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ABSTRACT

Background: Dual antiplatelet therapy with acetylsalicylic acid (ASA) and the
adenosine diphosphate (ADP)-receptor antagonist ticagrelor increases the risk of
bleeding complications during cardiac surgery. The overall aim of this thesis was to
identify and evaluate current and potential methods to reduce and prevent bleeding
complications in patients with ongoing antiplatelet therapy.

Methods: In Study I, three types of platelet concentrates were sampled on day 1, 4
and 7 after donation. In Study II, adrenaline and platelet concentrate were added to
blood samples from acute coronary syndrome patients on ASA and ticagrelor. In
Study III, blood samples from healthy volunteers were collected after ticagrelor,
adrenaline and metoprolol administration. In Study IV, blood samples were collected
before and after anesthesia induction from cardiac surgery patients randomized to
standard treatment or maintenance of preoperative mean arterial pressure using
noradrenaline. Platelet aggregation was assessed with impedance aggregometry
(Studies I-1V) while platelet activation was assessed with flow cytometry (Studies I-
IIT). Clot formation was assessed with thromboelastometry (Studies III and IV).

Results: Platelets in interim platelet unit (IPU) concentrates maintained a lower
activation state and better aggregation response to the end of storage compared to
buffy-coat concentrates (I). More platelets in IPU concentrates were activated and
had a lower aggregation response throughout storage compared to apheresis
concentrates (I). Adrenaline, but not platelet concentrate, improved ADP-induced
platelet aggregation and activation in the presence of ticagrelor in vitro (II).
Adrenaline infusion improved ADP-induced platelet aggregation, activation and clot
formation in healthy volunteers treated with ticagrelor (III). Intraoperative
noradrenaline infusion improved ADP-induced platelet aggregation and clot
formation in cardiac surgery patients (IV).



Conclusions: The quality of IPU concentrates is at least comparable to buffy-coat
concentrates. Adrenergic agents improve platelet reactivity and may thus potentially
be used to prevent excessive bleeding during surgery in patients with ongoing
antiplatelet therapy.

Keywords: Platelet concentrate, adrenaline, noradrenaline, ticagrelor, platelet
aggregation, platelet activation
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SAMMANFATTNING PA SVENSKA

Allvarlig blodning under och efter hjirtoperationer dr en farlig men relativt
vanlig héndelse som patagligt okar risken for dod och andra allvarliga
komplikationer. Orsaken till blddning kan exempelvis vara att patienten har
atit ett eller flera lakemedel som himmar trombocyters (blodplattars) forméga
att aktiveras och aggregera (klumpa ihop sig med varandra), sdsom
acetylsalicylsyra ensamt eller i kombination med ticagrelor, tétt inpa
operationen. Helst vill man att patienten ska ha slutat &ta ticagrelor flera
dagar innan operation men ibland gar det inte p.g.a. patientens tillstdnd.
Trombocythimmande ldkemedel anvénds vid behandling av akut koronart
syndrom (AKS). AKS uppstar da blodproppar forhindrar blodflédet genom
artdrerna 1 hjértat vilket kan leda till hjéartinfarkt eller hjartstopp. For att
forhindra bildandet av blodproppar behandlas AKS-patienter med
acetylsalicylsyra och ticagrelor vilket ar effektivt men tyvirr okar risken for
blodning om patienter behover opereras akut. Idag ges ofta transfusioner av
trombocytkoncentrat fran blodgivare for att stoppa blodningarna.
Trombocytkoncentraten kan forvaras i maximalt 7 dagar efter blodgivning
men trombocyternas kvalitet forsdmras tyvérr under forvaringstiden. Det har
tidigare visats att trombocyttransfusioner forbéttrar den signalvdg i
trombocyten som acetylsalicylsyra hdmmar men att de endast har en liten
effekt pé& den ticagrelor-himmade signalvigen. Nér patienter vars
trombocyter 4r hdmmade av ticagrelor hjartopereras sa ar risken for allvarlig
blodning kopplad till trombocyters formaga att aggregera via den ticagrelor-
hdmmade vdgen. Malet med denna avhandling var att utvdardera nuvarande
samt nya strategier for behandling och forebyggande av blédning hos
patienter behandlade med trombocythdmmare.

I delarbetena maéttes trombocyternas formaga att bilda koagel (aggregation)
med impedansaggregometri. Med denna metod méits impedansen (forandring
i motstdnd) mellan tva elektroder i en testcell. Da trombocyter aggregerar pé
elektroderna 6kar impedansen vilket méts i instrumentet och man far ett matt
péa trombocyteras aggregationsformdga. Trombocyternas aktiveringsgrad och
formaga att aktiveras mittes med flodescytometri. I denna metod anvénds
antikroppar (en typ av proteiner) som endast binder till aktiverade
trombocyter vilket kan métas i instrumentet nidr trombocyterna utsitts for
laserstralar. Instrumentet rédknar ett antal trombocyter och resultatet visar hur
stor procent av trombocyterna som #r aktiverade. Slutligen mittes
koagelbildning (levringsférmaga) med tromboelastometri dir en roterande
pinne i en testcell hindras i sin rorelse nér ett koagel bildas. Parametrar som



man kan fa ut dr exempelvis tiden det tar for koagelbildning och koaglets
stabilitet.

I forsta delarbetet jamfordes kvaliteten av olika trombocytkoncentrat. De nya
interim platelet unit (IPU)-koncentraten jamférdes med buffy-coat och
aferes-trombocytkoncentrat under forvaringstiden avseende metaboliska
parameterar samt trombocytfunktion (trombocyternas aktiveringsgrad och
aggregationsformaga). Prover togs 1, 4 och 7 dagar efter givning. Resultaten
visade att trombocyter i [IPU-koncentraten hade en hogre aktiveringsgrad och
samre aggregationsformaga dn buffy-coat koncentrat i borjan av férvaringen
men behdll en battre trombocytfunktion vid slutet av forvaringstiden. Aferes-
trombocytkoncentraten hade en béttre trombocytfunktion under hela
forvaringstiden jamfort med IPU-koncentraten.

I andra delarbetet tillsattes adrenalin och trombocytkoncentrat till blodprover
frain AKS-patienter med péagaende behandling med acetylsalicylsyra och
ticagrelor. For att utvdrdera effekten pa trombocytfunktionen mattes
trombocyternas formaga att aktiveras och aggregera. Resultaten visade att
adrenalin forbattrade bade den ticagrelor-hdmmade och acetylsalicylsyra-
hdmmade signalvigen (aggregation och aktivering). Trombocytkoncentrat
hade ingen effekt pa den ticagrelor-hdmmade vidgen men forbéttrade den
acetylsalicylsyra-himmade végen (aggregation). En kombination av
adrenalin och trombocytkoncentrat forbattrade aggregation via bada
aktiveringsvigarna.

I det tredje delarbetet gavs adrenalin i form av en infusion till friska frivilliga.
Prover togs efter att ticagrelor, adrenalin samt en betablockerare givits. Vi
utvirderade effekten pa trombocytfunktion (aktivering och aggregation) och
koagelbildning. Resultaten visade att adrenalininfusion forbattrade den
ticagrelor-hdmmade signalvigen (aggregation och aktivering) och &ven
signalvdgen som hidmmas av acetylsalicylsyra (aggregation). Dessutom
forbattrades koagelbildningen. Att ge en betablockerare tillsammans med
adrenalin paverkade inte adrenalinets effekt pa trombocytaggregationen
negativt.

I fjarde delarbetet fick patienter som genomgick hjirtoperation antingen
sedvanlig behandling eller noradrenalininfusion for att behélla samma
blodtryck som innan sdvning. Prover togs innan samt 50 minuter efter
patienten sovts. Noradrenalin forbéttrade bade signalvigen som hdmmas av
ticagrelor och den acetylsalicylsyra-hdmmade signalvéigen, jamfort med
patienter som fick sedvanlig behandling. Dessutom forbéttrades
koagelbildningen.



For att sammanfatta, kvaliteten av IPU-koncentrat dr atminstone lika bra som
buffy-coat koncentrat. Adrenalin och noradrenalin skulle kunna anvindas for
att forbéttra trombocytfunktion och koagelbildning hos patienter behandlade
med trombocythdmmare 1 syfte att forebygga allvarliga blddningar.
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1 INTRODUCTION

1.1 Hemostasis

When a vascular injury occurs, the human body responds to stop the
bleeding. This response is named hemostasis. Hemostatic mechanisms
include vasoconstriction of the wounded vessels to reduce blood flow as well
as formation of a platelet plug and coagulation of the blood to reduce blood
loss through the damaged vessel wall [1].

Primary hemostasis

The primary hemostasis includes vasoconstriction and platelet plug
formation. Platelets are cell fragments derived from the cytoplasm of
megakaryocytes [2] with a life-span of up to 10 days in circulation [3].
Platelets contain mitochondria, a- and dense granules but no nucleus. The o
granules contain proteins needed for platelet adhesion and repair of the vessel
wall, such as the membrane-bound protein P-selectin (CD62p) and the
soluble proteins von Willebrand factor (vWF) and fibrinogen needed for
platelet-platelet and platelet-endothelial interactions [4]. They also contain
prothrombin and the coagulation factors V, IX and XIII. Dense granule
content includes adenosine diphosphate (ADP), calcium ions, serotonin and
the membrane-bound protein CD63. Upon platelet activation, the membrane-
bound proteins will be expressed on the platelet surface membrane while
soluble mediators will be secreted into the extracellular environment [4].
Platelets can become activated by different stimuli as they express a number
of different receptors on their surface (Figure 1). A damaged vessel wall
exposes collagen/vWF complexes which circulating platelets can bind to by
first rolling and then adhering to the endothelial surface. When the platelet
has bound and become activated by collagen, the granule content is released
which will recruit more platelets to the damaged area in order to form a
platelet plug. Release of thrombin, ADP and thromboxane A, (TXA;) will
activate the recruited platelets. For bridging between platelets, the activated
fibrinogen receptor glycoprotein IIb/Illa (GP IIb/Illa) enables binding of
fibrinogen, fibrin and vWF and allows for platelet-platelet adhesion. By
adhering to each other, the platelets will form a platelet plug to seal the
wounded area and reduce blood loss [5].
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Figure 1. Schematic illustration of a platelet with a number of receptors and activation
pathways. ADP: adenosine diphosphate; COX-1: cyclooxygenase-1; GP: glycoprotein;
PAR: protease-activated receptor; TP: thromboxane receptor; TXA,: thromboxane A,
vWEFE': von Willebrand factor.

Secondary hemostasis

To stabilize the formed platelet plug, the secondary hemostasis occurs which
is the formation of a stabilized fibrin-crosslinked clot (Figure 2). This process
depends on coagulation factors that will activate each other forming a
cascade (Figure 3).

In the initiation phase, released tissue factor from, for instance, damaged
endothelial cells activates factor VII in the blood. This complex further
activates factor IX and X. Factor V can both be released by platelets and be
bound to the platelet membrane. The activated factor X will form a complex
with factor V on the platelet membrane and is together with calcium ions
known as the prothrombin activator. Activated factor X in this complex will
convert prothrombin to thrombin [1, 6].
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In the amplification phase, the generated thrombin from the initiation phase
will activate platelets and also activate factors V, VIII and XI [6]. Activated
platelets expose a negatively charged procoagulant surface on which
complexes of coagulation factors can form rapidly. This localizes the
coagulation to the site of injury. Activated factor IX, formed in the initiation
phase, forms a complex with activated factor VIII on the membrane and
activated factor X binds activated factor V which results in a fast and large
thrombin generation [6]. Thrombin can cleave fibrinogen to fibrin and
activate factor XIII which can then crosslink the fibrin. The fibrin will
stabilize the original platelet plug to form a stabilized clot together with
adhesive proteins to keep the clot attached to the damaged area (Figure 2) [1].

Fibrin clot

Figure 2. Schematic illustration of platelets derived from cytoplasm
of megakaryocyte (left) and platelets entrapped in a fibrin mesh located to
the injured area of a blood vessel (rvight). © 1999-2018, Rice University.
OpenStax CNX. https://cnx.org/contents/GFy_h8cu@10.53:_XipwKIy@4/
Components-of-the-Blood Public domain.

Different mechanisms for controlling the clot formation exist. These restrict
clotting from occurring when not needed as well as dissolve the clot when the
site of injury is repaired. There are also soluble factors that can bind
components of the coagulation to inactivate them. For instance,
heparin/antithrombin III binds to thrombin and inhibits its action. Endothelial
cells also exhibit anticoagulant properties. The intact endothelium expresses
heparan sulfate and secrete soluble factors such as prostaglandin I, and nitric
oxid to prevent platelet adhesion and aggregation [1, 7]. Thrombomodulin is
expressed on the membrane of endothelial cells and forms a complex with
thrombin to inhibit its action. In addition, this complex activates protein C
which inactivates coagulation factors V and VIII (Figure 3). To dissolve the
clot when the injured area has been repaired, fibrinolysis will occur.
Fibrinolysis is the cleavage of the fibrin threads and occurs when endothelial
cells secrete tissue plasminogen activator which will catalyze the formation
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of plasmin from plasminogen localized in the clot. Plasmin will cleave the
fibrin threads to dissolve the clot [1].
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Figure 3. Illustration of the classic version of the coagulation
cascade. TFPI: Tissue factor pathway inhibitor. https.//commons.
wikimedia.org/wiki/File:Coagulation_full.svg Public domain.

1.2 Coronary artery bypass grafting

In 1896, Ludwig Rehn performed the first successful surgery on the heart
when he sutured a 1.5 cm stab wound [8]. At the end of World War 11, many
operations removing foreign objects from in or near the heart of soldiers were
performed [9]. In the 1950s, strategies to interrupt the blood flow to the heart
were introduced in order to perform surgery in the heart. John Gibbon
developed a mechanical heart and lung machine which was an extracorporeal
circuit that maintained circulation and oxygenation of the patient’s blood
[10]. In 1953, he performed the first successful open heart surgery with total
cardiopulmonary bypass (CPB) in a 18-year old patient with a large atrial
septal defect [10]. The heart and lung machine was further developed and
solutions for priming the extracorporeal system were introduced [11]. After
the introduction of coronary angiography for the visualization of arteries and
possible blockage, techniques for revascularization in patients with coronary
artery disease were developed. In the late 1960s, coronary artery bypass
grafting (CABG) which bypasses the blockage using saphenous vein was first
introduced [11] (Figure 4).



Sukhi Singh

In Sweden, 5,809 cardiac operations
were performed in 2017 and 3,285
operations were CABG alone or
combined with other cardiac
interventions. The thirty-day
mortality rate was 1.8% [12]. In a
population-based study from
Sweden, the mortality rate in patients
that had survived the first 30 days
after CABG alone (in the time-period
2002-2006) was approximately 1%
in patients aged 18-54 years and 2%
in patients that were 55 years or older
[13]. In addition, the older patient

Figure 4. Schematic illustration of a heart
. . and coronary artery bypass grafts done by
group had a lower mortality risk than  pgsic J. Lynch, medical illustrator; C. Carl
the general population (age- and Jaffe, MD, cardiologist. hitps://commons.
gender-matched) [13]. wikimedia.org/wiki/File:Heart_saphenous_co
ronary grafis.jpg Public domain.

Bleeding in cardiac surgery

During cardiac surgery, there is a risk of bleeding complications which is
associated with high morbidity and mortality rates [14]. In a study on adult
cardiac surgery patients, severe bleeding was associated with an eight-fold
increase in perioperative deaths, after adjustment for other factors influencing
mortality [14]. Furthermore, CABG patients operated after an episode of
acute coronary syndrome (ACS) and suffering from severe bleeding had a 14
times higher unadjusted 30-day mortality compared to patients without
bleeding complications (9.9% vs 0.7%) [15]. In approximately 5% of all
cardiac operations, the patient needs to undergo reoperation due to bleeding
[12] which increases the risk of perioperative renal failure, stroke and
mortality significantly [16, 17]. The postoperative mortality rate was doubled
in patients undergoing reoperation due to bleeding after adjustment for other
factors associated with death [16]. There are different factors that may
contribute to the bleeding including hemodilution by the priming solutions in
the CPB circuit, hypothermia, use of high dose heparin, and the use of CPB,
which impairs platelet function, activates the coagulation cascade, and
increases inflammation and fibrinolysis as the blood becomes exposed to
foreign surfaces [18, 19]. Another factor that affects bleeding is ongoing or
recently discontinued treatment with anticoagulant or antiplatelet medication.
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1.3 Antiplatelet medication

Antiplatelet medication is used to prevent thrombotic events in patients with
ACS by inhibition of platelet activation and aggregation pathways. Dual
antiplatelet therapy (DAPT) with acetylsalicylic acid (ASA) and an ADP-
receptor (P2Y ;) antagonist such as clopidogrel or ticagrelor is more effective
in reducing thrombotic events than monotherapy with ASA only, but also
increases the risk of perioperative bleeding complications [20-22].

Acetylsalicylic acid

ASA (Figure 5) was first marketed in 1899 as aspirin and used to relieve
pain, fever and inflammation. It was later in the 1980s discovered that ASA
also had an effect on platelets [23]. ASA irreversibly inhibits
cyclooxygenase-1 (COX-1) and the inhibition will therefore last for the
whole life-span of the platelet. COX-1 is needed for conversion of
arachidonic acid (AA) to prostaglandin H, to ultimately produce TXA,
(Figure 6) [24-26]. TXA, induces platelet aggregation and blockade of this
production will result in irreversible inhibition of platelet aggregation [23].

Ry

Figure 5. Molecular structure of acetyl-
salicylic  acid.  https.://commons.wiki
media.org/wiki/File: Aspirin-skeletal svg
Public domain.
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Figure 6. Schematic illustration of a platelet with a number of receptors, activation
pathways and targets of the antiplatelet agents acetylsalicylic acid, ticagrelor and
clopidogrel. ADP: adenosine diphosphate; ASA: acetylsalicylic acid; COX-1:
cyclooxygenase-1; GP: glycoprotein; PAR: protease-activated receptor; TP: thromboxane
receptor;, TXA,: thromboxane A,; vVWF: von Willebrand factor.

P2Y i,-receptor antagonists

ADP can induce platelet aggregation by binding to the G-protein coupled
receptors P2Y; [27] and P2Y; [28, 29]. The co-activation of both the P2Y-
and the P2Y,-mediated pathway is required for a normal ADP-induced
aggregation [30-32]. P2Y,-receptor antagonists such as clopidogrel and
ticagrelor bind to the P2Y ,-receptor and inhibit ADP-induced aggregation.
The antagonists have different mechanisms of action [33]. Clopidogrel is a
thienopyridine and a pro-drug that needs to be metabolized in the liver to
become active (Figure 7). The active metabolite binds irreversibly to the
P2Y ,-receptor which modifies the ADP-binding site [34] and thus inhibits
ADP-induced platelet aggregation (Figure 6). As clopidogrel inhibition is
irreversible, it will last for the whole life-span of the platelet. The hepatic
metabolism of clopidogrel is dependent on the cytochrome P450 and genetic
variation in the cytochrome P450 isozymes results in a varied response to



Platelet activation and aggregation: Clinical and experimental studies

clopidogrel treatment [35-37]. The occurrence of non-responders has
previously been reported to be between 15-30% [38].

Figure 7. Conversion of clopidogrel (upper left) to its active metabolite (upper
right). https://commons.wikimedia.org/wiki/File: Clopidogrel_activation.svg Public
domain.

Ticagrelor (Figure 8) is a P2Y j,-receptor antagonist that binds to the receptor
non-competitively with ADP [39]. It binds reversibly and locks the receptor
in an inactive state [39] and thus inhibits ADP-induced aggregation (Figure
6). It has a faster onset than clopidogrel in stable coronary artery disease
patients [40] as it is active in its native form as well as produces an active
metabolite [39]. It also has a faster offset in these patients [40] with a plasma
half-life of 6-13 h [33].

HN™

N~SN F

Nl
HO -~ N N)\S/\/c:m

OH OH

Figure 8. Molecular structure of ticagrelor. https://en.
wikipedia.org/wiki/File: Ticagrelor.svg Public domain.
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There are currently no commercially available antidotes to the P2Y ,-receptor
antagonists and the treatment is therefore discontinued 3—5 days before non-
emergent cardiac and non-cardiac surgery [41] while ASA treatment is
continued. However, in a significant portion of ACS patients, the P2Y,-
receptor antagonists cannot be discontinued before surgery due to e.g.
ongoing myocardial ischemia, alarming angiographic findings or recent
coronary stenting. In a recent national study from Sweden, 40% of ACS
patients undergoing CABG were operated after a shorter P2Y,-receptor
antagonist discontinuation period than recommended [15]. This means that
the patients underwent surgery with ongoing potent platelet inhibition. For
these patients, there is a need for a strategy to reduce bleeding complications.

1.4 Platelet concentrates

Today, transfusions of different blood products such as red blood cells,
platelets, plasma, and coagulation factor concentrates are used to improve
hemostasis in patients with ongoing bleeding. Transfusion of platelet
concentrates is used to treat bleeding complications if it is suspected that low
platelet count or platelet dysfunction contributes to the bleeding. Platelet
concentrates can be prepared using different methods. Apheresis platelet
concentrates are prepared using an apheresis device which separates platelets,
together with some plasma, from the other blood components which are
returned to the donor. As only platelets are retrieved from the donor and not
whole blood, more platelets can be collected compared to whole blood
donations which are restricted to the amount of red blood cells one can safely
collect from an individual. Thus a sufficient amount of platelets are collected
from a single donation to yield at least one platelet unit. Buffy-coat platelet
concentrates are prepared from whole blood donations in a two-step process.
The blood components are separated using centrifugation and a blood
expander platform. After removal of red blood cells and plasma, the resulting
buffy-coat can be used for platelet concentrate preparation. Buffy-coats from
multiple donors and storage medium are pooled together in order to yield one
platelet unit after a second centrifugation step. Interim platelet unit (IPU)
concentrates are also prepared from whole blood donations but only require
one platform for centrifugation and separation [42]. Using a separation
platform, an IPU containing platelets in plasma and the blood components are
separated. IPUs from multiple donors are pooled together with storage
medium to yield one platelet unit.

The platelets can be stored in different media such as plasma and/or different
platelet additive solutions (PAS) which, for instance, provide buffering
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substances to maintain the pH [43, 44]. The aim is to keep the platelets in an
inactivated state as well as to maintain the platelets’ ability to aggregate in
response to agonists. The platelet concentrates are stored in a platelet
incubator at room temperature with horizontal agitation until use or for a
maximum of 7 days. However, storage at room temperature influences the
platelet quality negatively, a process referred to as platelet storage lesion [45,
46]. This includes changes in platelet morphology and an impaired platelet
function. Current routine assays used in transfusion medicine for quality
assessment of platelet concentrates include visual inspection as well as
measuring platelet concentration, pH, glucose and lactate levels [46-48]. The
platelets’ ability to aggregate in response to agonists has also been shown to
attenuate over time in stored platelet concentrates [45] and platelet activation
increases and can thus be used to monitor platelet storage lesion [46].

1.5 New potential treatment strategy

Platelet transfusion can restore AA-induced aggregation inhibited by ASA
[49] while it only has a small or no effect on the ADP-dependent pathway
inhibited by P2Y,-receptor antagonists [49-51]. In previous studies, the
perioperative bleeding risk in patients undergoing cardiac surgery with
P2Y,-receptor antagonist treatment is associated to the their preoperative
ADP-dependent platelet aggregation response [52-54]. A potential strategy to
reduce bleeding complications in these patients could be one that improves
ADP-dependent platelet aggregation.

Adrenergic agents

Adrenaline and noradrenaline (Figure 9) are catecholamines released from
two main sources in the human body. Adrenaline is synthesized and released
by chromaffin cells in the adrenal medulla while noradrenaline is mainly
released from sympathetic nerve endings and to some extent from the adrenal
medulla [55]. Noradrenaline can be converted to adrenaline by the enzyme
phenylethanolamine-N-methyltransferase in the adrenal medulla [55]. These
catecholamines are involved in the body’s “fight or flight” response
(response to stressful or fearful situations) and are released from the adrenal
medulla upon acetylcholine stimulation of the nicotinic acetylcholine
receptors located on the chromaffin cell membrane [56]. After their release,
adrenaline and noradrenaline bind to adrenergic receptors on effector cells.
The adrenergic receptors are G-protein coupled receptors and are divided into
a-receptors and fB-receptors. Adrenaline and noradrenaline bind to a-receptors
causing vasoconstriction but can also bind to P-receptors which causes
vasodilation [57-59]. The release of these catecholamines increases cardiac
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output as activation of adrenergic receptors in the myocardium results in an
increased heart rate and myocardial contractility [60-62]. Due to these
effects, adrenaline and noradrenaline are commonly used in cardiac surgery
to increase blood pressure during and after CPB.

OH OH
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Figure 9. Molecular structures of noradrenaline (left) and adrenaline (right).
https://commons.wikimedia.org/wiki/File:Noradrenaline2.svg
https://sv.m.wikipedia.org/wiki/Fil: Adrenaline.svg Public domain.

Effects of adrenergic agents on platelets

Platelets express both a- and B-receptors [63]. In studies on untreated human
platelets, supplementation with adrenaline or noradrenaline caused mild
aggregation by activation of a-receptors [63-65]. The results also indicated
that adrenaline was more potent than noradrenaline in inducing platelet
aggregation [63-65]. These catecholamines also potentiate ADP-induced
aggregation of human platelets without antiplatelet agents present [64]. In
addition, adrenaline has been shown to potentiate ADP-induced aggregation
in blood samples from clopidogrel-treated patients [66] and in platelet-rich
plasma from healthy subjects where the P2Y j,-receptor antagonists prasugrel,
cangrelor, ticagrelor or the active metabolite of clopidogrel had been added in
vitro [67]. The potentiation may be due to the molecular mechanisms of these
substances affecting platelet signaling pathways. ADP induces platelet
activation and aggregation by binding to the G-protein coupled receptors
P2Y, [27] and P2Y, [28, 29]. The binding of ADP to P2Y, activates the G-
protein G4 which results in the activation of phospholipase C and consequent
increase in cytosolic level of calcium ions, initiating the platelet activation
and aggregation response (Figure 10) [27]. When ADP binds to P2Y,, the G-
protein G; inhibits adenylyl cyclase and activates phosphoinositide 3-kinase
(PI3K) which activates downstream effector molecules (Figure 10) [68-70].
The inhibition of adenylyl cyclase results in a reduced level of cyclic
adenosine monophosphate (cAMP) and although an increased level of cAMP
inhibits platelet activation, the reduced level does not directly affect platelet
aggregation [71-74]. Activation of PI3K and subsequent activation of
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downstream effector molecules result in granule secretion [74]. The co-
activation of both the P2Y - and P2Y,-mediated pathway is required for a
normal ADP-induced activation and aggregation [30-32]. P2Y,-receptor
antagonists such as ticagrelor act by inhibiting the ADP-induced activation of
P2Y,,. Adrenaline and noradrenaline can bind to o-receptors [63-65].
Adrenaline binds to the apa-receptor which is coupled to the G-protein G,
(Figure 10). Binding of adrenaline results in inhibition of adenylyl cyclase
[31, 75] and activation of PI3K [68] thus mimicking the P2Y,-mediated
pathway (Figure 10) [72]. Therefore, adrenaline may potentiate ADP-induced
aggregation in the presence of P2Y,-receptor antagonists as responses from
both signaling pathways can be achieved.
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Figure 10. Schematic illustration of intracellular signaling in
response to binding of ADP and adrenaline to their respective G-
protein coupled receptors P2Y;, P2Y;, and o4 AC: adenylyl
cyclase; ADP: adenosine diphosphate; cAMP: cyclic adenosine
monophosphate;  PI3K:  phosphoinositide  3-kinase;  PLC:
phospholipase C.

Infusion of adrenaline (0.07 pg/kg/min) has previously improved platelet
aggregation in healthy volunteers without antiplatelet therapy [76]. Infusion
of noradrenaline (0.03 and 0.14 ug/kg/min) has also increased platelet
aggregation in untreated healthy volunteers [77]. In another study on both
healthy volunteers and hypertensive patients, the ADP-induced aggregation
increased after infusion of noradrenaline (0.1 pg/kg/min) [78]. No previous
studies assessing the effect of adrenaline or noradrenaline infusion on platelet
function in subjects with ongoing antiplatelet therapy have been conducted.
Infusion of adrenaline or noradrenaline to increase platelet activation and
aggregation could be a potential strategy for prevention of bleeding
complications in cardiac surgery patients with ongoing or recently
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discontinued antiplatelet therapy. In two previous randomized trials,
perioperative infusion of low dose adrenaline (0.05 pg/kg/min) in
combination with the antifibrinolytic agent tranexamic acid during total hip
arthroplasty reduced early postoperative total blood loss compared to placebo
groups receiving saline solution [79, 80].

1.6 Platelet function testing

Various methods that target different phases of platelet function can be used
to assess the function.

Activation

One phase of platelet function is platelet activation. This can be studied with
flow cytometry using various fluorescently-labeled antibodies or reagents
binding to different platelet activation markers. Flow cytometry allows for
the simultaneous analysis of various activation-dependent changes [81]. In
this method, anticoagulated whole blood or platelet suspension is diluted and
added to fluorescently-labeled antibodies or reagents. Markers expressed on
the surface membrane of activated platelets include the granula proteins P-
selectin [82, 83] and CD63 [84] as well as activated fibrinogen receptor GP
[Ib/Ila (which PAC-1 binds to) [85] and the phospholipid phosphatidylserine
[86, 87]. To distinguish platelets from other cells in whole blood, an antibody
binding to a platelet surface marker such as CD61 or glycoprotein Ib (GPIb,
also referred to as CD42b) can be used. Antibodies binding to platelet surface
markers will bind to both resting and activated platelets. Agonists such as
ADP, thrombin receptor-activating peptide-6 (TRAP) and collagen may be
added to study platelet reactivity [81].

In this method, the sample is placed in the flow cytometry instrument and
follows a liquid stream into the apparatus (Figure 11). Droplets are formed by
a vibrating nozzle. The droplets go past one or multiple laser beams which
will excite the fluorophores and the emitted fluorescence and light-scatter are
recorded by detectors. Platelets can be identified by their light-scatter
properties and by the platelet surface marker. The median fluorescence
intensity or the percentage of platelets expressing the activation marker can
be used to quantify platelet activation [81].
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Figure 11. A flow cytometer (left) and the principle of flow cytometry (right).

Aggregation

Another phase of platelet function is platelet aggregation. Light-transmission
aggregometry (LTA) is considered the gold standard for studying platelet
function in vitro. It was first published by Born and O’Brien in 1962 [88, 89].
Anticoagulated whole blood is centrifuged and the resulting platelet-rich
plasma and platelet-poor plasma can be utilized in this method. Low shear
platelet aggregation is analyzed by measuring the change in optical density
after agonists, such as ADP, adrenaline, AA and collagen have been added to
platelet-rich plasma. When the platelets aggregate, the sample become less
turbid resulting in a diminished light absorbance and increased light
transmission. The platelet-poor plasma is used as a blank to set the limit for
no aggregation. Disadvantages with LTA include it being time-consuming,
requiring a large volume of blood and sample preparation [90, 91].

Point-of-care (POC) tests for measuring platelet function have been
developed for a simpler, faster and more standardized analysis. One example
is the VerifyNow® system (Accumetrics, San Diego, CA, USA), which is a
fully-automated whole blood analysis that measures platelet aggregation. In
this method, the binding of platelets to fibrinogen-coated polystyrene beads
in response to ADP and prostaglandin E1, AA or TRAP is detected for
monitoring antiplatelet therapy. When the platelets bind to the beads, the light
transmission increases which will be detected in the instrument. The results
are expressed in reaction units based on the rate and degree of aggregation
[92].

Another POC method is whole blood impedance aggregometry such as the
commercially available Multiplate® (Roche Diagnostics, Basel, Switzerland)
(Figure 12). In this method, anticoagulated blood is added to test cells at
37°C. The Multiplate aggregometer has five channels which enable parallel
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testing using different agonists such as ADP, AA, collagen and TRAP. The
test cell contains a magnetic stirrer and two sets of electrodes (Figure 12).
After the agonists have been added, the platelets aggregate on the electrodes
which will cause the impedance between the electrodes to increase. This is
measured for 6 minutes. As each test cell contains two sets of electrodes, the
results will be presented as two aggregation curves. The area under the
aggregation curve (AUC) (mean value of the two curves), measured in
aggregation units (U), is used to quantify platelet aggregation. Multiplate has
been used in previous studies which showed that the bleeding risk in cardiac
surgery patients with ongoing or recently discontinued treatment with a
P2Y ,-receptor antagonist correlates to the residual ADP-dependent platelet
aggregation [52-54].

el Aggdregation
90 — 4
75 W
Velocity
60 /
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Figure 12. The Multiplate® analyzer (left), a test cell with two electrode pairs (upper

right) and an example of a resulting aggregation curve (lower right). AUC: Area under
curve.
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1.7 Clot formation testing

Different methods of monitoring clot formation exist. Two standard
screening methods are prothrombin time (PT) test and activated partial
thromboplastin time (APTT). The PT test utilizes thromboplastin (containing
tissue factor and phospholipids) to extrinsically activate clot formation and is
sensitive for abnormalities of factors V, VII, and X, prothrombin and
fibrinogen [93]. Citrated platelet-poor plasma is incubated with
thromboplastin at 37°C and calcium is then added. The time it takes to
formation of fibrin filaments is the PT [93]. To standardize PT, the
international normalized ratio (INR) can be calculated by dividing the PT for
the patient sample with the PT for normal plasma. To study intrinsic
activation of clot formation, the APTT test can be used. In this test, partial
thromboplastin (phospholipids) in combination with an activator of the
contact pathway, such as silica or ellagic acid, is used to intrinsically activate
clot formation. The APTT test is sensitive for abnormalities of factors V,
VIII, IX, X, XI, XII, prothrombin and fibrinogen [93]. Citrated platelet-poor
plasma is incubated with partial thromboplastin and an activator at 37°C and
then calcium is added. The time it takes to formation of fibrin filaments is the
APTT [93]. A drawback with the PT and APTT tests is that it requires
plasma preparation from whole blood.

POC tests for assessing clot formation have been developed for a more
standardized analysis without the need for sample preparation. These include
thromboelastography (TEG®; Haemonetics Corporation, Braintree, MA,
USA) and thromboelastometry (ROTEM®; Pentapharm GmbH, Munich,
Germany) [94, 95]. Both TEG and ROTEM are viscoelastic methods. In
TEG, anticoagulated whole blood is added to a test cup at 37°C and a pin that
is coupled to a computer through a torsion wire is suspended into the cup.
The test cup oscillates and as a clot starts to form, the pin will become
restrained thus creating tension in the wire which will be mechanically
detected and processed by the computer [94, 95]. From the resulting graph,
multiple parameters are obtained. These include reaction time (s), which is
the time it takes from the start of the test to the formation of a clot with an
amplitude of 2 mm, and maximum amplitude (mm) which reflect the clot
strength.

ROTEM is a modified version of TEG. In ROTEM, anticoagulated blood is
added to a test cup and activators of clot formation are added at 37°C. The
sample cup is then placed so that an oscillating pin is suspended into the cup.
As a clot starts to form, the pin becomes increasingly limited in its
movement. The device optically detects the change in movement yielding a
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graph from which multiple parameters are obtained [94]. These include
clotting time (s) (equivalent to reaction time), clot formation time (s) and
maximum clot firmness (mm) (equivalent to maximum amplitude) (Figure
13).

10 20 30 min

Figure 13. The ROTEM® delta instrument (left)
and an example of a resulting graph (right). CT:
clotting time; CFT: clot formation time; MCF:
maximum clot firmness.
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2 AIMS

The overall aim of this thesis was to identify and evaluate current and new
potential methods to prevent and reduce perioperative bleeding complications
in patients with ongoing antiplatelet therapy.

The specific aims were

1. To compare the new interim platelet unit (IPU) concentrates
with the more established buffy-coat and apheresis platelet
concentrates in terms of platelet storage lesion markers
(Study I)

2. To investigate the in vitro effects of adrenaline
supplementation, alone or combined with platelet
concentrate, on platelet aggregation and activation in blood
samples from patients with ongoing DAPT with ASA and
ticagrelor (Study II)

3. To investigate the effect of adrenaline infusion on platelet
aggregation, activation and clot formation in ticagrelor-
treated healthy volunteers (Study III)

4. To investigate the effect of intraoperative noradrenaline
infusion on platelet aggregation and clot formation in
patients undergoing coronary artery bypass grafting (Study
IV)
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3 METHODS

3.1 Participants

In Study I, platelet concentrates from blood donors at Sahlgrenska University
Hospital were evaluated. All donors signed the health questionnaire, which
specifies that blood components may be used for research and quality
assurance purposes, before donation. This study was part of the internal
evaluation and regarded as quality assurance for the introduction of a new
type of platelet concentrate at the hospital. Studies II-IV were approved by
the Regional Research Ethics Committee in Gothenburg, Sweden, and were
conducted according to the Declaration of Helsinki. Studies III and IV were
approved by the Swedish Medical Products Agency and Study IV was also
approved by Sahlgrenska Radiation Safety Committee. All participants gave
written informed consent.

In Study II, blood samples from in-hospital ACS patients on ongoing DAPT
with ASA and ticagrelor were included. Exclusion criteria were known
bleeding disorder, renal or liver disease. In Study III, only healthy men were
included to avoid the effect of the hormone cycle on platelet function [96].
The following exclusion criteria were applied: chronic or mental disease, age
above 40 years, former intracranial bleeding, abnormalities in
electrocardiography (ECG), chronic medication, and any occasional intake of
non-steroidal anti-inflammatory drugs, acetylsalicylic acid or any other
substances that may interact with ticagrelor, adrenaline or metoprolol less
than one week before the investigational visit. Additional exclusion criteria
were known intolerance or contraindication to ticagrelor, adrenaline or
metoprolol or known drug abuse of any kind. In Study IV, patients planned
for elective CABG during May 2017-January 2018 were asked to partake in
the study when the required research means were available. The following
exclusion criteria were applied: hypersensitivity to '*’I-Albumine,
contraindication for radioactive contrast, age below 40 years, diabetes
mellitus, previous stroke, untreated hypertension, pregnancy, breast-feeding,
a known carotid artery stenosis, and/or left ventricular systolic ejection
fraction of 45% or less. The characteristics of all the study participants are
given in Table 1.

21



Platelet activation and aggregation: Clinical and experimental studies

Table 1. Characteristics of participants in Studies 1I-1V. Median and interquartile range or

number.
Study 11 Study I Study IV
Adrenaline in Adrenaline in Control Noradrenaline
vitro vivo
n 40 10 12 12
Female/male gender 7/33 0/10 3/9 2/10
Age (years) 64 (54-73) 24 (19-30) 67 (64-69) 64 (55-69)
Height (m) 1.79 1.82 1.71 1.81
(1.71-1.82) (1.76-1.93) (1.69-1.76) (1.74-1.87)
Weight (kg) 85 (76-95) 83 (74-103) 80 (77-82) 85 (74-91)
BMI (kg/m’) 27 (25-29) 24 (23-30) 28 (25-29) 25 (24-27)
Diabetes mellitus 4 (10%) 0 0 0
Hemoglobin (g/L) 138 145 146 143
(131-156) (141-151) (139-152) (135-148)
Platelet concentration 210 235 204 256
(x 10°/L) (183-262) (222-249) (190-241) (232-306)

3.2 Study procedure
Study |

Platelet concentrates prepared by the regional blood bank at Sahlgrenska
University Hospital, according to local routines in agreement with European
guidelines [48], were evaluated. The new IPU concentrates (n=10) were
compared to buffy-coat (n=10) and apheresis platelet concentrates (n=10)
during the 7-day storage period (Figure 14). All platelet concentrates were
leukocyte-reduced (<1 x 10° leukocytes per unit) and gamma-irradiated (25
Gray). After preparation, the platelet concentrates were stored in a platelet
incubator at 22°C with horizontal agitation until use.

IPU platelet concentrates were prepared from whole blood donations. Whole
blood (anticoagulated with citrate, phosphate and dextrose) was separated
using the processing program 3C in the Reveos system (Terumo BCT
Europe) yielding one unit of red blood cells, one unit of plasma and one
interim platelet unit (IPU) as well as a waste pack with leukocytes. The
resulting IPU contained approximately 30 mL plasma and was incubated
overnight (22°C) with horizontal agitation. Four IPUs were then pooled
together with PAS (SSP+) to a target count of approximately 250 x 10°
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platelets/unit. The plasma carryover in the IPU concentrates was
approximately 40%.

Buffy-coat platelet concentrates were also prepared from whole blood
donations. Whole blood (anticoagulated with citrate, phosphate and dextrose)
was centrifuged and separated into its components using a blood expander
platform. After the resulting buffy-coat had been incubated overnight (22°C)
with horizontal agitation, four buffy-coats were pooled together with PAS
(SSP) giving rise to one unit. For the elimination of residual red blood cells,
the pooled unit was further processed using a blood component processing
device (TACSI). The plasma carryover in the buffy-coat platelet concentrates
was approximately 20%.

Apheresis platelet concentrates were collected according to standard
protocols (Trima Accel; Terumo BCT Europe) from donors with a platelet
concentration of >230 x 10°/L before donation. The target platelet
concentration was 1,600 x 10°/L and the whole blood to citrate ratio was
10:1. The resulting platelet concentrates consisted of platelets in autologous
plasma and were subjected to a 2-hour rest period before further handling.

Preparation Sampling during storage
)
4 donors Day 7
( ) s> | 1purc Day 1 Day 4 ay
—\ | |
| S
(4 donors)

v

| |
I | |
| | |
—> | BcPC ] [ ]
| I |
I I I

-/ >
Y

Platelet- (1 donor) 3 Apheresis

apheresis PC
—

Figure 14. Interim platelet unit (IPU), buffy-coat (BC) and apheresis platelet concentrates
(PC) were prepared and then sampled on day 1, 4 and 7 after donation (Study 1).

On days 1, 4 and 7 after donation, metabolic parameters (pH, lactate and
glucose) were measured in all platelet concentrates and platelet activation
was evaluated with flow cytometry. In addition, agonist-induced platelet
aggregation was evaluated using impedance aggregometry.
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Study Il

In this study, blood samples from patients on DAPT with ASA and ticagrelor
were collected for platelet aggregation and activation analysis. The blood
samples were supplemented with adrenaline, apheresis platelet concentrates,
and/or ADP. First, the effect of five plasma concentrations of adrenaline in
the blood sample (6 nM, 27 nM, 82 nM, 153 nM and 770 nM) on ADP- and
AA-induced aggregation was evaluated with impedance aggregometry
(n=10) (Figure 15).

0 6 27 82 153 770
Adrenaline plasma concentration (nM)

Figure 15. Adrenaline supplementation to blood samples.
Concentrations are the resulting plasma concentrations
of adrenaline in the blood sample (Study II).

Next, adrenaline (770 nM) was added alone or in combination with apheresis
platelet concentrate to investigate the effect on ADP- and AA-induced
aggregation (n=10) (Figure 16). The apheresis platelet concentrates were
prepared according to the methods section for Study I and stored for a median
of 1 (range 1-3) day. The addition of 120 x 10° platelets to a 1 mL blood
sample was evaluated which approximately corresponds to an increase in
platelet count achieved by transfusion of three apheresis units to a 70 kg
patient.
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Baseline Platelets Adr Platelets +
(770 nM)  Adr (770 nM)

Figure 16. Supplementation with platelet
concentrate and adrenaline (Adr) to blood
samples (Study I1).

Lastly, adrenaline (770 nM) was added alone or combined with ADP to
evaluate their effect and possible potentiation of platelet aggregation (n=10)
and activation (n=10) using flow cytometry (Figure 17).

—
[~
Baseline Adr ADP ADP +
(770 nm) Adr (770 nM)

Figure 17. Supplementation with adrenaline
(Adr) and ADP to blood samples (Study II).

Study Il

This study was a proof-of-concept study performed on healthy volunteers
(n=10). During a screening visit, information about medical history was
collected and a physical examination was performed which included heart
and lung auscultation, height, weight, blood pressure and heart rate
registrations and electrocardiography (ECG). Furthermore, laboratory testing
was conducted and included hemoglobin and platelet concentration,
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electrolytes, liver function tests and a urine drug test. If the participant was
still qualified for study participation, the investigational visit was conducted
within 21 days.

During the investigational visit, the study participants were treated with
ticagrelor (2x90 mg) and an increasing infusion of adrenaline (0.01, 0.05,
0.10, 0.15 pg/kg/min) was administered according to Figure 18. Lastly, the -
blocker metoprolol (5 mg) was intravenously given in combination with the
highest dose of adrenaline. Registrations of blood pressure, heart rate and
perceived dyspnea (Borg scale 1-10) and blood samples were collected at
seven time-points (Figure 18) with a maximum deviation of 3 minutes
accepted at each time-point. Impedance aggregometry was used to assess
platelet aggregation while flow cytometry was used to measure platelet
activation. Clot formation was evaluated with thromboelastometry. If the
participant’s systolic blood pressure increased to over 180 mmHg or the heart
rate increased to over 120 beats/min, the adrenaline infusion would be
terminated according to the study protocol.

Phone follow-up calls to the participants were conducted 1 and 3 days after
the investigational visit to record any potential adverse events after their visit.

Ticagrelor Adrenaline infusion (pug/kg/min) +Metoprolol
180 mg 0.01 0.05 0.10 0.15 5mg
Time (min) O 120 121 136 151 166 181 182 192

R I N O O R

| Blood sampling, blood pressure and heart rate registrations |

Figure 18. Flow chart of treatment during the investigational visit (Study II1).
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Study IV

Study IV was a randomized controlled trial where 24 CABG patients were
randomized to either maintenance of pre-anesthesia mean arterial pressure
(MAP) by noradrenaline infusion until 50 minutes after anesthesia induction
(before start of CPB) or standard treatment (noradrenaline infusion only if
MAP below 60 mmHg and/or as a complement to the Trendelenburg
position) (Figure 19). Block randomization with sealed envelopes was used
to guarantee that the distribution of the treatment (maintenance of MAP or
standard treatment) was equal within the gender group. Registrations of MAP
and blood samples were collected 10 minutes before anesthesia induction and
50 minutes after induction. Platelet aggregation was assessed with impedance
aggregometry and clot formation was assessed with thromboelastometry.
Study IV was a predefined substudy to a trial investigating plasma volume
changes in relation to blood pressure.

Randomization Anesthesia induction
2\
-10 0 +50

Maintenance of preoperative MAP n=12

Study patients
n=24

Standard treatment n=12

| 1 |
T T T

-10 0 +50

I I

‘ Blood sampling and blood pressure registration ‘

Time related to
induction (min)

Figure 19. Flow chart of the randomization and treatment (Study 1V). MAP: mean arterial
pressure.
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3.3 Analyses

Flow cytometry

In Studies I-III, flow cytometry (FACSCalibur flow cytometer) was used to
assess platelet activation. In all three studies, 10,000 positive platelet events
were analyzed and the percentages of platelets expressing the platelet
activation markers were reported. To set the limit between positively and
negatively stained platelets, background control samples were used which
show the nonspecific binding of the antibodies. The limit is set to obtain
approximately 1 to 2% positive platelets in the background control samples
[97].

In Study I, the unstimulated (spontaneous) activation during storage of
platelet concentrates was evaluated by measurement of expression of the
platelet granule proteins P-selectin and CD63 and exposure of
phosphatidylserine. ~ Antibodies and reagents for the platelet activation
markers and prepared platelet concentrate were added to tubes. After 15
minutes of incubation and subsequent dilution, flow cytometry was
performed within 30 minutes.

In Studies II and III, both spontaneous and agonist-induced platelet activation
was evaluated by measuring expression of P-selectin and binding of PAC-1
(binds to activated fibrinogen receptor GP IIb/Illa). Whole blood was
collected in hirudin tubes (0.15 mg/L). Duplicate samples containing either
no agonist (unstimulated), adrenaline alone (plasma concentration 770 nM),
ADP alone (6.5 puM) or a combination of adrenaline and ADP were prepared
in Study II. In Study III, duplicate samples containing either no agonist, ADP
(6.5 uM) or TRAP (32 uM, positive control) were prepared. Antibodies
binding to the activation markers and whole blood were added to tubes. After
10 minutes of incubation and subsequent dilution, flow cytometry was
performed within an hour in Study II and within 30 minutes after blood
collection in Study III.

Impedance aggregometry

Impedance aggregometry (Multiplate®; Roche Diagnostics, Basel,
Switzerland) was used to study platelet aggregation in all four studies. Whole
blood was collected in hirudin tubes (0.15 mg/L). In this method, 300 pL of
anticoagulated whole blood is added to 300 pL NaCl (9 mg/mL) in each test
cell and allowed to incubate for 3 minutes at 37°C. Agonists are thereafter
added to initiate aggregation and the impedance between two pairs of
electrodes is measured for 6 minutes. The two resulting aggregation curves
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should not differ more than 20%. The AUC (U) was reported. In Study I,
platelet concentrate was added instead of whole blood. Specifically, 150 pL
platelet concentrate was added to 450 pL phosphate-buffered saline (PBS) for
apheresis concentrates. For the IPU and buffy-coat platelet concentrates, 150
pL of the PBS was replaced with 150 pL of allogeneic plasma of blood group
AB.

In Study I, the ADP, ASPI, TRAP and COL tests were used. The ADP test
assesses P2Y,-receptor dependent aggregation using ADP as an agonist
(final concentration 6.5 pM) while the ASPI test evaluates cyclooxygenase-
dependent aggregation (i.e. ASA-sensitive) using AA as an agonist (final
concentration 0.5 mM). Further the TRAP test detects PARI-receptor
dependent aggregation (sensitive to GP IIb/Illa antagonists) using TRAP-6 as
an agonist (final concentration 32 pM) while collagen is used in the COL test
to evaluate cyclooxygenase-dependent aggregation (final concentration 3.2
mg/L). In Study II, the ADP high-sensitivity (ADP HS) and ASPI tests were
used while in Studies III and IV, ADP HS, ASPI and TRAP tests were used.
The ADP HS test evaluates P2Y,-receptor dependent aggregation with
higher sensitivity than the ADP test by the use of ADP (final concentration
6.3 uM) in combination with prostaglandin E1 (final concentration 9.4 nM).
The reference ranges provided by the manufacturer for the ADP, ADP HS,
ASPI, TRAP and COL tests in blood samples from healthy individuals are
57-113 U, 43-100 U, 71-115 U, 84-128 U, and 72-125 U, respectively
when using double wall hirudin-anticoagulated blood tubes.

Thromboelastometry

Clot formation was assessed using thromboelastometry (ROTEM®;
Pentapharm GmbH, Munich, Germany) in Studies I1I and IV. Blood samples
were collected in citrated tubes (0.109 M citrate). In this method, 300 puL of
anticoagulated whole blood is added to a test cup and then an activator is
added at 37°C. The EXTEM test was used in Study III while the EXTEM,
FIBTEM, INTEM and HEPTEM tests were used in Study IV. The EXTEM
and FIBTEM tests evaluate the extrinsically activated clot formation using
tissue factor as an activator. In the FIBTEM test, cytochalasin D is also added
to inhibit the platelet contribution to clot formation. In the INTEM test, clot
formation is intrinsically activated by addition of ellagic acid and partial
thromboplastin phospholipid. As the INTEM test is sensitive for heparin, the
HEPTEM test can be used to eliminate the effect of heparin by the addition
of heparinase together with the same activators as in the INTEM test. The
clotting time, clot formation time and maximum clot firmness were reported.
The clotting time is the time from the start of the test until the clot reaches an
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amplitude of 2 mm while the clot formation time is the time it takes from an
amplitude of 2 mm until 20 mm is reached. The maximum clot firmness is
the maximum amplitude that is reached during the test reflecting clot
strength.

3.4 Statistics

Data are presented as median with interquartile range (25™-75" percentiles).

Study |

IPU platelet concentrates were compared with buffy-coat concentrates and
with apheresis concentrates using the Mann-Whitney U test at each sampling
time-point. The tests were conducted at a significance level of 0.05 and
performed with SPSS Statistics version 22 (IBM Corporation, Armonk, NY,
USA).

Study I

Comparisons of continuous data before and after addition of the substances
were performed using the Friedman test for repeated measures. The tests
were conducted at a significance level of 0.05. In order to find the pairs of
samples that differed significantly, the Wilcoxon signed-rank test (matched
pairs) was used with Bonferroni-Holm correction [98]. The statistical
analyses were performed with SPSS Statistics version 22 (IBM Corporation,
Armonk, NY, USA).

Study Il

Comparisons of continuous data between the seven different blood sampling
time-points were conducted with the Friedman test. The tests were conducted
at a significance level of 0.05. In order to find the pairs of samples that
differed significantly, Wilcoxon signed-rank test was used. The sample size
was based on preliminary results from Study II where a mean difference in
ADP-induced aggregation after adrenaline supplementation (153 nM) was 8.6
U with a standard deviation of the difference of 8.7 U. A sample size of 8
study participants was needed to achieve 80% power to detect such a
difference with a two-sided test at a significance level of 0.05. A sample size
of 10 study participants was chosen to account for any discontinued
participation. The statistical analyses were performed with SPSS Statistics
version 22 (IBM Corporation, Armonk, NY, USA).
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Study IV

Within each randomization group, values at 10 minutes before and 50
minutes after anesthesia induction were compared using Wilcoxon signed-
rank test. To compare continuous data between the two randomization
groups, the Mann-Whitney U test was used. Two secondary analyses were
performed. In one analysis, the patients were allocated according to if they
had ongoing noradrenaline infusion at 50 minutes after induction or not. In
the other analysis, one patient was excluded due to not having ongoing ASA-
treatment. Furthermore, regression models with natural cubic splines were
used to evaluate the effect of noradrenaline infusion rate on the changes in
platelet aggregation between the two time-points. Piecewise linear functions
were used to simplify the splines. The difference in Least Squares Means
(ALSM) with 95% Confidence Intervals (CI) is presented for each 0.01
png/kg/min increase in noradrenaline infusion rate. The tests were conducted
at a significance level of 0.05. No separate power analysis was conducted for
this substudy. Statistical analyses were performed with SPSS Statistics
version 22 (IBM Corporation, Armonk, NY, USA) and SAS Software
version 9.4 (SAS Institute Inc., Cary, NC, USA).
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4 RESULTS

4.1 Comparison of stored platelet concentrates

(Study 1)

Platelet concentration and metabolic parameters

Comparing IPU and buffy-coat platelet concentrates, the platelet
concentration did not significantly differ while the rates of lactate production
and glucose consumption were significantly lower in IPU concentrates
(p=0.003 and p=0.022 respectively on day 4, and p=0.002 and p<0.001
respectively on day 7) (Table 2). Furthermore, a higher pH was observed in
IPU concentrates (p=0.002 on day 1, and p<0.001 on days 4 and 7).

Table 2. Platelet concentration and in vitro metabolic parameters of interim platelet unit
concentrates (IPU PCs), buffy-coat PCs, and apheresis PCs during storage (n=10 for each).
Values on day 1 were used as reference points for the calculation of lactate production and
glucose consumption. Median and interquartile range. ***p<0.001, **p<0.01 compared to
IPU PCs at the same time-point of sampling. PLT: platelets.

Days after donation

Day 1

Day 4

Day 7

Platelet concentration
(x 10°/L)
IPU PCs
Buffy-coat PCs
Apheresis PCs

Lactate production rate

(mmol/10'? PLT/day)
IPU PCs
Buffy-coat PCs
Apheresis PCs

Glucose consumption rate

(mmol/10'? PLT/day)
IPU PCs
Bufty-coat PCs
Apheresis PCs

pH
IPU PCs
Bufty-coat PCs
Apheresis PCs

804 (758-858)
893 (864-965)
1,872
(1,701-1,971)***

7.30 (7.27-7.30)
7.23 (7.22-7.27)%*
7.45 (7.40-7.48)%**

772 (749-834)
854 (833-913)
1,860
(1,731-1,908)***

1.0 (0.8-1.1)
1.3 (1.2-1.4)*
1.1 (1.0-1.2)

0.4 (0.4-0.5)
0.6 (0.5-0.7)*
0.5 (0.4-0.7)

7.43 (7.39-7.43)
7.30 (7.29-7.32)%**
7.42 (7.38-7.46)

729 (711-826)
856 (809-911)
1,841
(1,735-1,884)%**

1.2 (1.1-1.5)
1.7 (1.6-1.7)**
1.2(1.1-1.2)

0.5 (0.4-0.6)
0.8 (0.8-0.9)***
0.6 (0.6-0.8)**

7.39 (7.33-7.41)
6.98 (6.94-7.06)%**
7.21 (7.11-7.27)%*
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Comparing IPU and apheresis platelet concentrates, a lower platelet
concentration was observed in IPU concentrates (p<0.001 for all) while the
lactate production rate did not significantly differ (Table 2). A lower glucose
consumption rate was observed in IPU concentrates at the end of the storage
period (p=0.002 on day 7). A lower pH was observed in IPU concentrates in
the beginning of storage (p<0.001 on day 1) while it was higher in IPU
concentrates at the end of the storage period (p=0.002 on day 7).

Platelet activation

There were significant differences in the percentage of platelets expressing
platelet activation markers between the different types of platelet
concentrates during storage (Table 3).

Table 3. Percentage of platelets expressing activation markers P-selectin, CD63, and
phosphatidylserine in interim platelet unit concentrates (IPU PCs), buffy-coat PCs, and
apheresis PCs during storage (n=10 for each). Median and interquartile range. ***p<0.001,
**0<0.01, *p<0.05 in comparison to IPU PCs at the same time-point.

Days after donation Day 1 Day 4 Day 7
P-selectin (%)
IPU PCs 22.2 (18.6-25.3) 18.2 (16.4-21.2) 25.8 (25.0-29.4)
Bufty-coat PCs 16.8 (15.4-19.3)* | 53.1 (46.2-57.0)*** [ 62.6 (59.2-65.9)***
Apheresis PCs 5.0 (3.0-14.9)* 11.8 (6.9-16.0)* 19.5 (13.9-24.9)*
CD63 (%)
IPU PCs 15.4 (13.2-18.0) 18.7 (13.6-20.0) 20.7 (16.8-21.9)
Buffy-coat PCs 8.3 (6.1-10.1)** | 29.0 (25.6-35.4)*** 31.5(26.3-39.3)**
Apheresis PCs 11.0 (4.5-24.4) 14.0 (7.0-19.1) 15.3 (8.9-19.2)*
Phosphatidylserine (%)
IPU PCs 2.7 (2.6-4.0) 5.1(4.2-5.9) 7.4 (5.6-8.4)
Buffy-coat PCs 1.0 (0.9-1.5)* 42 (3.1-4.4)* 8.9 (8.2-10.9)*
Apheresis PCs 1.5 (1.2-1.8)** 2.8 (2.3-3.1)%** 4.1 (3.2-7.0)*

Comparing IPU and buffy-coat platelet concentrates, a significantly higher
percentage of platelets expressed the activation markers P-selectin (p=0.023),
CD63 (p=0.001), and phosphatidylserine (p=0.028) in IPU concentrates in
the beginning of the storage period (Table 2). However at the later time-
points, a lower percentage of platelets expressed P-selectin (p<0.001 for
both) and CD63 (p<0.001 and p=0.001, respectively) in IPU concentrates.
The percentage of platelets expressing phosphatidylserine was still higher on
day 4 in IPU concentrates (p=0.045) but lower at the end of the storage
period in IPU concentrates (p=0.034 on day 7).
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Comparing IPU and apheresis platelet concentrates, more platelets expressed
P-selectin (p=0.028 on day 1, and p=0.023 on days 4 and 7) and
phosphatidylserine (p=0.001 on day 1, p<0.001 on day 4, and p=0.016 on day
7) in IPU concentrates (Table 3). Also, a higher percentage of platelets
expressed CD63 in IPU concentrates at the end of the storage period
(p=0.034 on day 7).

Platelet aggregation

There were significant differences in agonist-induced platelet aggregation
between the different types of platelet concentrates during storage (Table 4).

Table 4. Adenosine diphosphate (ADP)-, arachidonic acid (AA)-, collagen (COL)- and
thrombin receptor-activating peptide-6 (TRAP)-induced platelet aggregation in interim
platelet unit concentrates (IPU PCs), buffy-coat PCs, and apheresis PCs during storage (n=10
for each). Median and interquartile range. ***p<0.001, **p<0.01, *p<0.05 in comparison to
IPU PCs at the same time-point. ND, not detectable

Days after donation Day 1 Day 4 Day 7
ADP (units)
IPU PCs ND ND ND
Bufty-coat PCs 2 (0-4)** ND ND
Apheresis PCs 14 (10-39)*** 1 (0-4)** 0 (0-0)
AA (units)
IPU PCs 21 (9-36) 18 (11-32) 22 (10-38)
Buffy-coat PCs 65 (48-81)** 35 (26-42) 0 (0-0)**
Apheresis PCs 82 (74-89)*** 76 (7T1-87)*** 68 (62-79)**
COL (units)
IPU PCs 12 (10-13) 7(5-9) 6 (5-7)
Buffy-coat PCs 15 (12-16) 10 (6-10) 2 (2-3)**
Apheresis PCs 29 (24-45)** 11 (6-15) 3 (1-7)
TRAP (units)
IPU PCs 74 (67-77) 65 (57-71) 65 (61-67)
Buffy-coat PCs 67 (59-72) 57 (54-61) 42 (41-49)**
Apheresis PCs 75 (70-88) 72 (69-79)* 69 (62-75)

Comparing IPU and buffy-coat platelet concentrates, a lower ADP-induced
aggregation (p=0.002) and AA-induced aggregation (p=0.007) in IPU
concentrates were observed in the beginning of the storage period (Table 4).
However towards the end of storage, higher AA-, collagen-, and TRAP-
induced aggregation were observed in IPU concentrates (p<0.001 for all on
day 7) (Table 4).
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Comparing IPU and apheresis platelet concentrates, the ability of platelets to
aggregate was significantly lower in IPU concentrates during storage (Table
4). In the beginning of the storage period, lower ADP-, AA-, and collagen-
induced aggregation were observed in IPU concentrates (p<0.001, p<0.001,
and p=0.001 respectively on day 1) (Table 4). On day 4 after donation, lower
ADP-, AA-, and TRAP-induced aggregation were observed in IPU
concentrates (p=0.005, p<0.001, and p=0.034). The AA-induced aggregation
was still lower in [PU concentrates at the end of the storage period (p=0.001
on day 7).
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4.2 Supplementation with adrenaline, platelets
and/or ADP (Study II)

Effect of adrenaline

on platelet
aggregation
Supplementation with
adrenaline at resulting

plasma concentrations of
153 nM and 770 nM
significantly increased
ADP- (Figure 20A) and
AA-induced aggregation
compared to samples with
no added adrenaline (n=10)
(p=0.009 and p=0.007 for
ADP, p=0.012 and p=0.007
for AA, respectively).
Aggregation  did  not
significantly change after
adrenaline supplementation
at lower concentrations.

Pooling the results from all
aggregation trials (ADP:
n=30, AA: n=20), the
ADP-induced aggregation
improved by 80 (51-165)
% after addition of the
highest concentration of
adrenaline (p<0.001)
(Figure 20B). Adrenaline
supplementation increased
AA-induced  aggregation
by 60 (18-133) % with the
highest concentration
(p<0.001).

A ADP (n=10)
501 *%
* %k

&

8

ADP-induced aggregation (units)

3 8
—Th
,_|

0 6 27 82 153 770
Adrenaline concentration (nM)

ADP (n=30)
* k¥

o)

8

* % % * k¥ .
] ]

ADP-induced aggregation (units)
8 8 & 38 38 3

=)

g

0 153 770
Adrenaline concentration (nM)

Figure 20. Effect of adrenaline supplementation
(resulting plasma concentration) on ADP-induced
aggregation in blood samples from patients on dual
antiplatelet  therapy with acetylsalicylic acid and
ticagrelor (m=10) (A) and pooled data from all
aggregation experiments (n=30) (B). Median and
interquartile  range.  Outliers are presented as
dots. ***p<0.001, **p<0.01.
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Effect of adrenaline alone or combined with platelets on
platelet aggregation

Supplementation with apheresis platelet concentrate did not increase ADP-
induced aggregation significantly (p=0.57) while it significantly increased
AA-induced aggregation (p=0.007). Compared to samples supplemented with
platelet concentrate, ADP-induced aggregation was higher while AA-induced
aggregation was lower after adrenaline (770 nM) supplementation alone
(p=0.005 and p=0.007, respectively). The combination of adrenaline and
platelet concentrate increased both ADP- and AA-induced aggregation more
than platelet concentrate alone (p=0.005 and p=0.007, respectively).

Effect of adrenaline alone or combined with ADP on
platelet aggregation and activation

Supplementation with adrenaline alone (770 nM) increased platelet
aggregation and activation compared to samples with no added agonist
(Figure 21A and 21B). Supplementation with ADP alone increased
aggregation and activation more than adrenaline alone. The combination of
adrenaline and ADP increased aggregation more than either substance alone.
The combination also resulted in the highest activation response.
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Figure 21. Effects of adrenaline (Adr) (resulting plasma
concentration 770 nM) and/or ADP on platelet aggregation
(4) (n=10) and activation (PAC-1 binding to activated
fibrinogen receptor) (B) (n=10) in blood samples from
patients on dual antiplatelet therapy with acetylsalicylic
acid and ticagrelor. Median and interquartile range.
Extreme points are indicated by the symbol x. **p<0.01,
*0<0.05.
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4.3 Adrenaline infusion in ticagrelor-treated
subjects (Study )

Infusion of adrenaline after ticagrelor administration increased the systolic
blood pressure at infusion rates of 0.05-0.15 pg/kg/min from 137 (136—141)
mmHg to 160 (147—-175) mmHg (p=0.007) at 0.10 pg/kg/min and heart rate
at all infusion rates from 61 (54—68) beats/min to 86 (72—87) beats/min
(p=0.015) at 0.15 pg/kg/min. In addition, adrenaline plasma concentration
increased at all infusion rates from 0.25 (0.20-0.40) to 14.28 (14.13-16.82)
nM (p=0.008) at 0.15 pg/kg/min. In contrast, infusion of adrenaline
decreased the diastolic blood pressure and MAP at all infusion rates.
Injection of metoprolol concomitantly with adrenaline infusion did not
significantly change blood pressure or heart rate compared to the same
infusion rate of adrenaline alone.

Effect on platelet aggregation and activation

After ticagrelor administration, the ADP- (Figure 22A), AA-, and TRAP-
induced aggregation decreased (p=0.005, p=0.005, and p=0.007,
respectively). Following infusion of adrenaline, the ADP-induced
aggregation improved without obvious dose-response; from median 17 (14—
31) U to 25 (21-34) U (p=0.012) at 0.10 pg/kg/min (Figure 22A). Seven
study participants had an ADP-induced aggregation of <22 U after ticagrelor
administration. In six of these, the ADP-induced aggregation increased to
>22 U with infusion of adrenaline. AA- and TRAP-induced aggregation
improved with adrenaline infusion rates of 0.05-0.15 pg/kg/min. Injection of
metoprolol concomitantly with adrenaline infusion did not significantly
influence the ADP- or TRAP-induced aggregation in the presence of
ticagrelor, compared to the same infusion rate of adrenaline alone (p=0.18
and p=0.68 respectively) while AA-induced aggregation significantly
increased with the combination (p=0.011).

Ticagrelor administration significantly decreased ADP-induced PAC-1
binding (p=0.012) (Figure 22B) and P-selectin expression (p=0.017)
compared to baseline. Adrenaline infusion significantly increased both ADP-
induced PAC-1 binding (Figure 22B) and P-selectin expression. Injection of
metoprolol concomitantly with adrenaline infusion significantly reduced
ADP-induced PAC-1 binding compared to the same infusion rate of
adrenaline alone (p=0.028) (Figure 22B) while the combination did not
significantly change P-selectin expression (p=0.24).
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Figure 22. The effect of ticagrelor, adrenaline (Adr)
infusion (0.01, 0.05, 0.10, and 0.15 ug/kg/min) and
metoprolol (5 mg) on ADP-induced platelet aggregation (4)
(n=10) and activation (PAC-1 binding to activated
fibrinogen receptor) (B) (n=8) in healthy volunteers.
Median and interquartile range. Outliers are presented as
dots and extreme points are indicated by the symbol x.

40,01, *p<0.05.
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Effect on clot formation

Ticagrelor administration did not significantly influence clot formation
parameters (clotting time: Friedman test p=0.26, clot formation time: p=0.33,
maximum clot firmness: p=0.076). Infusion of adrenaline did not
significantly influence clotting time (Friedman test p=0.26) while the clot
formation time reduced from 97 (89—110) s to 83 (76—90) s (p=0.008) at 0.15
png/kg/min and maximum clot firmness increased from 59 (57—60) mm to 62
(61-64) mm (p=0.007) at 0.15 pg/kg/min. Injection of metoprolol combined
with adrenaline infusion did not significantly change clot formation time or
maximum clot firmness compared to the same infusion rate of adrenaline
alone (p=0.18 and p=0.58, respectively).
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4.4 Noradrenaline infusion in CABG patients
(Study V)

Comparing the two randomization groups (noradrenaline and control), there
were no significant differences 10 minutes before anesthesia in MAP,
hemoglobin concentration, hematocrit, fibrinogen concentration, platelet
aggregation, or clot formation.

Dose of noradrenaline

Patients in the noradrenaline group received a noradrenaline dose of median
0.09 (range 0-26) ng/kg/min at 50 minutes after anesthesia induction. One
patient without noradrenaline infusion at 50 minutes received noradrenaline
up to 40 minutes after anesthesia induction. Four patients in the control group
had a noradrenaline infusion at a rate of 0.03—0.12 pg/kg/min at 50 minutes
after anesthesia induction.

Effect on mean arterial pressure

MAP did not significantly change between the two time-points in the
noradrenaline group (p=0.31) while it significantly decreased in the control
group (p=0.002). There was a significant difference in the change in MAP
between the two groups; 3 (—3-9) mmHg in the noradrenaline group
compared to =35 (—40—-[—27]) mmHg in the control group (p<0.001).

Effect on platelet aggregation

In the noradrenaline group, ADP-induced aggregation significantly increased
from 71 (53-94) U at 10 minutes before anesthesia to 87 (70-103) U
(p=0.023) at 50 minutes after anesthesia induction. In contrast, ADP-induced
aggregation significantly decreased between the two time-points, from 85
(67-90) U to 72 (64-80) U (p=0.028), in the control group. The change in
ADP-induced aggregation significantly differed between the groups
(p=0.002) (Figure 23). The AA- and TRAP-induced aggregation did not
significantly change in either group between the two time-points (p=0.27 and
p=0.12, respectively for noradrenaline; p=0.12 and p=0.61, respectively for
control). However, the change in AA-induced aggregation was significantly
different between the groups (p=0.046) (Figure 23). There was no significant
difference in the change in TRAP-induced aggregation between the groups
(p=0.12) (Figure 23).
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Figure 23. Change in ADP-, arachidonic acid (AA4)-, and TRAP-induced
aggregation between samples collected at 10 minutes before and 50
minutes after anesthesia induction in cardiac surgery patients
randomized to either maintenance of pre-induction mean arterial
pressure by noradrenaline infusion (n=12) or standard treatment
(control) (n=12). Median and interquartile range. **p<0.01, *p<0.05.

The effect of an increase of 0.01 pg/kg/min in noradrenaline infusion rate (up
to 0.13 pg/kg/min) on the changes in ADP- and AA-induced aggregation
between the two time-points were significant; ALSM 2.68 (95% CI 1.06—
4.30) (p=0.003) for ADP (Figure 24A) and ALSM 1.79 (95% CI 0.80-2.78)
(p=0.001) for AA (Figure 24B). Thus the mean effect of each 0.01 increase in
noradrenaline infusion rate on the change in ADP- and AA-induced
aggregation was +2.68 U and +1.79 U, respectively. When the infusion rate
was >0.13 pg/kg/min, there was no significant effect. Furthermore, no
significant effect of noradrenaline infusion rate on the change in TRAP-
induced aggregation was observed.

Effect on clot formation

A significant increase in INTEM maximum clot firmness in the noradrenaline
group (p=0.009) was observed while no significant difference was observed
in the control group (p=0.89). Also, a significant difference in the change in
INTEM maximum clot firmness between the groups was observed (p=0.008).
There was no significant change in FIBTEM maximum clot firmness in the
noradrenaline group between the two time-points (p=0.12) while it
significantly decreased in the control group (p=0.047). No other significant
differences in clot formation parameters were observed.
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Figure 24. Effect of the infusion rate of noradrenaline on the change in
ADP- (A) and arachidonic acid (AA)- (B) induced platelet aggregation
between the two sampling time-points in cardiac surgery patients
randomized to maintenance of pre-induction mean arterial pressure by
noradrenaline infusion (black circles) (n=12) or standard treatment
(control) (white circles) (n=12). Regression models with natural cubic
splines (black lines) were used. The spline functions were simplified
into piecewise linear functions (dotted lines) with a breaking point set
at 0.13 ug/kg/min. Difference in Least Squares Means (ALSM) with
95% Confidence Intervals (CI) are presented per 0.01 ug/kg/min
increase in the infusion rate.
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5 DISCUSSION

The main findings in this thesis were; IPU concentrates maintained a better
platelet function compared to buffy-coat platelet concentrates during storage
while apheresis platelet concentrates had a better maintained platelet function
throughout the storage period (Study I); Adrenaline improved both ADP-
induced platelet aggregation and activation in the presence of ticagrelor in
vitro (Study II) and in vivo (Study III) while supplementation with apheresis
platelet concentrate did not enhance ADP-induced platelet aggregation in
vitro (Study II); Adrenaline infusion also improved clot formation in the
presence of ticagrelor in vivo (Study III) while intraoperative infusion of
noradrenaline improved ADP-induced platelet aggregation and clot formation
in cardiac surgery patients (Study V).

Platelet concentrates during storage (Study 1)

There were significant differences in platelet storage lesion markers between
IPU, buffy-coat and apheresis platelet concentrates during storage. This may
be explained by the differences in collection and preparation method, storage
medium, and plasma carryover which are known to affect the storage lesion
of platelet concentrates [99]. The different number of centrifugation steps
required for the preparation of IPU and apheresis concentrates (single step),
and buffy-coat platelet concentrates (two steps) may affect platelet activation
and aggregation. Furthermore, [PU and buffy-coat platelet concentrates were
stored in the platelet additive solutions SSP+ and SSP, respectively. The
additional magnesium and potassium only present in SSP+ can reduce
platelet activation [100, 101] while the additional phosphate acts as a buffer.
Lastly, the plasma carryover (40% in IPU, 20% in buffy-coat, and 100% in
apheresis platelet concentrates) may affect platelet activation. Using plasma
as storage medium has previously been shown to cause a lower activation of
buffy-coat platelets compared to using SSP [102]. However, it is beneficial to
have a lower plasma carryover as transfusions of plasma may cause adverse
transfusion reactions [103].

Platelets in apheresis platelet concentrates had a better platelet function
compared to platelets in IPU concentrates during storage. To our knowledge,
no previous studies have compared the new IPU concentrates to apheresis
platelet concentrates. Comparisons between IPU concentrates and buffy-coat
concentrates have previously been conducted. In a study by Johnson and
colleagues, IPU concentrates (Reveos system prototype) were compared to
buffy-coat platelet concentrates (Optipress system) [104]. The results of that

47



Platelet activation and aggregation: Clinical and experimental studies

study are not in line with the results of our study. Johnson and colleagues
found; no significant difference in pH and glucose while lactate concentration
was significantly different, that more platelets in [PU concentrates were
activated throughout the storage period, and that ADP-induced aggregation
was higher while collagen-induced aggregation was lower in IPU platelet
concentrates. The differences in results of metabolic parameters and platelet
activation between the studies may be explained by the fact that the storage
medium differed between our IPU and buffy-coat platelet concentrates (SSP+
and SSP, respectively) while SSP+ was used for both types of preparations in
the other study. The discrepancy in aggregation results between the two
studies may be due to differences in aggregometry methods, agonist
concentrations, buffy-coat collection methods and storage medium.

Platelet storage lesion is associated with the storage temperature. The platelet
concentrates at our hospital are stored at 22°C. Cold-storage (2-6°C) of
platelet concentrates results in a lower metabolic rate and a better maintained
platelet aggregation response compared to platelet concentrates stored at
room temperature [105, 106]. However in vivo, transfusion of cold-stored
platelets resulted in quicker clearance of the transfused platelets from the
circulation compared to platelets stored at room temperature [107]. Cold-
stored platelets may be of use in patients with ongoing bleeding as a rapidly
improved platelet function to stop bleeding might be more important than the
need for platelets with a longer circulation time.

Effects of adrenaline on platelet function (Studies Il and IlI)

Supplementation with adrenaline to blood samples from patients on DAPT
with ASA and ticagrelor, and infusion of adrenaline to ticagrelor-treated
healthy volunteers increased ADP-induced platelet activation and
aggregation, and AA-induced aggregation (Studies II and III). The ADP-
induced aggregation reached median levels of approximately 25 U both in
vitro (resulting adrenaline plasma concentration 770 nM) and in vivo (9.95
nM at 0.10 pg/kg/min). Thus in both studies, adrenaline improved ADP-
induced platelet aggregation to reach above a previously suggested cut-off
level of 22 U for when CABG may be performed without an increased
bleeding risk [52, 53]. This suggests that adrenaline infusion could
potentially be used to prevent perioperative bleeding complications in
patients with ongoing or recently discontinued treatment with ASA and
ticagrelor.

A potentiating effect of adrenaline on ADP-induced aggregation has
previously been observed in blood samples from clopidogrel-treated patients
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[66]. Also, a study on platelet-rich plasma from healthy subjects where
ticagrelor was added in vitro showed that ADP-induced aggregation
improved after adrenaline supplementation (1 uM) [67]. The in vivo effect of
adrenaline on platelet function has also been studied. Infusion of adrenaline
(0.07 pg/kg/min) was shown to improve platelet aggregation in healthy
volunteers without antiplatelet therapy in two studies [76, 108] while there
was no difference in ADP-induced aggregation after infusion of adrenaline
(0.06 pg/kg/min) or saline only in another study [109]. The difference in
methods used for analyzing platelet aggregation may be a reason for the
conflicting results. To our knowledge, no studies have investigated platelet
function after adrenaline supplementation to blood samples from ticagrelor-
treated ACS patients or during adrenaline infusion in ticagrelor-treated
subjects.

As is evident in Studies II and III, a higher adrenaline plasma concentration
was required for potentiation of ADP-induced aggregation in vitro (153 and
770 nM) compared to measured plasma concentrations after infusion in vivo
(14 nM for the highest rate). Also, the effect of adrenaline supplementation
was concentration-dependent in vitro (Study II) while no evident dose-
dependent effect of adrenaline was observed in vivo (Study III). Adrenaline
infusion at rates of 0.05-0.15 pg/kg/min improved ADP-induced aggregation
to nearly the same degree. A possible explanation could be that the apa-
receptors become desensitized with a continuous infusion. The affinity of
adrenaline for o,a-receptors has previously been shown to decrease after a 2-
hour infusion of adrenaline (0.05 pg/kg/min) [110].

The potentiation of ADP-induced aggregation by adrenaline may be
explained by its effect on platelet signaling pathways. Adrenaline can bind to
platelet o,a-receptors which activates a pathway that mimics the P2Y,-
mediated pathway [31, 68, 72] which ticagrelor inhibits. An alternative
explanation to the improvement in platelet aggregation observed in vivo
(Study I1I) is that adrenaline infusion increases the platelet concentration. In a
previous study, adrenaline infusion decreased the splenic platelet pool size
and increased venous platelet concentration [111]. We did not measure
platelet concentration during the infusion of adrenaline and can thus not with
certainty determine the cause of the improved platelet aggregation. At the
screening visit, the platelet concentration was in the normal range for all
participants (ranged between 180-307 x 10°/L). Only a platelet concentration
of <100 x 10°%L has previously been shown to influence impedance
aggregometry results [112].
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Adrenaline is used to increase blood pressure during and after CPB if patients
undergoing cardiac surgery become hypotensive. As adrenaline increases
heart rate and systolic blood pressure, an agent that can counteract the
increase may be needed if adrenaline is used as a platelet function-enhancing
agent in patients on DAPT. For this purpose, we investigated the effect of
metoprolol (B;-selective blocker) administration during adrenaline infusion.
The results indicate that metoprolol does not negatively influence
adrenaline’s effect on platelet function (except lower ADP-induced PAC-1
binding). Thus a f;-selective blocker may be used in combination with
adrenaline to prevent an increased blood pressure without impairing
adrenaline’s effect on platelets.

In Study 11, supplementation with apheresis platelet concentrate alone did not
significantly improve ADP-induced aggregation while it improved AA-
induced aggregation. This is in agreement with previous studies [49-51]. This
shows that platelet transfusion may be used to target the ASA-induced
platelet inhibition in patients on DAPT.

Adrenaline infusion also improved clot formation (Study III). Although the
inhibiting effect of ticagrelor cannot be identified using only viscoelastic
coagulations tests, a positive effect of adrenaline infusion was still observed
(shortening of clot formation time and increased maximum clot firmness).
This is most probably due to the effect of adrenaline on platelets, but also an
increase of platelet concentration [111] and/or effects on vWF and factor VIII
coagulant activity [113] may contribute. A positive effect of adrenaline
infusion on coagulation parameters has previously been observed. In a
randomized trial, perioperative infusion of low dose adrenaline (0.05
pg/kg/min) in combination with the anifibrinolytic agent tranexamic acid
during total hip arthroplasty improved early postoperative coagulation
parameters compared to a placebo group [79].

Effect of intraoperative noradrenaline infusion (Study V)

Noradrenaline infusion resulted in improvements in ADP- and AA-induced
aggregation that were significantly different from the changes observed in the
control group. In addition, INTEM maximum clot firmness increased in the
noradrenaline group. This strongly indicates that intraoperative noradrenaline
infusion improves platelet aggregation and clot stability.

Noradrenaline is the adrenergic agent used for maintenance of blood pressure

during cardiac surgery at our institution. No previous studies have assessed
platelet function during noradrenaline infusion in patients undergoing
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surgery. However, in a previous study on healthy volunteers, noradrenaline
infusion (0.03 and 0.14 pg/kg/min) improved platelet aggregation [77]. An
improvement was also observed in another study on healthy volunteers and
hypertensive patients after noradrenaline infusion (0.10 pg/kg/min) [78]. In
the present study, noradrenaline infusion improved ADP-induced aggregation
and the effect of the infusion rate on the changes in ADP- and AA-induced
aggregation was significant up to 0.13 pg/kg/min. Higher infusion rates did
not significantly affect the change in platelet aggregation which corresponds
to the results from Study III where there was no obvious dose-dependency for
ADP-induced aggregation over an adrenaline infusion rate of 0.05 pg/kg/min.
The improvement observed after noradrenaline infusion could be because
noradrenaline also binds to a-receptors on platelets and binding can result in
aggregation, but it is not as potent as adrenaline [63-65]. Another explanation
for the improvement is that the platelet concentration may increase during
noradrenaline infusion [77]. We only measured platelet concentration
preoperatively and can therefore not with certainty determine if the
improvement is due the effect of noradrenaline on platelet aggregation or on
platelet concentration. However as previously discussed, only a platelet
concentration of <100 x 10°/L has previously been shown to influence
impedance aggregometry results [112]. All patients had a platelet
concentration within the normal range preoperatively (ranged between 163—
388 x 10°/L) and it is unlikely that the platelet concentration was <100 x
10°/L when the second measurement was conducted since the CPB had not
yet been started.

In a prospective randomized trial of patients undergoing open radical
cystectomy, noradrenaline infusion (first 0.033 pg/kg/min then maintenance
of MAP 60-100 mmHg) in combination with a restrictive fluid regimen
resulted in lower perioperative blood loss and red blood cell transfusion
requirement compared to a control group [114]. In a study on cardiac surgery
patients, noradrenaline infusion resulted in a higher hemoglobin
concentration upon admission to the intensive care unit and lower frequency
of perioperative blood transfusions compared to a historical control group
[115]. However, the mechanism behind the effect of noradrenaline on
hemostasis was not explored in these studies. Our results indicate that
noradrenaline’s effect on platelet aggregation may contribute.

Limitations and strengths of the studies

There are some limitations of the studies. In Study I, we did not control for
the differences in storage medium and plasma carryover between the three
types of platelet concentrates. Thus, we cannot distinguish between the
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effects of the different factors on platelet storage lesion. The aggregation
analysis was performed with the same volume of platelet concentrate
regardless of the platelet concentration as the concentration is not considered
when giving the product to the patient. It may have affected the aggregation
results although we only observed significant correlations between platelet
concentration and TRAP-induced aggregation. Furthermore, impedance
aggregometry is not yet established as a method for evaluating platelet
function in platelet concentrates. It has however been used in previous studies
[45, 116, 117].

In Study II, we only observed significant effects on platelet aggregation at the
two highest adrenaline plasma concentrations tested. These plasma
concentrations cannot be achieved in vivo by adrenaline infusion at doses that
are clinically relevant [118]. Furthermore, the in vitro supplementation of
adrenaline to blood samples does not take into account the effect of the
vascular endothelium and blood flow on primary hemostasis. In Study III, no
women were included to avoid effect of the hormone cycle on platelet
function [96]. This is a limitation as the findings may not apply to the female
population. Furthermore, ticagrelor, which is almost solely given in
combination with ASA, was in our study given as monotherapy to avoid a
further increased bleeding risk for the healthy volunteer. Lastly, we did not
have a control group receiving placebo to determine the effect of other
variables in the study setup.

Study IV was a substudy of a randomized trial with another objective and
was thus not powered for evaluation of hemostatic variables, postoperative
bleeding, transfusions or outcomes. In addition, the sample size was small.
Lastly, a limitation with both Studies III and IV was that platelet
concentration was not measured during or after adrenaline or noradrenaline
infusion.

Strengths of Study I include the study design which enabled us to compare
the actual platelet products given to patients at our hospital. In addition, we
were able to follow each individual platelet concentrate for 7 days. We also
used multiple methods of assessing platelet storage lesion.

Strengths of Study II include that blood samples with no added agents
(baseline) were used for the comparisons. In this way, the patients were their
own control. In addition, both platelet activation and aggregation were
evaluated yielding a more comprehensive picture of the effect of adrenaline
on platelet function.

52



Sukhi Singh

Strengths of Study III include the healthy volunteers being their own control.
In addition, platelet activation and aggregation, and clot formation were
studied yielding information about the effect of adrenaline on different
aspects of hemostasis. We also evaluated five infusion rates of adrenaline as
well as the combination of adrenaline and metoprolol under controlled
conditions.

Strengths of Study IV include the surgical setting and the randomization
aspect which allowed for comparisons between a treatment group and a
control group of cardiac surgery patients. In addition, both platelet
aggregation and clot formation were evaluated.
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6 CONCLUSIONS

1. IPU, buffy-coat and apheresis platelet concentrates
significantly differed in platelet storage lesion markers. The
new IPU concentrates are at least comparable to buffy-coat
platelet concentrates in terms of quality markers during
storage.

2. Adrenaline supplementation to blood samples from patients
treated with ASA and ticagrelor improved ADP- and AA-
induced platelet aggregation and ADP-induced platelet
activation.

3. Supplementation with apheresis platelet concentrate to blood
samples from patients treated with ASA and ticagrelor
improved AA-induced platelet aggregation while the
combination of adrenaline and platelet concentrate improved
both ADP- and AA-induced aggregation.

4. Adrenaline infusion at clinically relevant doses improved
platelet aggregation, activation and clot formation in
ticagrelor-treated healthy volunteers.

5. Intraoperative infusion of clinically relevant doses of

noradrenaline in ASA-treated cardiac surgery patients
improved platelet aggregation and clot formation.
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7 FUTURE PERSPECTIVES

Treatment or prevention strategies of perioperative bleeding during cardiac
surgery, especially in patients with ongoing or recently discontinued
treatment with a P2Y, antagonist, are needed. Current strategies include
transfusion of platelet concentrates. We have compared platelet storage lesion
in the newly introduced IPU concentrates with buffy-coat and apheresis
platelet concentrates prepared according to local routines. The preparation of
platelet concentrates differs between hospitals. Studies investigating the
optimal preparation and storage conditions need to be conducted. With our
study design, we could not distinguish the effect of the different factors on
platelet storage lesion. To investigate the effect of the collection methods,
platelet concentrates prepared with the same storage medium and plasma
carryover need to be evaluated. Furthermore, the in vivo effect of transfusion
of the different platelet concentrates on hemostasis should be investigated.

As a possible new prevention strategy, adrenergic agents were tested in the
next studies. We found that adrenaline improved platelet aggregation and
activation in the presence of ticagrelor both in vitro and in vivo as well as clot
formation in vivo. Furthermore, we found that noradrenaline infusion
improved platelet aggregation and clot formation in ASA-treated cardiac
surgery patients. To confirm our findings and to evaluate if the effects are
sufficient to improve perioperative hemostasis, larger studies investigating
the effect of adrenergic agents in cardiac surgery patients with ongoing or
recently discontinued DAPT should be conducted. Such a study can also
investigate if an optimal dose of adrenaline can be determined for the
enhancement of ADP-induced platelet reactivity.

Adrenaline supplementation and infusion improved ADP-induced platelet
aggregation in ticagrelor-treated samples however; the aggregation did not
reach the normal levels observed before antiplatelet therapy is initiated. For
the purpose of restoring ADP-induced aggregation, an antidote to ticagrelor
has been developed and is currently evaluated. The antidote was shown to
restore ADP-induced aggregation in ticagrelor-treated human platelet-rich
plasma and mice [119]. It has also more recently been tested in pigs treated
with ASA and supra-therapeutic level of ticagrelor during ongoing bleeding
[120]. The antidote cleared free ticagrelor and its active metabolite in plasma
within 5 minutes and gradually restored ADP-induced platelet aggregation.
However, it did not significantly reduce blood loss. Studies in humans will
reveal if the antidote may be used in the future for prevention and treatment
of bleeding complications in ticagrelor-treated patients.

57



Platelet activation and aggregation: Clinical and experimental studies

58



Sukhi Singh

ACKNOWLEDGEMENTS

Jag vill tacka alla som har bidragit till denna avhandling.

Forst och framst min huvudhandledare Anders Jeppsson som gav mig denna
mdjlighet. Tack for all vigledning och allt stdd jag fatt under hela projektet.

Mina bihandledare Camilla Hesse och Mikael Dellborg for all hjilp,
végledning, introduktion till analysmetoder och for givande diskussioner.

Alla medforfattare for ett bra samarbete och kloka synpunkter. Ett speciellt
tack till Sofia Ramstrdm och hennes kollegor pa Institutionen for klinisk och
experimentell medicin, Linkopings Universitet for introduktion till
analysmetoder och vigledning under projektet.

Hela forskningsgruppen p& Thoraxkliniken, Sahlgrenska for all hjélp jag fétt
med mina studier. Speciellt vill jag tacka tidigare och nuvarande
forskningsskoterskor Linda Thimour-Bergstrom, Asa Israelsson, Elisabeth
Schyum, Eva Berg, Eva Lysell, Anna Bdrjesson och Maria Tellin samt
tidigare doktoranderna Caroline Shams Hakimi, Emma Hansson och Carl
Johan Malm. Jag vill ocksa rikta ett stort tack till forskningssekreterare
Caroline Ivarsson for det ovirderliga stod och den uppmuntran jag fatt under
hela projektets gang.

Mina kollegor p& Thoraxadministrationen, Sahlgrenska som tillsammans med
forskningsgruppen har fatt mig att kéinna mig hemma hér.

Slutligen min familj och mina vénner for att ni alltid finns vid min sida.

Speciellt vill jag tacka mina fordldrar Daljit och Devinder for ert stindiga
stod, fortroende och uppmuntran.

59



Platelet activation and aggregation: Clinical and experimental studies

60



Sukhi Singh

REFERENCES

1.

10.

11.

12.

13.

14.

15.

Temenoff JS, Mikos AG. Biomaterials: The Intersection of Biology
and Materials Science. 2008, Upper Saddle River, N.J: Pearson
Prentice Hall.

Italiano Jr JE, Hartwig JH. Chapter 2 - Megakaryocyte development
and platelet formation, in Platelets (Third Edition), A.D. Michelson,
Editor. 2013, Academic Press. p. 27-49.

Josefsson EC, Dowling MR, Lebois M, et al. Chapter 3 - The
regulation of platelet life span, in Platelets (Third Edition), A.D.
Michelson, Editor. 2013, Academic Press. p. 51-65.

Flaumenhaft R. Chapter 18 - Platelet secretion, in Platelets (Third
Edition), A.D. Michelson, Editor. 2013, Academic Press. p. 343-366.
Brass LF, Newman DK, Wannemacher KM, et al. Chapter 19 -
Signal transduction during platelet plug formation, in Platelets (Third
Edition), A.D. Michelson, Editor. 2013, Academic Press. p. 367-398.
Monroe DM, Hoffman M. What does it take to make the perfect clot?
Arterioscler Thromb Vasc Biol. 2006; 26(1): 41-48.

Beaulieu LM, Freedman JE. Chapter 17 - Inhibition of platelet
function by the endothelium, in Platelets (Third Edition), A.D.
Michelson, Editor. 2013, Academic Press. p. 313-342.

Blatchford JW, 3rd. Ludwig Rehn: the first successful cardiorrhaphy.
Ann Thorac Surg. 1985; 39(5): 492-495.

Harken DE, Zoll PM. Foreign bodies in and in relation to the thoracic
blood vessels and heart; indications for the removal of intracardiac
foreign bodies and the behavior of the heart during manipulation. Am
Heart J. 1946; 32: 1-19.

Gibbon JH, Jr. Application of a mechanical heart and lung apparatus
to cardiac surgery. Minn Med. 1954; 37(3): 171-185.

Cooley DA, Frazier OH. The past 50 years of cardiovascular surgery.
Circulation. 2000; 102(20 Suppl 4): Iv87-93.

Jernberg T. Swedeheart annual report 2017. [cited 2018 Sept 17].
Available from: http://www.ucr.uu.se/swedeheart/arsrapport-2017.
Nielsen S, Bjorck L, Jeppsson A, et al. Trends in mortality risks
among 94,328 patients surviving 30days after a first isolated
coronary artery bypass graft procedure from 1987 to 2006: A
population-based study. Int J of Cardiol. 2017; 244: 316-321.

Dyke C, Aronson S, Dietrich W, et al. Universal definition of
perioperative bleeding in adult cardiac surgery. J Thorac Cardiovasc
Surg. 2014; 147(5): 1458-1463.e1451.

Hansson EC, Jideus L, Aberg B, et al. Coronary artery bypass
grafting-related bleeding complications in patients treated with
ticagrelor or clopidogrel: a nationwide study. Fur Heart J. 2016;
37(2): 189-197.

61



Platelet activation and aggregation: Clinical and experimental studies

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Frojd V, Jeppsson A. Reexploration for bleeding and its association
with mortality after cardiac surgery. Ann Thorac Surg. 2016; 102(1):
109-117.

Moulton MJ, Creswell LL, Mackey ME, et al. Reexploration for
bleeding is a risk factor for adverse outcomes after cardiac
operations. J Thorac Cardiovasc Surg. 1996; 111(5): 1037-1046.
Paparella D, Brister SJ, Buchanan MR. Coagulation disorders of
cardiopulmonary bypass: a review. [Intensive Care Med. 2004;
30(10): 1873-1881.

Sniecinski RM, Levy JH. Bleeding and management of
coagulopathy. J Thorac Cardiovasc Surg. 2011; 142(3): 662-667.
Yusuf S, Zhao F, Mehta SR, et al. Effects of clopidogrel in addition
to aspirin in patients with acute coronary syndromes without ST-
segment elevation. N Engl J Med. 2001; 345(7): 494-502.

Wiviott SD, Braunwald E, McCabe CH, et al. Prasugrel versus
clopidogrel in patients with acute coronary syndromes. N Engl J
Med. 2007; 357(20): 2001-2015.

Wallentin L, Becker RC, Budaj A, et al. Ticagrelor versus
clopidogrel in patients with acute coronary syndromes. N Engl J
Med. 2009; 361(11): 1045-1057.

Patrono C. Chapter 53 - Aspirin, in Platelets (Third Edition), A.D.
Michelson, Editor. 2013, Academic Press. p. 1099-1115.

Roth GJ, Majerus PW. The mechanism of the effect of aspirin on
human platelets. I. Acetylation of a particulate fraction protein. J Clin
Invest. 1975; 56(3): 624-632.

Roth GJ, Stanford N, Majerus PW. Acetylation of prostaglandin
synthase by aspirin. Proc Natl Acad Sci U S A. 1975; 72(8): 3073-
3076.

Smith WL, Garavito RM, DeWitt DL. Prostaglandin endoperoxide H
synthases (cyclooxygenases)-1 and -2. J Biol Chem. 1996; 271(52):
33157-33160.

Jin J, Daniel JL, Kunapuli SP. Molecular basis for ADP-induced
platelet activation. II. The P2Y1 receptor mediates ADP-induced
intracellular calcium mobilization and shape change in platelets. J
Biol Chem. 1998; 273(4): 2030-2034.

Hollopeter G, Jantzen HM, Vincent D, et al. Identification of the
platelet ADP receptor targeted by antithrombotic drugs. Nature.
2001; 409(6817): 202-207.

Zhang FL, Luo L, Gustafson E, et al. ADP is the cognate ligand for
the orphan G protein-coupled receptor SP1999. J Biol Chem. 2001;
276(11): 8608-8615.

Savi P, Beauverger P, Labouret C, et al. Role of P2Y1 purinoceptor
in ADP-induced platelet activation. FEBS Lett. 1998; 422(3): 291-
295.

62



Sukhi Singh

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Jin J, Kunapuli SP. Coactivation of two different G protein-coupled
receptors is essential for ADP-induced platelet aggregation. Proc
Natl Acad Sci U S 4. 1998; 95(14): 8070-8074.

Foster CJ, Prosser DM, Agans JM, et al. Molecular identification and
characterization of the platelet ADP receptor targeted by
thienopyridine antithrombotic drugs. J Clin Invest. 2001; 107(12):
1591-1598.

Wallentin L. P2Y(12) inhibitors: differences in properties and
mechanisms of action and potential consequences for clinical use.
Eur Heart J. 2009; 30(16): 1964-1977.

Cattaneo M. Chapter 54 - ADP receptor antagonists, in Platelets
(Third Edition), A.D. Michelson, Editor. 2013, Academic Press. p.
1117-1138.

Brandt JT, Close SL, Iturria SJ, et al. Common polymorphisms of
CYP2C19 and CYP2C9 affect the pharmacokinetic and
pharmacodynamic response to clopidogrel but not prasugrel. J
Thromb Haemost. 2007; 5(12): 2429-2436.

Varenhorst C, James S, Erlinge D, et al. Genetic variation of
CYP2C19 affects both pharmacokinetic and pharmacodynamic
responses to clopidogrel but not prasugrel in aspirin-treated patients
with coronary artery disease. Eur Heart J. 2009; 30(14): 1744-1752.
Mega JL, Close SL, Wiviott SD, et al. Cytochrome p-450
polymorphisms and response to clopidogrel. N Engl J Med. 2009;
360(4): 354-362.

Gurbel PA, Becker RC, Mann KG, et al. Platelet function monitoring
in patients with coronary artery disease. J Am Coll Cardiol. 2007;
50(19): 1822-1834.

Husted S, van Giezen JJ. Ticagrelor: the first reversibly binding oral
P2Y 12 receptor antagonist. Cardiovasc Ther. 2009; 27(4): 259-274.
Gurbel PA, Bliden KP, Butler K, et al. Randomized double-blind
assessment of the ONSET and OFFSET of the antiplatelet effects of
ticagrelor versus clopidogrel in patients with stable coronary artery
disease: the ONSET/OFFSET study. Circulation. 2009; 120(25):
2577-2585.

Valgimigli M, Bueno H, Byrne RA, et al. 2017 ESC focused update
on dual antiplatelet therapy in coronary artery disease developed in
collaboration with EACTS: The Task Force for dual antiplatelet
therapy in coronary artery disease of the European Society of
Cardiology (ESC) and of the European Association for Cardio-
Thoracic Surgery (EACTS). Eur Heart J. 2018; 39(3): 213-260.
Lagerberg JW, Salado-Jimena JA, Lof H, et al. Evaluation of the
quality of blood components obtained after automated separation of
whole blood by a new multiunit processor. Transfusion. 2013; 53(8):
1798-1807.

63



Platelet activation and aggregation: Clinical and experimental studies

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Gulliksson H. Defining the optimal storage conditions for the long-
term storage of platelets. Transfis Med Rev. 2003; 17(3): 209-215.
Ringwald J, Zimmermann R, Eckstein R. The new generation of
platelet additive solution for storage at 22 degrees C: development
and current experience. Transfus Med Rev. 2006; 20(2): 158-164.
Shams Hakimi C, Hesse C, Wallen H, et al. In vitro assessment of
platelet concentrates with multiple electrode aggregometry. Platelets.
2015; 26(2): 132-137.

Shrivastava M. The platelet storage lesion. Transfiis Apher Sci. 2009;
41(2): 105-113.

Ohto H, Nollet KE. Overview on platelet preservation: better controls
over storage lesion. Transfus Apher Sci. 2011; 44(3): 321-325.
European Directorate for the Quality of Medicines & Health Care.
Guide to the preparation, use and quality assurance of blood
components. 2015, Strasbourg: Council of Europe.

Hansson EC, Shams Hakimi C, Astrom-Olsson K, et al. Effects of ex
vivo platelet supplementation on platelet aggregability in blood
samples from patients treated with acetylsalicylic acid, clopidogrel,
or ticagrelor. BrJ Anaesth. 2014; 112(3): 570-575.

O'Connor SA, Amour J, Mercadier A, et al. Efficacy of ex vivo
autologous and in vivo platelet transfusion in the reversal of P2Y 12
inhibition by clopidogrel, prasugrel, and ticagrelor: the APTITUDE
study. Circ Cardiovasc Interv. 2015; 8(11): €002786.

Teng R, Carlson GF, Nylander S, et al. Effects of autologous platelet
transfusion on platelet inhibition in ticagrelor-treated and
clopidogrel-treated subjects. J Thromb Haemost. 2016; 14(12): 2342-
2352.

Malm CJ, Hansson EC, Akesson J, et al. Preoperative platelet
function predicts perioperative bleeding complications in ticagrelor-
treated cardiac surgery patients: a prospective observational study. Br
J Anaesth. 2016; 117(3): 309-315.

Ranucci M, Colella D, Baryshnikova E, et al. Effect of preoperative
P2Y12 and thrombin platelet receptor inhibition on bleeding after
cardiac surgery. BrJ Anaesth. 2014; 113(6): 970-976.

Mahla E, Prueller F, Farzi S, et al. Does platelet reactivity predict
bleeding in patients needing urgent coronary artery bypass grafting
during dual antiplatelet therapy? Ann Thorac Surg. 2016; 102(6):
2010-2017.

Eaton MJ, Duplan H. Useful cell lines derived from the adrenal
medulla. Mol Cell Endocrinol. 2004; 228(1-2): 39-52.

Currie KP. Inhibition of Ca2+ channels and adrenal catecholamine
release by G protein coupled receptors. Cell Mol Neurobiol. 2010;
30(8): 1201-1208.

Folkow B, Neil E. Circulation. 1971, New York, London, Toronto:
Oxford University Press.

64



Sukhi Singh

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Strosberg AD. Structure, function, and regulation of adrenergic
receptors. Protein Sci. 1993; 2(8): 1198-1209.

Ahlquist RP. A study of the adrenotropic receptors. Am J Physiol.
1948; 153(3): 586-600.

Katz AM. Interplay between inotropic and lusitropic effects of cyclic
adenosine monophosphate on the myocardial cell. Circulation. 1990;
82(2 Suppl): 17-11.

Hall JA, Kaumann AJ, Brown MJ. Selective beta 1-adrenoceptor
blockade enhances positive inotropic responses to endogenous
catecholamines mediated through beta 2-adrenoceptors in human
atrial myocardium. Circ Res. 1990; 66(6): 1610-1623.

Colucci WS, Wright RF, Braunwald E. New positive inotropic agents
in the treatment of congestive heart failure. Mechanisms of action
and recent clinical developments. 1. N Engl J Med. 1986; 314(5):
290-299.

Jakobs KH, Saur W, Schultz G. Characterization of alpha- and beta-
adrenergic receptors linked to human platelet adenylate cyclase.
Naunyn Schmiedebergs Arch Pharmacol. 1978; 302(3): 285-291.
Mills DC, Roberts GC. Effects of adrenaline on human blood
platelets. J Physiol. 1967; 193(2): 443-453.

Lasch P, Jakobs KH. Agonistic and antagonistic effects of various
alpha-adrenergic agonists in human platelets. Naunyn Schmiedebergs
Arch Pharmacol. 1979; 306(2): 119-125.

Beres BJ, Toth-Zsamboki E, Vargova K, et al. Analysis of platelet
alpha2-adrenergic receptor activity in stable coronary artery disease
patients on dual antiplatelet therapy. Thromb Haemost. 2008; 100(5):
829-838.

Scavone M, Femia EA, Caroppo V, et al. Inhibition of the platelet
P2Y12 receptor for adenosine diphosphate does not impair the
capacity of platelet to synthesize thromboxane A2. Eur Heart J.
2016; 37(44): 3347-3356.

Woulfe D, Jiang H, Mortensen R, et al. Activation of Rap1B by G(i)
family members in platelets. J Biol Chem. 2002; 277(26): 23382-
23390.

Dorsam RT, Kunapuli SP. Central role of the P2Y12 receptor in
platelet activation. J Clin Invest. 2004; 113(3): 340-345.

Kunapuli SP, Dorsam RT, Kim S, et al. Platelet purinergic receptors.
Curr Opin Pharmacol. 2003; 3(2): 175-180.

Savi P, Pflieger AM, Herbert JM. cAMP is not an important
messenger for ADP-induced platelet aggregation. Blood Coagul
Fibrinolysis. 1996; 7(2): 249-252.

Daniel JL, Dangelmaier C, Jin J, et al. Role of intracellular signaling
events in ADP-induced platelet aggregation. Thromb Haemost. 1999;
82(4): 1322-1326.

65



Platelet activation and aggregation: Clinical and experimental studies

73.

74.

75.

76.

T7.

78.

79.

80.

81.

82.

&3.

84.

85.

Yang J, Wu J, Jiang H, et al. Signaling through Gi family members in
platelets. Redundancy and specificity in the regulation of adenylyl
cyclase and other effectors. J Biol Chem. 2002; 277(48): 46035-
46042.

Dangelmaier C, Jin J, Smith JB, et al. Potentiation of thromboxane
A2-induced platelet secretion by Gi signaling through the
phosphoinositide-3 kinase pathway. Thromb Haemost. 2001; 85(2):
341-348.

Kim S, Kunapuli SP. P2Y 12 receptor in platelet activation. Platelets.
2011; 22(1): 56-60.

Larsson PT, Hjemdahl P, Olsson G, et al. Altered platelet function
during mental stress and adrenaline infusion in humans: evidence for
an increased aggregability in vivo as measured by filtragometry. Clin
Sci (Lond). 1989; 76(4): 369-376.

Larsson PT, Wallen NH, Hjemdahl P. Norepinephrine-induced
human platelet activation in vivo is only partly counteracted by
aspirin. Circulation. 1994; 89(5): 1951-1957.

Vlachakis ND, Aledort L. Platelet aggregation in relationship to
plasma  catecholamines in  patients with  hypertension.
Atherosclerosis. 1979; 32(4): 451-460.

Liu JL, Zeng WN, Wang FY, et al. Effects of low-dose epinephrine
on perioperative hemostasis and inflammatory reaction in major
surgical operations: a randomized clinical trial. J Thromb Haemost.
2018; 16(1): 74-82.

Jans O, Grevstad U, Mandoe H, et al. A randomized trial of the effect
of low dose epinephrine infusion in addition to tranexamic acid on
blood loss during total hip arthroplasty. Br J Anaesth. 2016; 116(3):
357-362.

Berny-Lang MA, Frelinger III AL, Barnard MR, et al. Chapter 29 -
Flow cytometry, in Platelets (Thirs Edition), A.D. Michelson, Editor.
2013, Academic Press. p. 581-602.

Larsen E, Celi A, Gilbert GE, et al. PADGEM protein: a receptor that
mediates the interaction of activated platelets with neutrophils and
monocytes. Cell. 1989; 59(2): 305-312.

Stenberg PE, McEver RP, Shuman MA, et al. A platelet alpha-
granule membrane protein (GMP-140) is expressed on the plasma
membrane after activation. J Cell Biol. 1985; 101(3): 880-886.
Nieuwenhuis HK, van Oosterhout JJ, Rozemuller E, et al. Studies
with a monoclonal antibody against activated platelets: evidence that
a secreted 53,000-molecular weight lysosome-like granule protein is
exposed on the surface of activated platelets in the circulation. Blood.
1987; 70(3): 838-845.

Shattil SJ, Hoxie JA, Cunningham M, et al. Changes in the platelet
membrane glycoprotein IIb.Illa complex during platelet activation. J
Biol Chem. 1985; 260(20): 11107-11114.

66



Sukhi Singh

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Thiagarajan P, Tait JF. Binding of annexin V/placental anticoagulant
protein I to platelets. Evidence for phosphatidylserine exposure in the
procoagulant response of activated platelets. J Biol Chem. 1990;
265(29): 17420-17423.

Dachary-Prigent J, Freyssinet JM, Pasquet JM, et al. Annexin V as a
probe of aminophospholipid exposure and platelet membrane
vesiculation: a flow cytometry study showing a role for free
sulthydryl groups. Blood. 1993; 81(10): 2554-2565.

Born GV. Aggregation of blood platelets by adenosine diphosphate
and its reversal. Nature. 1962; 194: 927-929.

Platelet aggregation: Part II Some results from a new method of
study. J Clin Pathol. 1962; 15(5): 452-455.

Harrison P, Lordkipanidzé M. Chapter 26 - Clinical tests of platelet
function in Platelets (Third Edition), A.D. Michelson, Editor. 2013,
Academic Press. p. 519-545.

Hayward CPM, Moffat KA. Chapter 28 - Platelet aggregation, in
Platelets (Third Edition), A.D. Michelson, Editor. 2013, Academic
Press. p. 559-580.

van Werkum JW, Harmsze AM, Elsenberg EH, et al. The use of the
VerifyNow system to monitor antiplatelet therapy: a review of the
current evidence. Platelets. 2008; 19(7): 479-488.

Raber MN. Chapter 157 - Coagulation Tests, in Clinical Methods:
The History, Physical, and Laboratory Examinations, H.K. Walker,
W.D. Hall, and J.W. Hurst, Editors. 1990, Butterworth Publishers:
Boston. p. 739-742.

Luddington RJ. Thrombelastography/thromboelastometry. Clin Lab
Haematol. 2005; 27(2): 81-90.

Chen A, Teruya J. Global hemostasis testing thromboelastography:
old technology, new applications. Clin Lab Med. 2009; 29(2): 391-
407.

Melamed N, Yogev Y, Bouganim T, et al. The effect of menstrual
cycle on platelet aggregation in reproductive-age women. Platelets.
2010; 21(5): 343-347.

Schmitz G, Rothe G, Ruf A, et al. European Working Group on
Clinical Cell Analysis: Consensus protocol for the flow cytometric
characterisation of platelet function. Thromb Haemost. 1998; 79(5):
885-896.

Holm S. A simple sequentially rejective multiple test procedure.
Scand J Stat. 1979; 6(2): 65-70.

Seghatchian J, Krailadsiri P. The platelet storage lesion. Transfus
Med Rev. 1997; 11(2): 130-144.

de Wildt-Eggen J, Schrijver JG, Bins M, et al. Storage of platelets in
additive solutions: effects of magnesium and/or potassium.
Transfusion. 2002; 42(1): 76-80.

67



Platelet activation and aggregation: Clinical and experimental studies

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

I11.

112.

113.

114.

Diedrich B, Sandgren P, Jansson B, et al. In vitro and in vivo effects
of potassium and magnesium on storage up to 7 days of apheresis
platelet concentrates in platelet additive solution. Vox Sang. 2008;
94(2): 96-102.

de Wildt-Eggen J, Schrijver JG, Smid WM, et al. Platelets stored in a
new-generation container differences between plasma and platelet
additive solution II. Vox Sang. 1998; 75(3): 218-223.

Pandey S, Vyas GN. Adverse effects of plasma transfusion.
Transfusion. 2012; 52 Suppl 1: 65s-79s.

Johnson L, Winter KM, Kwok M, et al. Evaluation of the quality of
blood components prepared using the Reveos automated blood
processing system. Vox Sang. 2013; 105(3): 225-235.

Getz TM, Montgomery RK, Bynum JA, et al. Storage of platelets at
4 degrees C in platelet additive solutions prevents aggregate
formation and preserves platelet functional responses. Transfusion.
2016; 56(6): 1320-1328.

Johnson L, Tan S, Wood B, et al. Refrigeration and cryopreservation
of platelets differentially affect platelet metabolism and function: a
comparison with conventional platelet storage conditions.
Transfusion. 2016; 56(7): 1807-1818.

Murphy S, Gardner FH. Effect of storage temperature on
maintenance of platelet viability--deleterious effect of refrigerated
storage. N Engl J Med. 1969; 280(20): 1094-1098.

Wallen NH, Goodall AH, Li N, et al. Activation of haemostasis by
exercise, mental stress and adrenaline: effects on platelet sensitivity
to thrombin and thrombin generation. Clin Sci (Lond). 1999; 97(1):
27-35.

Kjeldsen SE, Weder AB, Egan B, et al. Effect of circulating
epinephrine on platelet function and hematocrit. Hypertension. 1995;
25(5): 1096-1105.

Hollister AS, FitzGerald GA, Nadeau JH, et al. Acute reduction in
human platelet alpha 2-adrenoreceptor affinity for agonist by
endogenous and exogenous catecholamines. J Clin Invest. 1983;
72(4): 1498-1505.

Wadenvik H, Kutti J. The effect of an adrenaline infusion on the
splenic blood flow and intrasplenic platelet kinetics. Br J Haematol.
1987; 67(2): 187-192.

Hanke AA, Roberg K, Monaca E, et al. Impact of platelet count on
results obtained from multiple electrode platelet aggregometry
(Multiplate™). Eur J Med Res. 2010; 15(5): 214-219.

Jern C, Eriksson E, Tengborn L, et al. Changes of plasma coagulation
and fibrinolysis in response to mental stress. Thromb Haemost. 1989;
62(2): 767-771.

Wuethrich PY, Studer UE, Thalmann GN, et al. Intraoperative
continuous norepinephrine infusion combined with restrictive

68



Sukhi Singh

115.

116.

117.

118.

119.

120.

deferred hydration significantly reduces the need for blood
transfusion in patients undergoing open radical cystectomy: results of
a prospective randomised trial. Eur Urol. 2014; 66(2): 352-360.
Canty DJ, Kim M, Royse CF, et al. The impact of routine
norepinephrine infusion on hemodilution and blood transfusion in
cardiac surgery. J Anesth Clin Res. 2013; 4(7).

Jilma-Stohlawetz P, Eichelberger B, Horvath M, et al. In vitro
platelet function of platelet concentrates prepared using three
different apheresis devices determined by impedance and optical
aggregometry. Transfusion. 2009; 49(8): 1564-1568.

Ostrowski SR, Bochsen L, Windelov NA, et al. Hemostatic function
of buffy coat platelets in additive solution treated with pathogen
reduction technology. Transfusion. 2011; 51(2): 344-356.

Ensinger H, Lindner KH, Dirks B, et al. Adrenaline: relationship
between infusion rate, plasma concentration, metabolic and
haemodynamic effects in volunteers. Eur J Anaesthesiol. 1992; 9(6):
435-446.

Buchanan A, Newton P, Pehrsson S, et al. Structural and functional
characterization of a specific antidote for ticagrelor. Blood. 2015;
125(22): 3484-3490.

Pehrsson S, Johansson KJ, Janefeldt A, et al. Hemostatic effects of
the ticagrelor antidote MEDI2452 in pigs treated with ticagrelor on a
background of aspirin. J Thromb Haemost. 2017; 15(6): 1213-1222.

69




 
 
    
   HistoryItem_V1
   PageSizes
        
     Action: Make all pages the same size
     Scale: Scale width and height equally
     Rotate: Clockwise if needed
     Size: 6.496 x 9.528 inches / 165.0 x 242.0 mm
      

        
     0
            
       D:20160905152841
       685.9843
       S5
       Blank
       467.7165
          

     Tall
     1
     0
     524
     229
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     CCW
     Uniform
            
                
         AllDoc
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     4
     6
     5
     6
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all odd numbered pages
     Trim: none
     Shift: move right by 8.50 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20160905091811
       907.0866
       SRA3
       Blank
       1275.5906
          

     Wide
     1
     0
     No
     579
     200
     Fixed
     Right
     8.5039
     0.0000
            
                
         Odd
         189
         AllDoc
         189
              

       CurrentAVDoc
          

     None
     595.2756
     Right
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     0
     6
     4
     3
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all even numbered pages
     Trim: none
     Shift: move left by 8.50 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20160905091811
       907.0866
       SRA3
       Blank
       1275.5906
          

     Wide
     1
     0
     No
     579
     200
    
     Fixed
     Left
     8.5039
     0.0000
            
                
         Even
         189
         AllDoc
         189
              

       CurrentAVDoc
          

     None
     595.2756
     Right
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     1
     6
     5
     3
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   PageSizes
        
     Action: Make all pages the same size
     Scale: Scale width and height equally
     Rotate: Clockwise if needed
     Size: 6.496 x 9.528 inches / 165.0 x 242.0 mm
      

        
     0
            
       D:20160905152841
       685.9843
       S5
       Blank
       467.7165
          

     Tall
     1
     0
     524
     229
    
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     CCW
     Uniform
            
                
         AllDoc
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     0
     8
     7
     8
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   PageSizes
        
     Action: Make all pages the same size
     Scale: Scale width and height equally
     Rotate: Clockwise if needed
     Size: 6.496 x 9.528 inches / 165.0 x 242.0 mm
      

        
     0
            
       D:20160905152841
       685.9843
       S5
       Blank
       467.7165
          

     Tall
     1
     0
     524
     229
    
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     CCW
     Uniform
            
                
         AllDoc
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     0
     87
     86
     87
      

   1
  

 HistoryList_V1
 qi2base





