 2PE (blue). (Bb) Average intensity and
(Bc) Amplitude averaged lifetime of RBCs with 750nm 2PE, 800nm 2PE, 900nm 2PE and 920nm 2PE
(n750nm=1, n1800nm=1, 1900nm=>5, Ng20nm=3.) Data is shown as means + SEM in (Ad), (Ae), (Bb) and
(Bc). Statistical differences were evaluated using one-way ANOVA with Tukey’s multiple comparison
method. p < 0.05 was deemed significant.
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Influence of Excitation Laser wavelength on X-rhod-1 Lifetime in
RBCs

With the 1PE FLIM system, the FLIM images are taken with two different excitation
laser wavelengths, 470 nm and 532nm. The lifetime decay curves of X-rhod-1 in RBCs
in the two conditions are similar to each other (Fig. A.6 A). Unlike the 2PE system, the
decay in the 1PE FLIM system only shows two components. The two lifetime components

(11 and t9) have no significant difference between the two laser wavelength excitation
(Fig. A.6 B,C).
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Fig. A.6: Effect of excitation laser wavelength time on lifetime and lifetime components.
Data were obtained from FLIM images of X-rhod-1-stained RBCs taken with the 1PE FLIM system.
(A) Representative decay curves of X-rhod-1 in RBCs with 470nm 1PE (black) and 532nm 1PE (red).
(B)-(C) Statistical comparison of lifetime components of FLIM images with two different excitation laser
wavelengths: (B) The shortest lifetime component (t1); (C) longest lifetime component (t2) (n=2). Data
is shown as means + SEM in (B) and (C). Statistical differences were evaluated using one-way ANOVA
with Tukey’s multiple comparison method in (B). p < 0.05 was deemed significant.

The Reproducibility of the Lifetime Components of FLIM Images

As Figure A.7 Aa and Ba show, in 1PE FLIM system and TauMap 2PE FLIM system, the
lifetime decay curves of X-rhod-1 in RBCs in the same condition are similar in different
experiment days. The lifetime components show variations among different experiment
days but there is no significant difference detected (Fig. A.7 Ab-Ad,Bb,Bc).
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Fig. A.7: Parameters of FLIM images of X-rhod-1 loaded RBCs from the same donor on
different days. (Aa)-(Ad) Data acquired using the TauMap 2PE FLIM system. (npay1=4, npay2=35).
(Ba)-(Bc) Data acquired using the 1PE FLIM system. (npay1=11, npay2=30, npay3=9). (Aa) Represen-
tative decay curves of FLIM images from two different days (day 1-black, day 2-red). Dots displayed the
measured data and lines indicated the fitted regression, which are also applied to panel Ba. (Ab)-(Ad)
Statistical comparison of lifetime components of FLIM images taken on two different experimental days:
(Ab) 11, (Ac) 2 and (Ad) t3. (Ba) Representative decay curves of FLIM images from three different
days (day 1-black, day 2-red, day 3-green). (Bb)-(Bc) Statistical comparison of lifetime components of
FLIM images taken on three different experimental days: (Bb) 11 and (Bc) to. Statistical differences
were evaluated using one-way ANOVA with Tukey’s multiple comparison method. p < 0.05 was deemed
significant.
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Pluronic-F127 Influence on X-rhod-1 Lifetime in RBCs

According to the chemical supplier’s instructions, the X-rhod-1 AM dye must be dissolved
in DMSO or 20% Pluronic-F127 in DMSO solution before use. To understand the influence
of the solvent (20% Pluronic-F127 in DMSO) on the lifetime of X-rhod-1 in RBCs, the
lifetime images of RBCs which were treated with Pluronic-F127 only were acquired using
the TauMap 2PE FLIM system and the Leica 2PE FLIM system. The lifetime decay
curves of Pluronic-F127 in RBCs were compared with the lifetime decay curves of RBCs
alone and X-rhod-1 stained RBCs under the same acquisition conditions. In addition, the
averaged intensity and amplitude-averaged lifetime were compared.

For the FLIM images taken with the TauMap 2PE FLIM system, the decay curves of
Pluronic F-127 treated RBCs show similar decay curves to untreated RBCs (Fig. A.8 Aa).
The decay of X-rhod-1 loaded RBCs is obviously different compared to Pluronic F127
treated RBCs and untreated RBCs (Fig. A.8 Aa). Surprisingly, FLIM images of Pluronic
F-127 treated RBCs show similar average intensity and only half of the amplitude-averaged
lifetime as FLIM images of untreated RBCs. However, neither the averaged intensity
nor the amplitude averaged lifetime shows significant differences (Fig. A.8 Ab,Ac). As
expected, the FLIM images of X-rhod-1 loaded RBCs show significantly higher amplitude
averaged lifetime and averaged intensity than the other two conditions (Fig. A.8 Ab,Ac).
Similarly, the FLIM images acquired using the Leica system show that the lifetime decay
of Pluronic F-127 treated RBCs is slightly slower compared to untreated RBCs under the
same acquisition conditions (Fig. A.8 Ba). Pluronic F-127 treated RBCs show significantly
lower average intensity compared to Untreated RBCs under using 800nm 2PE (Fig. A.8 Bb).
In summary, the Pluronic F-127 is not florescent and do not contribute to the lifetime
decay of X-rhod-1 in RBCs.
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Fig. A.8: Comparison of FLIM parameters among RBCs, Pluronic-127 treated RBCs and
X-rhod-1 stained RBCs. (Aa)-(Ac) Data acquired using the TauMap 2PE FLIM system with 900nm
laser wavelength (ngcs=11, npluronic=4%, NX-rhod-1=29). (Ba) and (Bb) Data acquired by Leica 2PE
FLIM system (n=10). (Aa) Representative decay curves of FLIM images of RBCs (red), Pluronic-127
treated RBCs (black) and X-rhod-1 stained RBCs (purple). The dots displayed the measured data
and the lines indicated the fitted regression, which are also applied to panel Ba. (Ab) —(Ac) Statistical
comparison of FLIM images of RBCs, Pluronic-127 treated RBCs and X-rhod-1 stained RBCs: (Ab)
Averaged intensity, (Ac) Amplitude-averaged lifetime. (Ba) Representative decay curves of FLIM images
of RBCs with 700 nm 2PE (pink), RBCs with 800 nm 2PE (red), Pluronic-127 treated RBCs with 700 nm
2PE (black) and Pluronic-127 treated RBCs with 800 nm 2PE (brown). (Bb) Statistical comparison of the
averaged intensity of FLIM images of RBCs and Pluronic-127 treated RBCs. Data is shown as means +
SEM in (Ab), (Ac) and (Bb). Statistical differences were evaluated using one-way ANOVA with Tukey’s
multiple comparison method in (B). p < 0.05 was deemed significant.

CaZT-ionophore Selection

The FLIM images of Ionomycin treated and Bromo-A23187 treated X-rhod-1 stained
RBCs were taken via TauMap 2PE FLIM system and 1PE FLIM system. The lifetime
decay curves of lonomycin treated RBCs are not significantly different to that of Bromo-
A23187 treated RBCs (Fig. 3.26 Aa,Ba). The average intensity, and amplitude-averaged
lifetime are not significantly different between Ionomycin-treated RBCs and Bromo-A23187-
treated RBCs (Fig. 3.26 Ab,Ac,Bb,Bc). In addition, the lifetime components show no

statistical difference between Ionomycin-treated RBCs and Bromo-A23187 treated RBCs
(Fig. 3.26 Ad,Bd).
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Fig. A.9: Influence of ionophores on the parameters of FLIM images. (Aa)-(Ad) Data acquired
by TauMap 2PE FLIM system (Nionomycin=25, NBromoA23187=12). (Ba)-(Bd) Data acquired by 1PE
FLIM system (Nonomycin=4%, NBromoA23187=4). (Aa) Representative decay curves of FLIM images of
X-rhod-1 loaded RBCs with Ionomycin (orange) and Bromo-A23187 (yellow). The dots displayed the
measured data and the lines indicated the fitted regression, which is also applied to (Ba). (Ab)-(Ad)
Statistical comparison of FLIM images between Ionomycin-treated and Bromo-A23187-treated RBCs with
X-rhod-1: (Ab) Average intensity; (Ac) Amplitude averaged lifetime. (Ad) Lifetime components t1, T2



A.2 Supplementary Figures 139

Fig. A.9 (previous page): and t3. (Ba) Representative decay curves of FLIM images of X-rhod-1 loaded
RBCs with Ionomycin (orange) and Bromo-A23187 (yellow). (Bb)-(Bd) Statistical comparison of FLIM
images between Ionomycin-stimulated RBCs and Bromo-A23187-stimulated RBCs with X-rhod-1. (Bb)
Average intensity; (Bc) Amplitude averaged lifetime; (Bd) Lifetime components 11 and 2. Data is shown
as means + SEM in (Ab) - (Ad) and (Bb) - (Bd). Statistical differences were evaluated using unpaired
T-test. p < 0.05 was deemed significant.

The Influence of Cell-tak on the X-rhod-1 Fluorescence Lifetime in
RBCs

For FLIM images, the time between focus finding and image acquisition was usually a few
minutes. During this time, free sedimented RBCs could influence the best focus finding,
which could lead to blurred images in the last few images of a long-term recording. In
addition, the free sedimented RBCs could fall on top of other RBCs and affected the single
cell analysis. To solve the problems, cell-tak, a type of biological glue, was used to fix the
position of RBCs on the imaging slides or dishes. To determine whether cell-tak could
influence the lifetime of X-rhod-1 in RBCs, the parameters of FLIM images of X-rhod-1
in RBCs with and without fixation by cell-tak via the 1PE FLIM system was compared.
As shown in Figure A.10 A, the lifetime decay curves of free sedimented X-rhod-1 stained
RBCs and position-fixed RBCs show a slightly difference. However, the amplitude-average
lifetime and both two lifetime components show no significant difference between free
sedimented RBCs and position fixed RBCs (Fig. A.10 B,C). In summary, cell tak does not
affect the lifetime of X-rhod-1 stained RBCs.
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Fig. A.10: Comparison of FLIM parameters of X-rhod-1 with and without cell-tak. Data
obtained by the 1PE FLIM system. (A) Representative decay curves of FLIM images of RBCs with and
without cell-tak in the environment. (without cell-tak: black, with cell-tak: red). The dots displayed the
measured data and the lines indicated the fitted regression. (B) Comparison of the amplitude-averaged
lifetime between FLIM images of X-rhod-1-loaded RBCs with or without cell-tak in the environment.
(Npormal=2, Neell-tak=5.) (C) Comparison of the lifetime components t; and 1o between FLIM images of
X-rhod-1-loaded RBCs with and without cell-tak in the environment (npormai=43, Neell-tak=77). Data is
shown as means + SEM in (B) and (C). Statistical differences were evaluated using one-way ANOVA with
Tukey’s multiple comparison method. p < 0.05 was deemed significant.
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Influence of Ca%t pumps on X-rhod-1 Lifetime in RBCs

The time series of FLIM images of X-rhod-1 loaded RBCs were taken using the 1PE
FLIM system. The amplitude-averaged lifetime of RBCs in PBS solution is stable over
time (Fig. A.11 A). The amplitude-averaged lifetime of RBCs with 511M and 30 uM Ca2+
decrease over time (Fig. A.11 A). In addition, similar to the amplitude-averaged lifetime,
the amplitude ratio and lifetime-weighted amplitude ratio of RBCs with 5 M or 30 nM
Ca?t show a decrease over time but that of basal Ca2t is stable (Fig. A.11B,C).
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Fig. A.11: Influence of time after ionophore challenge on FLIM parameters. Data acquired with
the 1PE FLIM system. (A) Amplitude-averaged lifetime, (B) Amplitude ratio and (C) Lifetime-weighted
amplitude-ratio of 12-time-series FLIM images of X-rhod-1 in RBCs with basal Ca?t (black) or after
application of Bromo-A23187 with additional Ca?t in the environment (5nM Ca?*-light red, 30 uM
Ca?T-dark red). (Npasal-ca=1, N5 uM-Ca=6, N3giM-ca=4.) Data is shown as means + SEM.

Theoretical Relation between Intracellular Ca?™ Concentration and
FLIM Parameters of X-rhod-1 in RBCs

With the 1PE FLIM system, FLIM images of the RBCs with 8 different theoretical
intracellular Ca2t concentration from three independent experiments were acquired and
analyzed (Fig. A.12).

As shown in Figure A.12 A, the shortest FLIM lifetime of RBCs increases with increasing
theoretical intracellular Ca2t. The amplitude-averaged lifetime, amplitude ratio and
lifetime-weighted amplitude ratio show dependence on intracellular Ca?* concentration
(Fig. A.12 A-C). However, there is a huge variation within groups and the plateau is reached
around 40 pM (Fig. A.12 A-C).
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Fig. A.12: Regression of intracellular Regression of intracellular Ca’t concentration and
FLIM parameters concentration and FLIM parameters. (A)-(C) FLIM parameters of X-rhod-1
loaded RBCs over 8 defined intracellular Ca?* concentrations: (A) Amplitude-averaged lifetime; (B)
Amplitude ratio; (C) Lifetime-weighted amplitude ratio. Data acquired using the 1PE FLIM system
(N=1). Data is shown as means + SEM.



A.3 Information of Used Chemicals 141
A.3 Information of Used Chemicals
Name Information Cat. No.
: : Monoclonal Anti-Spectrin (o and ) antibody
Allt.gsl(aiectnn produced in mouse (1:3000): ThermoFisher, | S3396
antbody Waltham, MA, USA
Anti-Human TRPV2 (VRL1) (extracellular) | 5 139
Anti-TRPV2 antibody | Antibody (1:500): Alomone, Jerusalem, Israel
Anti-VRL1/TRPV2 Antibody Picoband™ | 4 19756 3
(1:1000): Bosterbio, Pleasanton, CA, USA
ATPlite luminescence
ATP detection assay | PerkinElmer, Shelton, CT, USA 6016943
system (300 assay kit)
®
Benzonase Sigma-Aldrich, St. Louis, MO, USA M7154
B-mercaptoethanol
Bromo-A23187 Cayman, Ann Arbor, Mi, USA Cay20438-5
(BBOSV N albumnin | g o Aldrich, St. Louis, MO, USA A4503/AT030
CaCly - 2H9O VWR, Radnor, PA, USA 22317.297
Carbonyl cyanide
m-chlorophenyl . . .
hydrazine (CCCP) Sigma-Aldrich, St. Louis, MO, USA 215911
ionophore
Cell tak Corning, Corning, NY, USA 354240
Charybdotoxin Alomone Labs, Jerusalem, Israel
DMSO Carl-Roth- GmbH, Karlsruhe, Germany 67-68-5
Sigma-Aldrich, St. Louis, MO, USA D8418
Ethylenediaminetetra-
aceticacid (EDTA) Invitrogen, Waltham, MA, USA 15575
0.5M pH 8.0
EDTA - 2Na Sigma-Aldrich, St. Louis, MO, USA Eb5134
Ethyleneglycol-
tetraaceticacid Sigma-Aldrich, St. Louis, MO, USA 03777
(EGTA)
Fluo-4, AM Molecular Probes, Eugene, OR, USA F14201
Fura-2, AM Invitrogen, Waltham, MA, USA M1292
Fura-red, AM Invitrogen, Waltham, MA, USA F3021
Glucose Sigma-Aldrich, St. Louis, MO, USA G5146
Glycerol Sigma-Aldrich, St. Louis, MO, USA G6279
Glycine MerckMillipore, Burlington, MA, USA 1.00590
Merck, Darmstadt, Germany 1.00317
HCL (37%) Bernd Kraft, Oberhausen, Germany 05430.4700
HEPES Carl-Roth-GmbH, Karlsruhe, Germany 9105.4
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Polyclonal Goat Anti-Rabbit Immunoglobu-
HRP conjugated lins/HRP (affinity isolated) (1:3000): Dako, | P0448
antibody Santa Clara, CA, USA)
Polyclonal Goat Anti-Mouse Immunoglobu-
lins/HRP (affinity isolated) (1:4000): Dako, | P0447
Santa Clara, CA, USA)
Tonomycin Stemcells, Vancouver, British Columbia , 73724
Canada
KC1 Carl-Roth- GmbH, Karlsruhe, Germany 6781.1
MgCls - 6H2O Sigma-Aldrich, St. Louis, MO, USA M-2670
Griissing, Filsum, German 12147
NapHPO4 Merck, ]gf;)armstadt, Germa}r/ly 1.06580
NaCl VWR, Radnor, PA, USA 27810.295
Merck, Darmstadt, Germany 1.06404
NaF Sigma-Aldrich, St. Louis, MO, USA S7920
Merck, Darmstadt, Germany 1.06449
NaH,PO, Fisher Scientific, Nidderau, Germany 389870005
Merck, Darmstadt, Germany 1.06346
NaHCOg3 Griissing, Filsum, Germany 12143
NaNsg Sigma-Aldrich, St. Louis, MO, USA 52002
NaOH Griissing, Filsum, Germany 12155
Nonidet™ P 40 Sigma-Aldrich, St. Louis, MO, USA 74385
Substitute (NP-40)
NS309 Sigma-Aldrich, St. Louis, MO, USA N8161
NS3623 Sigma-Aldrich, St. Louis, MO, USA SML2843
Ocadaic acid (OA) Sigma-Aldrich, St. Louis, MO, USA 459620
gfg%iﬁfez?\f% Molecular Probes, Eugene, Oregon, USA 0-6807
Orthevanadate (OV) | Bioke, Leiden, The Netherlands NEB P0758L
PageRuler " Plus
Prestained Protein | pp oo Fisher, Waltham, MA, USA 26619
Ladder (10 to 250
kDa)
Phenylmethylsulfonyl- | Sigma-Aldrich, St. Louis, MO, USA PMSF-RO
fluride (PMSF) Roche, Mannheim, Germany 10837091001
Pluronic F127, 20% | 1y 1 oFisher, Waltham, MA, USA P3000MP
solution in
Protease Inhibitor
Cocktail Set V, Sigma-Aldrich, St. Louis, MO, USA 539137
EDTA-Free
Sgﬁ;ﬁ?(g%‘gcyl Sigma-Aldrich, St. Louis, MO, USA 05030
Tram34 Tocris Bioscience, Bristol, UK 2946
Tris base Merck, Darmstadt, Germany 10708976001
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TWEEN® 20 Sigma-Aldrich, St. Louis, MO, USA P7949
X-rhod-1, AM Molecular Probes, Eugene, OR, USA X14210
Yodal Sigma Aldrich, Saint Louis, MO, USA SML1558
A9-Tetrahydro-

cannabinol (A9-THC) | Sigma Aldrich, Saint Louis, MO, USA T-005
-ethanol solution

A9-

Tetrahydrocannabinol : LGCAMO-
(A9-THC) -methanol LGC GmbH, Wiesel, Germany 1088.00-05

solution
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A.4 Information of Used Solutions

Name of solutions

Composition

0.1 M phosphate buffer

0.1M NagHPOy, use 0.1 M NaHoPOy adjust pH to 7.2

1M Tris-HCI

1M Tris base, adjust pH to 8.0 by HCI

1x Phosphate-buffered
saline (PBS)

Thermo Fisher, Waltham, MA, USA
Fresenius-kabi, St. Wendel, Germany
Orphi Farma B.V. Dordrecht, Netherlands

5mM phosphate buffer

1:20 dilution of 0.1 M phosphate buffer with MilliQ water

Carin buffer

20mM Tris-HCI, 137mM NaCl, 10mM EDTA, 100 mM
NaF, 10% Glycerol, 1% NP-40

Cell Tak coating solution

95mM NaHCOj3, 16.7mM NaOH, 3.3% CellTak

ECL Western Blotting
Substrate

ThermoFisher, Waltham, MA, USA

Glucose-free Tyrode
solution

130mM NaCl, 5mM KCI, 10mM HEPES, 1mM MgCly,
1.5mM CaCls, pH 7.39, osmolarity between 280 mOsm to
300 mOsm

High osmolarity PBS

Use 5 M NaCl adjust osmolarity of 1x PBS to 800 mOsm

ISE standard Ca

Mettler-Toledo GmbH, Greifensee, Switzerland

10mg/L

ISE standard Ca Mettler-Toledo GmbH, Greifensee, Switzerland
100 mg/L

ISE standard Ca Mettler-Toledo GmbH, Greifensee, Switzerland
1000 mg/L

Label buffer

2% BSA, 0.05% NaN3 in 1x PBS

Low osmolarity PBS

1x PBS 2:5 dilution with MilliQQ water

Lysis buffer for MBE

6% Triton-X 100 in 3M NaCl

Lysis buffer for other
cells

Carin buffer, proteolysis inhibitor (1:100), PMSF (1:100),
OV (1:100), OA (1:1000), benzonase (1:1000)

Lysis buffer for RBCs
ghost harvest

5 mM phosphate buffer, proteolysis inhibitor (1:100), PMSF
(1:100), OV (1:100), OA (1:1000)

perfectION calcium ISA

Mettler-Toledo GmbH, Greifensee, Switzerland

perfectION ion
electrolyte A

Mettler-Toledo GmbH, Greifensee, Switzerland

Protein Assay Reagent A

BIO-RAD, Hercules, CA, USA

Protein Assay Reagent B

BIO-RAD, Hercules, CA, USA

Protein Assay Reagent S

BIO-RAD, Hercules, CA, USA

Ringer solution

153 mM NaCl, 2mM KCl

Ringer solution with
a2+t

153mM NaCl, 2mM KCI, 4mM CaCls Saline 0.9% NaCl
in HoO (w/w)

SDS running buffer

200 mM glycine, 25 mM Tris base and 0.1% SDS

Standard Tyrode
solution

130mM NaCl, 5mM KCl, 5mM glucose, 10 mM HEPES,
1mM MgCly and 1.5mM CaCls, pH 7.39, osmolarity be-
tween 280 mOsm to 300 mOsm
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Tris-Buffered Saline with
Tween-20 (TBST)

150 mM NaCl, 10 mM Tris, 0.1% Tween-20 and HCL. 5%
BSA

Tyrode solution with
1 pM free Ca2t

112mM NaCl, 5mM KCIl, 10mM HEPES, 1mM MgCls,
9.32mM CaCly and 10mM EGTA, pH 7.39, osmolarity
between 280 mOsm to 300 mOsm

Tyrode solution with
10 pM free Ca2t

112mM NaCl, 5mM KCI, 10mM HEPES, 1 mM MgCls,
9.94mM CaCly and 10mM EGTA, pH 7.39, osmolarity
between 280 mOsm to 300 mOsm

Tyrode solution with
100 pM free Ca?t

112mM NaCl, 5mM KCl, 10mM HEPES, 1 mM MgCls,
10.093 mM CaCly and 10mM EGTA, pH 7.39, osmolarity
between 280 mOsm to 300 mOsm

Tyrode solution with
1 mM free Ca2t

112mM NaCl, 5mM KCI, 10 mM HEPES, 1 mM MgCls,
10.999 mM CaCly and 10mM EGTA, pH 7.39, osmolarity
between 280 mOsm to 300 mOsm

Tyrode solution with
350 1M free Ca2t

112mM NaCl, 5mM KCI, 10mM HEPES, 1 mM MgCly,
10.348 mM CaCly and 10mM EGTA, pH 7.39, osmolarity
between 280 mOsm to 300 mOsm
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A.5 Information of Used Equipment

¢ Name of Equipment

Information

p-Dishes

ibidi, Munich, Germany

5ml round bottom
polystyrene test tubes

Corning Inc., Corning, NY, USA

BD FACS Diva'" Soft-

ware

Becton Dickinson, San Jose, CA, USA

BioTek’s Genb PC

BioTek Instruments, Inc, Winooski, Vermont, U.S

Ca-buf software

Guy Droogmans, KU Leuven, Belgium

ChemiDoc MP

BIO-RAD, Hercules, CA, USA

Criterion Cell

BIO-RAD, Hercules, CA, USA

Criterion TGX Precast
Midi Protein 18-well Gel

BIO-RAD, Hercules, CA, USA

Criterion TGX Precast
Midi Protein 26-well Gel

BIO-RAD, Hercules, CA, USA

Eclipse Ti Fluorescence
Microscope

Nikon, Tokyo, Japan

EDTA K Monovette: SARSTEDT, Niimbrecht, Germany

EDTA tube EDTA tube: BD Switzerland Sarl, Vaud. Switzerland
Excel Microsoft, Redmond, Washington, U.S
Fiji ImageJ

BD FACSCantoTM II: BD Biosciences, Erembodegem, Bel-
Flow cytometers gium

BD LSRFortessa: Becton Dickinson, San Jose, CA, USA

Fluorescence  Lifetime
Imaging Microscope-
customized fluorescence
lifetime image micro-
scope

Axiovert 200M Fluorescence DIC Phase Contrast Inverted
Microscope: Carl Zeiss Microscopy Deutschland GmbH,
Oberkochen, Germany

FemtoFiber pro TVIS laser: TOPTICA Photonics AG, Mu-
nich, Germany

PicoHarp 300 TCSPC system: PicoQuant, Berlin, Germany
Picosecond delayer: Micro Photon devices, Bolzano, Italy
Nanosecond delay box NS-DELAY 7800-7: FAST ComTech,
Oberhaching, Germany

LCI Plan-NEOFLUAR 63x DIC objective: Carl Zeiss Mi-
croscopy Deutschland GmbH, Oberkochen, Germany
Photon counting module SPCM AQR-14: PerkinElmer Op-
toelectronics, Rodgau, Germany
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Fluorescence  Lifetime
Imaging Microscopy-
TauMap

Fluorescence lifetime imaging microscopy TauMap: JenLab
GmbH, Berlin, Germany

High-NA objective (Zeiss neonplanar 1.3 NA, 40x) : Carl
Zeiss Microscopy Deutschland GmbH, Oberkochen, Ger-
many

Time correlated single photon counting (TCSPC) card SPC-
150: Becker&Hickl, Berlin, Germany

PMT detector (PMH-100-0): Becker&Hickl, Berlin, Ger-
many

Tuneable titanium sapphire laser MaiTAi XF-1: Newport
Spectra Physics, Darmstadt, Germany

GraphPad Prism version
10

GraphPad Software,
San Diego, California USA

Heparin tube

Lithium-Heparin Monovette: SARSTEDT, Niimbrecht,
Germany

Na-Heparin tube: BD Switzerland Sarl, Vaud. Switzerland

iBlot™ 2 Gel Transfer
Device

ThermoFisher, Waltham, MA, USA

iBlot™ 2 Transfer Stacks

ThermoFisher, Waltham, MA, USA

Ion/pH meter and
electrode

SevenCompact pH meter S220 coupled with perfectION
comb CA, Combined lon-selective electrode: Mettler-Toledo
GmbH, Greifensee, Switzerland

Leica Fluorescence
Lifetime Imaging
Microscope

Upright TCS SP8 TPE DIVE microscope with FALCON
(FAst Lifetime CONtrast): Leica Mikrosysteme Vertrieb
GmbH, Wetzlar, Germany

HC PL IRAPO 25x dipping objective: Leica Mikrosysteme
Vertrieb GmbH, Wetzlar, Germany

Leica Application Suite LAS x FLIM/FCS (v. 3.5.6): Leica
Mikrosysteme Vertrieb GmbH, Wetzlar, Germany

Matlab® 2022

The MathWorks, Inc, Portola Valley, CA, USA

NanoDrop'" 2000,/2000c
Spectrophotometers

ThermoFisher, Waltham, MA, USA

NanoDrop 2000 software

ThermoFisher, Waltham, MA, USA

ORCA-Flash4.0 4.2MP
Monochrome sCMOS

Hamamatsu Photonics, Hamamatsu City, Japan

Osmometer

Automaticsemi-micro osmometer A0300: KNAUER, Berlin,
Germany

Gonotec® Osmomat 3000 Basic: Ganotec Inc, Montréal,
Canada
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pH meter and electrodes
for MBE method

SevenCompact pH meter S210 coupled with InLab Solids
Pro-ISM pH electrode: Mettler-Toledo GmbH, Greifensee,
Switzerland

PHM210 pH-meter coupled with a G200 pH electrode and a
red Rod 200 reference electrode: Radiometer, Copenhagen,
Denmark

pH meter and electrodes
for pH measurement

SevenEasy SevenEasy S20 pH Meter coupled with InLab
Expert Pro pH electrode: Mettler-Toledo GmbH, Greifensee,
Switzerland

pH meter recording
software

Logger Lite: Vernier; Millikan Way, Beaverton, OR France
Internal program from group

Plan Apo TIRF 100x oil
objective

Nikon, Tokyo, Japan

Plan Apo TIRF 40x oil
objective

Nikon, Tokyo, Japan

Plan Apo TIRF 60x oil
objective

Nikon, Tokyo, Japan

PowerPac'" HC
100v120/220v240 A\

BIO-RAD, Hercules, CA, USA

Synergy™ 2
Spectrophotometer

BioTek Instruments, Inc, Winooski, Vermont, U.S

Spinning disk confocal
microscope

Yokogawa, Tokyo, Japan

Thermomixer

Thermomixer comfort: Eppendorf, Hamburg, Germany
ThermoMixer C: Eppendorf, Hamburg, Germany
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