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ABSTRACT
The current thesis was divided into two parts. Basic platelet research is the
topic of the first section. The subsequent clinical part examines platelet
reactivity in stable angina pectoris (AP) and in atrial fibrillation.
Platelet heterogeneity was investigated in the first section (papers 1 and 2). The
cells were separated according to density using linear Percoll™ (a density
medium) gradients. The latter contained EDTA, prostaglandin E1 and
theophylline to prevent platelet in vitro activity. The platelet population was
then divided into density subpopulations (n = 16 - 20). Membrane attached
fibrinogen was determined with a flow cytometer technique and used as a
marker reflecting platelet in vivo activity. Platelet P-Selectin content was
employed to estimate the quantity of platelet α-granules. Paper I examined
healthy blood donors (n = 3). The second report (paper II) compared healthy
volunteers (n = 2) and subjects with essential thrombocythemia (ET) (n = 2).
The latter is a clonal disease being characterized by an excessive platelet
production. Platelet counts were determined in all fractions. In manuscripts
I and II determination of surface bound fibrinogen and intracellular P-Selectin
was carried out in 12 and 16 platelet density fractions, respectively.
High density platelets displayed more surface bound fibrinogen indicating
in vivo activity. They also contained less P-Selectin. The latter finding
implies platelet in vivo release reactions. Low density platelets circulated with
more surface bound fibrinogen as well. Compared with peak density platelets,
lighter cells contained more P-Selectin. ET was characterized by a similar
platelet density pattern in that high and low density platelets displayed more
surface bound fibrinogen. The similarity may explain why severe bleedings do
not occur more frequently in ET. It is also obvious from the current thesis that
the significance of platelet heterogeneity remains unclear and stimulates to
further research. In particular, future work must involve more patients.
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The second part (papers III-VI) of the thesis was devoted to stable AP and
atrial fibrillation. Determination of platelet reactivity i.e. platelet bound
fibrinogen after stimulation was carried out in whole blood. A flow cytometer
technique was employed (papers III-VI). Adenosine diphosphate (ADP) (1.7
and 8.5 µmol/L) and a thrombin-receptor activating peptide (TRAP-6) (57 and
74 µmol/L) were used as stimulating agents. Determination of peak platelet
density (kg/L) was utilized as a further measure reflecting platelet reactivity
(paper V). Surface bound and soluble P-Selectin were employed as platelet
activity markers (paper VI).
Gender differences with respect to platelet reactivity were investigated in
paper III. Paper IV examined platelets in stable AP without significant
coronary flow obstruction(s) as determined by coronary angiography. In a
following study platelet reactivity was analysed in diabetes type II complicated
by stable AP (paper V). Finally, long-term (more than 2 years) outcome of
atrial fibrillation was related to platelet reactivity and activity (paper VI).
In this study the subjects were investigated at the initial electrical cardioversion
and the analysis were repeated after more than 2 years.
Postmenopausal women with stable AP demonstrated more reactive platelets
when stimulating with TRAP-6. They had higher platelet counts (paper III) as
well. Stable AP without significant coronary flow obstruction(s) was
associated with elevated platelet reactivity (paper IV). Diabetes type II was
linked to higher peak platelet density and elevated platelet reactivity (paper V).
Augmented platelet reactivity proved to be a feature of subjects remaining in
atrial fibrillation more than 2 years after the electrical cardioversion (paper
VI). In contrast, the irregular heart rhythm did not affect platelet activity.
It is to assume that platelets at least partly are responsible for the sometimes
atypical symptoms of females with stable AP. It is also conceivable to
speculate that platelets contribute to chest pain in AP free from significant
coronary flow obstruction(s). Theoretically, enhanced platelet reactivity could
at least partly explain why diabetes type II affects the prognosis of coronary
heart disease. The thesis further shows a possible theoretical link between
atrial fibrillation, increased platelet reactivity and clot formation.
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SVENSK SAMMANFATTNING
Trombocyter varierar kraftigt vad beträffar täthet (kg/L). Avhandlingens första
del (arbeten I och II) undersökte och karakteriserade denna heterogenitet.
Trombocyter separerades enligt täthet med hjälp av kontinuerliga gradienter
tillverkade av ett täthetsmedium (Percoll™). För att förhindra aktivering i
provröret innehöll gradienterna EDTA, prostaglandin E1 och teofyllamin. Efter
centrifugering

delades

cellerna

upp

i

täthetsfraktioner.

I

de

båda

grundvetenskapliga studierna (se nedan) analyserades 12 respektive 16 sådana
fraktioner. Membranbundet fibrinogen bestämdes med en flödescytometer och
användes som ett mått på cellernas aktivitet in vivo. Mängden intracellulärt
P-Selectin nyttjades för att uppskatta trombocyternas α-granula innehåll.
I studie 1 undersöktes friska blodgivare (n = 3). I nästa grundvetenskapliga
rapport (arbete 2) jämfördes friska individer (n = 2) och patienter med
essentiell trombocytemi (ET) (n = 2). ET är en cancersjukdom som
karakteriseras av ett högt antal cirkulerande trombocyter.
Trombocyter med hög täthet kännetecknas av mer membranbundet fibrinogen.
Det är ett tecken på att de är aktiverade när de cirkulerar (arbete II). Vidare
innehöll täta trombocyter mindre P-Selectin. Fyndet tyder på att de har
degranulerats in vivo. Trombocyter med låg täthet cirkulerade även de
aktiverade. Detta då de jämfört med ”peak trombocyter” utmärktes av en ökad
mängd ytbundet fibrinogen. Dock innehöll lätta trombocyter mer α-granula.
ET trombocyter uppvisade ett liknande mönster som friska individer.
Trombocyters heterogenitet är ett komplext och svårtolkat ämne. De täta och
de lätta trombocyternas roll i människans fysiologi är oklar. Det är möjligt att
den normala täthetsfördelningen vid ET kan förklara varför blödningar inte
uppstår oftare. Våra data stimulerar till ytterligare studier. Med nödvändighet
måste dessa inkludera fler försökspersoner.
Avhandlingens kliniska del ägnades åt trombocyters egenskaper vid
stabil angina pectoris (AP) och vid förmaksflimmer. En flödescytometer
användes för att mäta cellernas reaktivitet det vill säga mängden
trombocytbundet fibrinogen efter stimulering (arbeten III-VI). ”Adenosine
9

diphosphate” (ADP) (1.7 and 8.5 µmol/L) och en ”thrombin-receptor
activating peptide” (TRAP-6) (57 and 74 µmol/L) nyttjades som agonister.
Trombocytpopulationens ”peak platelet density” användes som ett ytterligare
mått på reaktivitet (arbete V). Vidare togs både trombocytbundet och lösligt
P-Selectin i anspråk för att mäta trombocyters aktivitet (arbete VI).
I studie III undersöktes trombocyters reaktivitet hos äldre kvinnor med stabil
AP. Kärlkramp utan signifikanta förträngningar i hjärtats kranskärl (variant
angina) studerades i delarbete IV. Studie V ägnades åt diabetes typ II som
komplicerats av stabil AP. I avhandlingens sista publikation undersöktes
trombocyters egenskaper vid förmaksflimmer (arbete VI). I denna studie
följdes försökspersonerna i mer än två år efter elektiv elkonvertering.
Postmenopausala kvinnor med stabil AP hade vid stimulering med TRAP-6
mer reaktiva trombocyter. Vidare hade de ett högre antal cirkulerande
trombocyter. Individer med variant angina uppvisade även de trombocyter
med en ökad reaktivitet. Detta gällde både vid stimulering med ADP och med
TRAP-6. Diabetes typ II karakteriserades av en högre ”peak platelet density”.
Vidare var trombocyterna mer reaktiva när ADP (8.5 µmol/L) och TRAP-6
(74 µmol/L) användes som agonister. Efter 2 år var återfall i förmaksflimmer
associerat med en ökad trombocytreaktivitet. Arrytmin påverkade dock
ej cellernas aktivitet.
En möjlig spekulation är att en ökad reaktivitet hos trombocyter kan påverka
den ibland oklara kliniska bilden hos kvinnor med stabil AP. En teori som
presenteras i avhandlingen är att trombocyters egenskaper är associerade till
bröstsmärtor

vid

variant

angina.

En

ytterligare

hypotes

är

att

trombocytegenskaper och då särskild en ökad reaktivitet kan bidra till att
diabetes typ II försämrar prognosen vid stabil AP. I teorin torde sambandet
mellan

förmaksflimmer

och trombocyter

vara

en

möjlig

länk

till

trombosbildning. Således stimulerar våra experiment i laboratoriet till kliniska
studier och dessa måste involvera ett mycket större antal patienter. Detta för att
se om resultaten har relevans även i praktisk medicin.
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ABBREVIATIONS
AF:

atrial fibrillation

AP:

angina pectoris

β-TG:

β-thromboglobulin

CD40L:

CD40Ligand

Coat platelets:

collagen and thrombin activated platelets

CHF:

congestive heart failure

CHD:

coronary heart disease

DTII:

diabetes type II

DMSO:

dimethyl sulfoxide

ECG:

electrocardiogram

ECV:

electrical cardioversion

ET:

essential thrombocytemia

FC:

fragment crystallizable region

FITC:

fluorescein isothiocyanate

fL:

fentoliter

GPIb:

platelet glycoprotein Ib receptor

GPIIb/IIIa:

platelet glycoprotein IIb/IIIa receptor

JAK-2:

Janus kinase 2

kDa:

kilodalton

MFI:

mean fluorescence intensity

MPV:

mean platelet volume
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μg:

microgram

μM:

micromol

mL:

milliliter

mW:

milliwatt

MI:

myocardial infarction

nm:

nanometer

PAR-1:

protease-activated receptor-1

PF4:

platelet factor 4

PE:

phycoerythrin

PSGL-1:

P-Selectin glycoprotein ligand-1

SR:

sinus rhythm

sCD40L:

soluble CD40Ligand

sP-Selectin:

soluble P-Selectin

SD:

standard deviation

TRAP-6:

thrombin-receptor activating peptide

txA2:

thromboxane A2

UV:

ultraviolet

V:

volt

vWF:

von Willebrand factor
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ERRATUM
Paper I, Title and Discussion
Apparently, the word “reactivity” in the title is inappropiate. Platelet
reactivity was not measured in the study. It is evident from paper II that,
when the platelet inhibition solution is added to the gradient, it blocks platelet
activity. In vitro activation of platelets through provocation by platelet agonists
is thus unlikely. Consequently, study I does not show that platelets when
activated utilize intracellular fibrinogen. Furthermore, the paper does not
demonstrate that platelet activation occurs in an enviroment depleted of Ca2+
and extracellular fibrinogen.

Paper I, Results
The correct amount of P-Selectin in figures 1, 2 and 3 is ng x 10-9
(not μg x 10-9).

Papers III-VI, Material and Methods
The correct concentration of TRAP-6 is 57 µmol/L (not 54 µmol/L).

Paper IV, Legend to Table 2
Peak platelet density values are not shown in Table 2.

Paper VI, Legend to Table 2A
When comparing the AF and SR groups with respect to sP-Selectin,
p = 0.001 (not p > 0.001).
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INTRODUCTION
Platelets
In 1865, Max Schultze was the first scientist to publish a precise and realistic
description of platelets. He recognized the cell as a normal part of human
blood (Brewer, 2006). Schultze's findings inspired to a more complete study of
platelet function by Giulio Bizzozero in 1882. He conducted microscopic
studies showing that platelets aggregate at the site of a blood vessel injury,
thereby forming a blood clot (Brewer, 2006).
Platelets are produced by megakaryocytes (Levine et al., 1993). Their
development starts with megakaryocytes supplying long pseudopods to the
bone marrow capillaries (White et al., 1994). Thereafter, platelets i.e.
membrane fragments of megakaryocytes are released into the blood. Platelets
are small discoid structures and lacking a nucleus. Their size is 1-3 μm in
diameter and they have a thickness of 1 μm. Their volume is approximately
7 fL, though varying substantially. In health, platelet counts normally vary
between 150 and 400 x 109/L. After about 10 days in the circulation, platelets
are removed by the spleen (White et al., 1994).

Platelet adhesion and aggregation
When the endothelial layer of a blood vessel is injured, collagen is exposed
to the flowing blood (Blockmans et al., 1995). The adhesion of platelets
to collagen is mediated by the vWF (a large glycoprotein circulating in blood
plasma). Its function is to act as a bridge between collagen and the receptor
GPIb on the platelet surface (Kralisz and Stasiak, 2007). Subsequently,
the binding causes platelet to change shape, i.e. transformation from resting
discoid platelets to activated spheres (Klinger, 1997). The interaction
of collagen, GPIb and vWF subsequently releases substances such as
ADP, Ca2+, thrombin and txA2 (a protein that activates platelets and
stimulates aggregation). The secreted agonists (ADP and thrombin) activate
19

their receptors: P2Y1, P2Y12 and F2R, respectively. This process amplifies
platelet activation. Finally, platelet surface receptors such as GPIIb/IIIa
become activated (Andrews and Berndt, 2004). Fibrinogen binds to activated
GPIIb/IIIa, making it possible for platelets to aggregate (Savage et al., 2001).
The resulting platelet plug covers the damaged blood vessel and stops
the bleeding (Monroe and Hoffman, 2006).

Platelet granules
Platelets contain three types of secretory granule: α-granule, dense granule
(dense bodies) and lysosomes. Platelet release reactions are induced by
activators such as ADP, collagen and thrombin (Ruggeri, 2002). The
α-granules contain a number of physiologically important substances for
aggregation. Examples include ADP, β-TG, PF4 and P-Selectin. It has been
hypothesized that β-TG and PF4 stimulate tissue repair and wound healing
(Senior et al., 1983). β-TG further synchronizes the recruitment of neutrophils
to tissue injury (Brandt et al., 2000a, 2000b). PF4 promotes coagulation
by inhibiting antithrombin (Eslin et al., 2004). The peptide is also a strong
chemoattractant for neutrophils (Duel et al., 1981). Dense bodies contain
and release small molecules such as ADP, ATP and Ca2+ (White, 1994).
Finally, platelets release lysosomal granules. The latter contain degradative
enzymes (White, 1994). The exact role of lysosomes in human physiology
is not yet understood (Reed, 2002).

Platelet density
Human platelets have a density span of 1.04–1.08 kg/L (Chamberlain and
Penington, 1988). Over the years the significance of platelet density
heterogeneity in human physiology and pathology has been debated. In
particular, relationships between age and density have been subject of much
controversy. One theory postulates that megakaryocytes release platelets
having differing densities. The cells subsequently circulate at a fixed density
20

(Pennington et al., 1976; Caranobe et al., 1982; Martin et al., 1983a; Savage et
al., 1986). By contrast, other investigators suggest that newly formed platelets
are less dense. Platelet density then increases with age (Mezzano et al., 1981;
Boneu et al., 1982). A further hypothesis states that platelets decline in density
while circulating (Karpatkin, 1969; Corash et al., 1977).
Platelet buoyant density and size are positively connected (Karpatkin, 1969;
Corash et al., 1977). Thus, in gradients containing density separated
platelets, MPV increases with density (Prost-Dvojakovic et al., 1977;
Chamberlain et al., 1988). Platelet density subpopulations show, however,
the same variation in size distribution that is evident in whole blood
(Corash et al., 1977; Martin et al., 1983a). Platelet cell organelle content
determines density. Intracellular glycogen is also closely dependent on
density (Corash et al., 1984; Chamberlain et al., 1988). High density platelets
are functionally more active and have a higher metabolism, than low density
cells (Karpatkin, 1969; Haver and Gear, 1981; Thompson et al., 1982). They
also adhere more rapidly to collagen (Polanowska-Grabowska et al., 1992).

Clinical significance of platelet density
Throughout the years the clinical significance of platelet density heterogeneity
has been a topic of scientific interest. Martin and co-workers found
in 1983 that platelet density and MPV increase in conjunction with
acute MI (Martin et al., 1983b). Järemo and his research group have
investigated platelet density heterogeneity in various disease states.
Active inflammatory bowel disease was associated with small high-density
platelets (Järemo and Sandberg-Gertzen, 1996). Low peak platelet density was
a feature of ET (Järemo, 1999). In acute MI, with ST elevations, peak platelet
density was inversely correlated with the inflammatory response (Järemo et al.,
2000a). Finally, pre-eclampsia severity was found to be related to larger
platelets having low peak density (Järemo et al., 2000b).

21

Recent research concerning platelet subpopulations
In recent years, interest in platelet subpopulations has increased especially
since the discovery of coat platelets (Dale, 2005). About 30% of the
human platelet population belongs to this category. Coat platelets have
high surface concentrations of procoagulant proteins (examples include
factor

V,

fibrinogen,

fibronectin,

thrombospondin

and

vWF)

after

maximum stimulation with collagen and thrombin (Dale, 2005). The
stimulus activates the remaining platelets as well, but they do to the same
extent not express the above mentioned proteins on the surface. Coat platelets
are

associated

with

acute

coronary

syndromes

(Schneider

et

al.,

2008), myeloproliferative disease (Dale, 2005) and thrombotic events
(Dale, 2005). Alzheimer´s disease is also associated with coat platelets and the
subpopulation is associated with disease progression (Prodan et al., 2007).
Vanguard platelets were termed by Patel and co-workers (Patel et al,
2003). After injury these small platelets are the first to adhere to exposed
collagen. Subsequently, the remaining platelets attach to vanguard platelets.
Normally, platelet aggregation is dependent on the binding of fibrinogen to
the GPIIb/IIIa receptor (Frojmovic et al., 1994). A GPIIb/IIIa receptor
inhibitor does not block the adhesion of vanguard platelets to exposed
collagen, but the drug inhibits the deposition of the remaining platelets (Patel
et al., 2003). Possible relationships between coat and vanguard platelets have
not been investigated (Patel et al., 2003).
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CD40 Ligand
CD40L was initially recognized on stimulated CD4+ T lymphocytes (Armitage
et al., 1992, Graf et al., 1992, Lederman et al., 1992). The molecule is also
present on basophils, eosinophils, mast cells, and natural killer cells (André et
al., 2002). Activated platelets express surface bound CD40L. Platelet CD40L
binds to CD40 on nearby endothelial cells. As a consequence, endothelial cells
produce chemokines and express adhesion molecules (Henn et al., 2001). The
interaction initiates enrollment and extravasation of leukocytes at the site of the
injury (Henn et al., 1998). The exact storage location of CD40L in
unstimulated platelets is not known. A close relationship exists between
α-granule release and CD40L translocation (Anand et al., 2003).
Augmented expression of platelet surface bound CD40L is described
in various disorders. Examples include acute MI (Garlichs et al.,
2001), CHF (Stumpf et al., 2003) and CHD patients with coexistent
diabetes (Jinchuan et al., 2004).

Soluble CD40 Ligand
Cleavage removes CD40L from platelet membrane, taking from minutes up to
several hours (Henn et al., 2001). Thereafter, the molecule is found circulating
in plasma (André et al., 2002, Otterdal et al., 2004). sCD40L stimulates tissue
factor expression on endothelial cells (Urbich et al., 2001) and on monocytes
(Mach et al., 1997). sCD40L also functions as a platelet agonist and
GPIIb/IIIa is the agonist receptor (Prasad et al., 2003). Platelets are the
primary source of circulating sCD40L, since approximately 95% of the
sCD40L derives from activated platelets (Andre et al., 2002). Further supply
may originate from basophils, eosinophils, mast cells and natural killer cells
(Henn et al., 1998; Aukrust et al., 1999).
An increased CD40L concentration is found in several clinical conditions.
Examples include acute MI (Anand et al., 2003), DTII (Varo et al., 2003),
hypertension (Patel et al., 2006) and stroke (Garlichs et al., 2003). sCD40L has
23

prognostic significance in that it is linked to augmented cardiovascular risk in
healthy women (Schonbeck et al., 2001).

Surface bound P-Selectin
P-Selectin (CD62P) was first described on activated platelets (Stenberg
et al., 1985). The protein is one of the largest selectins (a group of cell
adhesion molecules) with a mass of 140 kDa (Harrison and Cramer,
1993). In resting platelets, P-Selectin is part of both α-granules (Harrison and
Cramer, 1993) and dense granules (Israels et al., 1992). The molecule is
also present in Weibel-Palade bodies of endothelial cells (Blann et al.,
2003). Membrane expressed P-Selectin extends about 40 nm above the
cell surface (Mayadas et al., 1993). P-Selectin interacts with PSGL-1 on
platelets, especially young ones (Frenette et al., 1995, Frenette et al.,
2000) and leukocytes (Palabrica et al., 1992; Buttrom et al., 1993;
Mayadas et al., 1993). Savage and co-workers reported that normal aged
platelets express more P-Selectin than young cells following stimulation with
thrombin (Savage et al., 1989). P-Selectin further supports the engagement of
leukocytes at the site of injury (Palabrica et al., 1992; Buttrom et al., 1993;
Mayadas et al., 1993) (Fig. 1). Surface expression of P-Selectin reflects platelet
activity (Ferroni et al., 1999; McEver, 2001).
Enhanced expression of platelet-bound P-selectin has been demonstrated
in

various

2000b),
(O'Connor

diseases.

Examples

atherothrombotic
et

al.,

1999)

include

stroke
and

acute

(Yamazaki
thrombotic

MI
et

(Gurbel

al.,

2001),

et

al.,
CHF

thrombocytopenic purpura

(a disorder associated with excessive microscopic thrombotic events in
small vessels) (Katayama et al., 1993).
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Figure 1: Chemokines guide the migration of neutrophils to the site of the injury.
At high shear, the initial step is neutrophil attachment and rolling to endothelial cells
through the PSGL-1 receptor. The connection is necessary for the extravasation of neutrophils
to sites of infection and inflammation (Buttrom et al., 1993; Frenette et al., 1995).
Figure 2: Platelet P-selectin can substitute for endothelial P-selectin. Neutrophil
activation, attachment and rolling can also take part by adhesion to activated platelets through
PSGL-1 receptors. Chemokines originating from platelets also contribute to neutrophil
attachment and signalling (Klinger, 1997).

Soluble P-Selectin
P-Selectin is shed from activated platelets (Berger et al., 1998) and endothelial
cells (Frijns et al., 1997) into the circulation, sP-Selectin. Fijnheer
and co-workers propose that platelets are the major source of circulating
sP-selectin (Fijnheer et al., 1997). Most likely, sP-Selectin acts as a regulatory
molecule and prevents unsuitable activation of circulating neutrophils
(Wong et al., 1991). It is possible that sP-Selectin inhibits oxygen release
25

of neutrophils until adhesion and migration occurs at sites of inflammation
(Wong et al., 1991). In contrast, other scientists argue that sP-Selectin
increases the mobility of neutrophils (Bengtsson et al., 1999) and augments
phagocytosis (Cooper et al., 1994). No association exists between platelet
bound P-Selectin and sP-Selectin (Gurbel et al., 2000a). Thus, when estimating
platelet activity one can not use sP-Selectin as a substitute for membrane
bound P-Selectin. It has been postulated that sP-selectin reflect platelet activity
over a long period of time (Ferroni et al., 1999).
Increased sP-Selectin is associated with acute MI (Gurbel et al., 2000b), AF
and hypertension (Blann et al., 2003). Active rheumatoid arthritis is
characterized by enhanced sP-Selectin (Milovanovic et al., 2004).

Essential thrombocythemia
ET is a myeloproliferative disease (Michiels et al., 1999; Harrison,
2005). The disorder is associated with increased platelet production and
a slightly enhanced bleeding risk (Elliot and Tefferi 2005). Bleeding in
ET is related to a very high platelet count (> 1000-1500 x 109/L) (Barbui
et al., 2004; Michiels et al., 2004). Hemorrhages are related to platelet
malfunctions but the correlation is unconvincing (Finazzi and Harrison,
2005). Some groups report a mutation of JAK2, a member of the Janus
kinase family of cytoplasmic tyrosine kinases, in almost half of ET patients
(Baxter et al., 2005; James et al., 2005; Kralovics et al., 2005; Levine et al.,
2005). It is not clear if the mutation affects haemostasis. However, the
JAK2 mutation does seem to be connected with an increased expression of
platelet surface P-Selectin (Arellano-Rodrigo et al., 2006).
Platelet abnormalities have been demonstrated in ET and defective
platelet aggregation is common (Cesar et al., 2005). Reduced ADP
induced aggregation and absent responses to epinephrine are typical
characteristics of the disease (Spaet et al., 1969). A low peak platelet density
characterizes ET (Järemo, 1999). Increased platelet associated CD40L,
sCD40L (Viallard et al., 2002) and sP-Selectin (Musolino et al., 2000)
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are further features of the disease. ET is associated with elevated platelet
surface bound P-Selectin (Falanga et al., 2007).

Gender specific platelet characteristics
Women, especially premenopausal females, have more reactive platelets than
men of similar age (Johnson et al., 1975; Harrison and Weisblatt, 1983;
Kurrelmeyer et al., 2003). A further study also shows that “female platelets”
are more sensitive to low-dose aspirin therapy (Becker et al., 2006). Females
show significantly lower P-Selectin levels (Ponthieux et al., 2004). Another
study supports the contrary notion (Demerath et al., 2001). According to earlier
scientific reports a higher platelet count is a feature of female gender (Kemona
et al., 1978, Bain, 1985, Böck et al., 1999, Buckley et al., 2000).

Stable coronary heart disease
Reduced or absent blood flow in one or more of the three major coronary
arteries is a feature of stable CHD. As a consequence, the oxygen supply
is reduced, resulting in chest pain on demand. Stable AP seems to be
associated with augmented ADP-evoked platelet responses (Meade et al.,
1985). Platelet reactivity of stable one vessel CHD patients is inversely
associated with the degree of coronary flow obstruction (Milovanovic et al.,
2005). In stable AP, platelet size is enhanced (McGill and Ardlie., 1994;
Pizzulli et al., 1998) and the number of activated platelets is increased (Furman
et al., 1998). Normally, platelet counts are within the normal range (Begum et
al., 2007). Neither platelet bound CD40L (Abu el-Makrem et al., 2009) nor
sCD40L (Aukrust et al., 1999; Garlichs et al., 2001) nor sP-Selectin
(Kayikçioglu et al., 2001) are increased in stable AP.
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Angina pectoris without coronary flow obstructions
Prinzmetal angina was originally described in 1959 by Myron Prinzmetal
(Prinzmetal et al., 1959). Typically, the condition is associated with chest pain
in conjunction with significant ECG changes. Examples include ST-segment
elevations during attacks. Atherosclerotic plaques are usually not found in the
coronary tree (Roguin, 2008). The symptoms are explained by a severe spasm
in major coronary arteries (Roguin, 2008).
Microvascular angina or syndrome X as a term was initially described in 1973
(Kemp et al., 1973). Clinically, chest pain is found in conjunction with a
normal coronary arteriogram. The precise pathophysiological mechanism is
still unexplained. It has been postulated that tiny blood vessels feeding the
heart are responsible for the symptoms (Sztajzel et al., 2000; Kaski et al.,
2004). Postmenopausal women are prone to develop syndrome X. Oestrogen
deficit is believed to be a pathogenic factor (Sztajzel et al., 2000; Kaski 2006).
Syndrome X is characterized by increased platelet aggregability (Lanza, 2001).
Platelet reactivity as estimated from the PFA-100 apparatus is also increased
(Sestito et al., 2005). MPV is higher in syndrome X than in stable AP with
atherosclerotic coronary flow obstructions (Cay et al., 2005). Elevated
sP-Selectin is a feature of the disorder (Senen et al., 2005).

Diabetes type II
DTII is characterized by hyperglycemia and glucose intolerance (Kumar
and Clark, 2006). The disorder is a risk factor for CHD (Kannel and McGee,
1979; Haffner et al., 1998; Stamler et al., 1993). Females with DTII have a
higher risk for CHD than diabetic men (Barrett-Connor et al., 1991; Manson et
al., 1991). DTII is associated with a higher mortality following an acute MI
(Malmberg and Rydén, 1998; Strandberg et al., 2000). Increased platelet
aggregation has been described in DTII (Iwase et al., 1998). The disorder is
further associated with augmented platelet activity (Tomaselli et al., 1990; Iida
et al., 1993; Mandal et al., 1993; Knobler et al., 1998). MPV is higher (Bavbek
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et al., 2007) and platelet surface expression of CD40L is elevated (Jinchuan et
al, 2004). In particular large platelets circulate in an activated state as
estimated from surface bound P-Selectin (Tschoepe et al., 1993). DTII
complicated by CHD is associated with more circulating sCD40L and
sP-Selectin (Lim et al., 2004). In contrast, DTII subjects free from clinical
symptoms of CHD do not show augmented sP-Selectin (Aref et al., 2005).

Atrial fibrillation
AF is a common sustained arrhythmia (Feinberg et al., 1995; Go et al.,
2001). The paroxysmal form is intermittent and ends spontaneously.
Persistent AF does not end without therapeutic interventions (Feinberg
et al., 1995). The disorder often coexists with other cardiovascular
diseases. In that case AF is a strong prognostic forecaster (Benjamin et al.,
1998). The condition is an independent risk factor for stroke (Wolf et al.,
1991). Studies in the 1990s demonstrated that AF is associated with
increased platelet activity (Mitusch et al., 1996; Lip et al., 1996;
Sohara et al., 1997; Minamino et al., 1997; Pongratz et al., 1997).
Consequently, increased concentrations of membrane bound P-Selectin,
sP-Selectin (Blann et al., 1999; Blann et al., 2008) and sCD40L
(Blann et al, 2008) are features of the disease. A contrary opinion
suggests that the irregular heart rhythm does not affect platelet P-Selectin
expression (Yip et al., 2006). To our knowledge studies on platelet
reactivity in AF have not been carried out. A recent study constitutes an
exception.

It

investigated

AF

individuals

undergoing

ablation.

Platelet reactivity proved to be higher in the left atrium compared to the
right one (Willoughby et al., 2010).
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AIMS OF THE THESIS
The overriding aim of this thesis was to investigate platelets in health and
various disease states. Examples of the latter are ET, stable AP, DTII and AF.
The specific aims were as follows:
Paper I
Milovanovic M, Lysen J, Ramström S, Lindahl TL, Richter A, Järemo P.
Identification of low-density platelet populations with increased reactivity
and elevated alpha-granule content. Thromb Res 2003;111:75-80.
To analyse platelet density heterogeneity in healthy subjects.

Paper II
Milovanovic

M,

Lotfi

K,

Lindahl

TL,

Hallert

C,

Järemo

P.

Platelet density distribution in essential thrombocythemia. Pathophysiol
Haemost Thromb 2010;37:35-42.
To compare ET patients and healthy volunteers with respect to platelet density
heterogeneity.

Paper III
Järemo P, Milovanovic M, Richter A. Gender and stable angina pectoris:
women have greater thrombin-evoked platelet activity but similar
adenosine diphosphate-induced platelet responses. Thromb Haemost
2005;94:227-228.
To explore gender variations of platelet reactivity in subjects having stable AP.
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Paper IV
Järemo P, Milovanovic M, Lindahl T, Richter A. Elevated platelet
reactivity in stable angina pectoris without significant coronary flow
obstruction. J Cardiovasc Med 2008;9:129-130.
To compare platelet reactivity in stable AP with or without significant
coronary flow obstruction(s).
Paper V
Järemo P, Milovanovic M, Lindahl TL, Richter A. Elevated platelet
density and enhanced platelet reactivity in stable angina pectoris
complicated by diabetes mellitus type II. Thromb Res 2009;124:373-374.
To study platelet reactivity in DTII patients with stable CHD.
Paper VI
Milovanovic M, Fransson M, Hallert C, Järemo P. Atrial fibrillation and
platelet reactivity. Int J Cardiol 2010; in press.
To explore associations between platelet reactivity, activity and long-term
outcome (i.e. SR after more than 2 years) of AF patients subject to ECV.
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METHODS
All research was approved by the regional ethics committee. Informed consent
was obtained from all participants.

Flow cytometry
In the early 1930s, Caspersson at Karolinska Institute in Stockholm worked
with cellular nucleic acids. He began to construct micro-spectrophotometers.
His devices measured intrinsic UV absorption at 269 and 280 nm. A cadmium
spark was used to generate UV light. String electrometers were employed for
photocurrent measurements, unless the signal was strong enough to allow the
use of vacuum-tube amplifiers (Shapiro, 2004). In the 1940s this approach
attracted many scientists to Caspersson´s laboratory.
In

the

1950s

Coulter

developed

a

flow-based

method

for

cell

counting. The device utilized the fact that, compared with saline, cells with
lipid membranes are weak conductors of electricity. The apparatus allowed
cells to pass through a small (< 100 µm) gap between two chambers
filled with saline. As electrical impedance depends on cell volume,
the passing of a cell produces a voltage pulse. Its size is associated with
cell volume. The construction provided a more accurate measurement of
cell size. It was used in many clinical laboratories as a cell counter (Shapiro,
2004; Beckman Coulter, Inc., 2009).
In the early 1970s Technicon built the first commercial flow cytometer, called
“Hemalog D”. The scientist Ornstein together with Kamentsky and his
associates were key figures in the development (Shapiro, 2004). To
differentiate leukocytes, Hemalog D used light diffraction together with
absorption measurement at different wavelengths in three different flow
cytometers. Neutrophils were identified with chromogenic enzyme substrates
and eosinophils by the presence of peroxidase. High esterase content was used
to identify monocytes. A single halogen lamp was employed as a light source
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(Mansberg et al., 1974; Ornstein and Ansley 1974). At that time a group at
Becton-Dickinson (today BD Biosciences) led by Shoor developed an
instrument capable of sorting cells by means of fluorescently labelled
antibodies

(Bonner et al., 1972). In 1974 the apparatus was commercialized

as the “Fluorescence Activated Cell Sorter (FACS)”.
In the mid 1980s, Becton-Dickinson introduced a series of flow cytometers
called

“FACScan”.

The device

facilitated

more sensitive

immuno-

fluorescence measurements. The apparatus used a 15mW air-cooled
argon laser as light source. Subsequent versions, called FACSort, included
a fluidic sorter. Later still, the “FACSCalibur” apparatus offered an
additional fourth fluorescence channel with excitation from a red diode
laser (635-640 nm). It too had a fluidic sorting option (Shapiro, 2004). At this
time (mid 1980s) another flow cytometer, called “Coulter EPICS C”,
was launched by Beckman Coulter, Inc. (Leif et al., 1985).
Today´s a flow cytometers rapidly analyse many characteristics of single
cells.

The

instrument

quantifies

scattering

of

fluorescence

and/or

light scattering of cells one at a time (Carter and Meyer, 1990;
Michelson, 1996; Goodall and Appleby, 2004; Shapiro, 2004). As a cell passes
through a laser beam, the light is spread. The scattered light is collected
by different photodetectors. Light with appropriate wavelength stimulates
fluorescent molecules, attached to antibodies directed towards cell surface
structures. Fig. 3 is a schematic drawing of a flow cytometer with an optical
arrangement for simultaneous measurement of forward and side scattering. The
forward scatter detector converts the light to a voltage pulse that is associated
with cell size. The side scatter detector refects cell complexity/granularity.
When fluorescent markers such as FITC and PE are excited at 488 nm they
emit light of different wavelengths. Dicroic mirrors direct light of specific
wavelengths to distinctive photodetectors. The arrangement makes it possible
to study more than one structure on the cell surface, simultaneously (Carter and
Meyer, 1990; Michelson, 1996; Goodall and Appleby, 2004; Shapiro, 2004).
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Figure 3: A schematic description of a flow cytometer. Single cells are injected in to the flow
chamber by help of a sheath fluid. The cells are then intersected with argon-ion
laser light. Signals gathered by the forward scatter detector are related to cell size.
Light collected by the side scatter detector reflects complexity/granularity. In our setting, the
FITC fluorescence detector detects external bound fibrinogen. The PE detector is used
to recognize platelets. All signals are amplified and converted to digital form for display on a
personal computer (not shown in the figure).

Platelet bound fibrinogen
Throughout this thesis, platelet bound fibrinogen is measured with a “Beckman
Coulter EPICS XL-MCL Flow Cytometer” (Beckman Coulter, Inc.,
California, U.S.A.). A FITC-conjugated chicken antihuman fibrinogen
polyclonal antibody (Biopool AB, Sweden) is used to detect exterior bound
fibrinogen (Lindahl et al, 1992). Platelets are detected with a PE-conjugated
antibody against GPIb (Dako AS, Denmark).
Platelet bound fibrinogen without a platelet agonist challenge reflects
in vivo platelet activity. When stimulating with ADP (1.7 μmol/L and
8.5 μmol/L) (Sigma-Aldrich, Missouri, U.S.A.) and TRAP-6 (57 μmol/L and
74 μmol/L) (Biotechnology Centre of Oslo, Norway) the measurement
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reflects platelet reactivity. The number of platelets (%) having more surface
bound fibrinogen after stimulation than a negative control containing
10 mmol/L EDTA and HEPES buffer is utilised as an experimental parameter
(Lindahl et al, 1992) (figure 4).

Figure 4: A schematic drawing showing the current assay for measuring platelet
bound fibrinogen (papers III-VI). Exterior bound fibrinogen is detected by a FITCconjugated polyclonal chicken antibody. A PE-conjugated monoclonal antibody against
GPIb is used to detect platelets. Platelets are activated with ADP (1.7 μmol/L or 8.5 μmol/L) or
TRAP-6 (57 μmol/L or 74 μmol/L). In this setting, platelet bound fibrinogen after stimulation
reflects platelet reactivity.

Sampling
All samples were collected by registered nurses in Vacutainer™ tubes (Becton
and Dickinson Company, New Jersey, U.S.A.). The tubes were filled up
between the max/min fill lines.

Fabrication of linear Percoll™ gradients
In this thesis, linear Percoll™ (General Electric Healthcare Bio-Sciences AB,
Sweden) gradients are employed to separate platelets according to density.
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Two isotonic Percoll™ solutions having densities of 1.04 and 1.09 kg/L are
mixed with an inhibitory solution. The latter contains equal volumes of the
following mixtures.
A. 0.15 mol/L Na2 citrate (Sigma-Aldrich, Missouri, U.S.A) and 0.13 mol/L
Na3EDTA (Sigma-Aldrich, Missouri, U.S.A.) (pH 7.4 at 25οC)
B. 0.001 g/L prostaglandin E1 (Sigma-Aldrich, Missouri, U.S.A.) and
1 mL 95% ethanol in H2O
C. 2.7 mmol/L theophylline (Sigma-Aldrich, Missouri, U.S.A.) dissolved in
0.15 mol/L TRIS chloride buffer (pH 7.4 at 25οC)
To fabricate the Percoll™ solutions the following substances were mixed:
1.04 kg/L:
A. 8.88 g Percoll™
B. 19.14 g H2O
C. 3.0 g inhibitory solution
1.09 kg/L:
A. 32.85 g Percoll™
B. 11.42 g H2O
C. 4.5 g inhibitory solution
Na2 citrate and Na3 EDTA both remove extracellular Ca2+. Consequently, the
substances prevent platelet activation and inhibit the coagulation cascade.
Prostaglandin E1 hinders the synthesis of txA2 (Burns and Dodge, 1984)
thereby preventing platelet aggregation (Ball et al, 1970). Theophylline inhibits
platelet aggregation (Burns and Dodge, 1984).

Separation of platelets
7.63 g of 1.09 kg/L Percoll™ solution is layered at the bottom of the test
tube. Thereafter, 12.48 g of 1.04 kg/L and 13.08 g of 1.09 kg/L of the
Percoll™ solutions are mixed together by means of a two-chamber
gradient maker to manufacture continues gradients in 50 mL test
tubes. 7.5 mL whole blood anticoagulated with 2.5 mL 0.129 mol/L Na2 citrate
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is carefully layered on top of the gradient (Fig. 5). The tube is then centrifuged
at 2767 g for 1 ½ hours.

Figure 5: A photo of the gradient before centrifugation.

Figure 6: The gradient immediately after centrifugation. The platelet population is visible in
the middle of the test tube.

After centrifugation the more dense erythrocytes are located below the gradient
in the bottom of the test tube. Platelets together with mononuclear cells are
seen in the middle of the gradient (Fig. 6). Subsequently, the bottom of the test
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tube is perforated with a hot needle. The gradient then divides by gravity into
16 or 17 density fractions (paper II). Consequently, each aliquot contains
approximately 2 mL of the gradient (Fig. 7).

Figure 7: An illustration showing the density fractions after the gradient has been divided into
density subfractions.

Corpuscular elements are lysed with Triton X-100 (final concentration
1 %) (Sigma-Aldrich, Missouri, U.S.A.). Finally, cell debris is removed by
centrifugation at 2000 g for 10 min. The supernatant is stored at
-70o C until analysis.

Measuring platelet density by light transmission
In the early 1990s a member of the current research group constructed
a computerized machine suitable for measuring platelet density distribution
(Fig. 8) (Järemo, 1995). The device measures light transmission through
test tubes containing platelets separated according to density in continuous
Percoll™ gradients. The machine consists of a halogen lamp (7.2 V) emitting
a

constant

white

light

spectrum.

Opposite

the

light

source,

a

photopotentiometer is connected to a computer. A stepping motor moves the
test tube containing the gradient with density separated platelets between
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the lamp and the photopotentiometer. The light transmission through the test
tube is recorded continuously and depends inversely upon the number
of platelets (Järemo, 1995). Thus, light transmission presented graphically
reflects inversely the density distribution of the total platelet population in the
gradient. Subsequently, Density Marker Beads™ (General Electric Healthcare
Bio-Sciences AB, Sweden), i.e. particles with pre-specified density, are added
to the gradient. After a second centrifugation at 2767 g for 5 min. platelet peak
density is calculated by comparing the position of the platelet transmission
peak against the locations of the beads.

Figure 8: Simplified picture of the apparatus used to monitor platelet density.
The device consists of a computer, halogen lamp, a photopotentiometer, a stepping motor, a
stepping motor and a driving card (Järemo, 1995).

Determination of platelet counts and volume
Throughout the thesis, counting of platelets and MPV were carried out with a
CELL-DYN 4000 (Abbott Diagnostics, Illinois, U.S.A.) apparatus. The device
is fully automated and uses a 4-angle argon laser light scatter and a 2-colour
fluorescence flow cytometer (CELL-DYN 4000, 1997). The counter has
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excellent reproducibility both between batches and within batches. Linearity
too is excellent (Grimaldi and Scopacasa, 2000). Before analysing the study,
intra-assay precision was evaluated by analysing internal controls.

Assay for platelet dense body content
We use a flow cytometry technique to measure platelet dense body content
(Ramström et al, 1999). Mepacrine has a high affinity to adenine nucleotides.
Consequently, it is rapidly absorbed by platelet dense bodies. Mepacrine emits
a green fluorescence when excited. A monoclonal antibody (PE-conjugated) to
GPIb identifies platelets. Resting platelets are analysed for green fluorescence,
i.e. mepacrine uptake. A close relationship exists between fluorescence
intensity and platelet dense granule content (Ramström et al, 1999).

Mepacrine was fabricated using these stock solutions:
A. 0.3 mL DMSO (LabKemi AB, Sweden)
B. 3.8 mL Hanks balanced salt solution (Sigma-Aldrich, Missouri, U.S.A.)
C. 0.0023 g quinacrine mustard (Sigma-Aldrich, Missouri, U.S.A.)

Platelet bound P-Selectin
The platelet surface expression of P-selectin is analysed with a Beckman
Coulter EPICS XL-MCL Flow Cytometer. An IgG1 (mouse) monoclonal
antibody is used to identify platelet bound P-Selectin (CD62P) (Immunotech,
France). Platelets are detected with a PE-conjugated antibody to GPIb (Dako
AS, Denmark). Platelet bound P-Selectin is measured without agonist
challenge. Thus, the determination reflects platelet in vivo activity (paper VI).
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Flow cytometer quality control
A quality control using Flow-Check Fluorospheres (Beckman Coulter
Inc., California, U.S.A.) was always performed before using the flow
cytometer; this is to verify the fluidics and optical system of the
apparatus. Flow-Check Fluorosphere particles have a predeterminated
fluorescence

intensity

and

size

(National

Committee

for

Clinical

Laboratory Standards, 1998).

sCD40 Ligand and sP-Selectin
Commercial ELISA kits (R&D Systems, Minnesota, U.S.A.) are used
to measure sCD40L and sP-Selectin. A standard microplate reader is used for
the analysis.
sCD40 Ligand: We use a polyclonal antibody specific for CD40L precoated by the manufacturer onto microplates. Standards, controls and samples
are added to the wells. sCD40L in the sample is bound by the immobilized
antibody. After rinsing, a peroxidase conjugated polyclonal antibody specific
for sCD40L is included. After a rinse to remove unbound antibody and
5 min. incubation, a substrate solution is added. The colour development
reflects sCD40L bound to the antibodies attached to the wells. The optical
density of each well is measured at 450 nm with a wavelength correction
set to 570 nm (see below).
sP-Selectin: The assay involves plates pre-coated with a monoclonal
antibody specific for sP-Selectin. Standards, controls, and samples are
pipetted into appropriate wells together with a conjugated polyclonal
peroxidase antibody specific for sP-Selectin. The unbound conjugated antibody
is removed by rinsing. A substrate is added. The optical density is determined
after 5 min. The colour development reflects analyte concentration. According
to the manufacturer´s instructions the wavelength was set to 450 nm and the
correction to 650 nm (see below).
42

The intra- and inter-assay degrees of precision are determinated by the
manufacturer. Briefly, three serum samples of known concentration were
tested in replicates of ten to assess intra-assay precision. To evaluate interassay precision three serum samples of known concentration were tested in
eighteen separate assays.
Wavelength correction is carried out to in order to correct for the plasticity of
the plate. The plastic may interfere with the optical signal, giving an artificially
low transmission value for blanks. Measuring at a certain wavelength
reflecting the plastic only makes it possible to subtract the interference caused
by the plastic from transmission generated by the ELISA. In this way, the true
optical density is obtained.
In order to obtain reliable results from ELISA kits certain precautions are
taken. For each kit a control is analysed. All were within the expected range.
To avoid cross-contamination, pipette tips are always changed for each
standard, sample, and reagent. We use separate containers for each reagent.
The automated plate-washer is allowed a 30 second soak period following
addition of the buffer included in the ELISA kit.

Statistical analysis
In paper I the paired two tailed t-test was used when evaluating the six lightest
platelet density fractions. Throughout the clinical studies the populations were
regarded as normally distributed. Consequently, the paired and unpaired two
tailed Student´s t-tests were employed when appropriate. The chi-square test
was also used to compare categorical data (paper III-VI). p-values < 0.05 were
considered to indicate significance.
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EXPERIMENTAL PROTOCOL
Paper I
Milovanovic M, Lysen J, Ramström S, Lindahl TL, Richter A, Järemo P.
Identification of low-density platelet populations with increased reactivity
and elevated alpha-granule content. Thromb Res 2003;111:75-80.
This work examines the biochemical characteristics of platelet density
subpopulations. Three healthy blood donors were involved. The study
protocol is specified in Fig. 9. Platelets were separated according to
density. Thereafter, the bottom of the test tube was punctured with a hot
needle. The content of the gradient was divided into 20 fractions each
containing about 2 mL. Platelet counting was carried out for each
fraction. Fractions containing more than 20 x 109/L platelets (n = 11 or 12)
were further evaluated. Platelet bound fibrinogen was analysed after ADP
challenge (8.5 µmol/L). The platelet dense body content was determined.
After cell lysis, intracellular P-Selectin was measured in density fractions
containing more than 20 x 109/L platelets.

Figure 9: The experimental protocol used in paper I.
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Paper II
Milovanovic

M,

Lotfi

K,

Lindahl

TL,

Hallert

C,

Järemo

P.

Platelet density distribution in essential thrombocythemia. Pathophysiol
Haemost Thromb 2010;37:35-42.
We investigated platelet density subpopulations of subjects with ET
(n = 2). Two healthy volunteers served as controls. The experimental protocol
is shown in Fig. 10. Platelets were separated according to density into
16 or 17 fractions. In each fraction we analysed platelet counts, together with
the spontaneous platelet bound fibrinogen without agonist challenge. The latter
measure was repeated after ADP (8.5 µmol/L) provocation. After cell lysis,
CD40L and P-Selectin contents were determined in all density fractions.

Figure 10: Experimental protocol used in paper II.
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Paper III
Järemo P, Milovanovic M, Richter A. Gender and stable angina pectoris:
women have greater thrombin-evoked platelet activity but similar
adenosine diphosphate-induced platelet responses. Thromb Haemost
2005;94:227-228.
This study explored gender differences of platelet reactivity in subjects
having stable AP. 21 females undergoing elective coronary angiography and
72 males with stable AP years were included. All participants had a minimum
of one significant (> 50 %) flow limiting stenotic lesion in at least one major
coronary artery. Old age (> 75 years), DTII, rheumatoid arthritis and an acute
MI in the past 3 months were exclusion criteria. Platelet counts were
determined. Platelet reactivity in whole blood, i.e. surface bound fibrinogen
after stimulation with ADP (1.7 and 8.5 µmol/L) and TRAP-6 (57 and 74
µmol/L) were employed as experimental parameters.

Paper IV
Järemo P, Milovanovic M, Lindahl T, Richter A. Elevated platelet
reactivity in stable angina pectoris without significant coronary flow
obstruction. J Cardiovasc Med 2008;9:129-130.
Patients with stable AP undergoing elective coronary angiography were
examined. The participants were divided into two groups. The study
group had normal coronary angiograms (n = 13) or insignificant (< 50%)
coronary flow obstruction(s) (n = 4). Subjects (n = 96) with least one
significant (> 50%) flow obstruction in at least one major coronary
artery served as controls. The same exclusion criteria were employed as in
paper III. The previously described technique, i.e. determination of surface
bound fibrinogen after stimulation was used to determine platelet reactivity
in whole blood. ADP (1.7 and 8.5 µmol/L) and TRAP-6 (57 and 74 µmol/L)
were employed as platelet agonists.
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Paper V
Järemo P, Milovanovic M, Lindahl TL, Richter A. Elevated platelet
density and enhanced platelet reactivity in stable angina pectoris
complicated by diabetes mellitus type II. Thromb Res. 2009;124:373-374.
This study investigated platelet reactivity in DTII complicated by stable CHD.
A total of 149 individuals were included, of whom 51 received medical
treatment (insulin or oral glucose depressants) for DTII. The remaining 98
subjects not given antiglycemic treatment served as controls. All participants
were subject to elective coronary angiography to assess chest pain. All had at
least one significant (> 50%) obstructive lesion. One or several major coronary
arteries were affected. Peak platelet density (kg/L) was analysed to estimate
platelet reactivity. MPV was determined to estimate platelet size. A flow
cytometer was used to measure platelet bound fibrinogen following
stimulation, i.e. platelet reactivity. ADP (1.7 and 8.5 µmol/L) and TRAP-6
(57 and 74 µmol/L) were used as agonists.

Paper VI
Milovanovic M, Fransson M, Hallert C and Järemo P. Atrial fibrillation
and platelet reactivity. Int J Cardiol 2010; in press.
This paper examined associations between AF and platelet characteristics, i.e.
platelet reactivity and activity. 33 individuals with AF undergoing elective
ECV were included. On day 1, before ECV, platelet reactivity, i.e. surface
bound fibrinogen was determined following stimulation. Membrane bound
fibrinogen was measured after stimulation with ADP (1.7 and 8.5 µmol/L) and
TRAP-6 (57 and 74 µmol/L) as agonists. Surface bound P-Selectin and
sP-Selectin without agonists challenge were employed as markers reflecting
platelet activity. After 26±8 (SD) months an ECG was analysed and the
platelet laboratory analysis were repeated. Then 18 and 15 individuals had AF
and SR, respectively. Results of the test battery were compared with the
presence of AF after more than 2 years.
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RESULTS
Paper I
Milovanovic M, Lysen J, Ramström S, Lindahl TL, Richter A, Järemo P.
Identification of low-density platelet populations with increased reactivity
and elevated alpha-granule content. Thromb Res 2003;111:75-80.
All subjects had platelet populations with one density peak.
Healthy persons demonstrated low density platelets with more surface bound
fibrinogen than peak density platelets.
Low density populations contained more P-Selectin than peak platelets.
In contrast, these platelets held fewer dense bodies than the denser populations.

Paper II
Milovanovic

M,

Lotfi

K,

Lindahl

TL,

Hallert

C,

Järemo

P.

Platelet density distribution in essential thrombocythemia. Pathophysiol
Haemost Thromb 2010;37:35-42.
ET subjects and controls displayed platelet populations with one density peak.
All participants demonstrated high density platelets having more surface bound
fibrinogen than the remaining platelet populations.
High density platelets contained less CD40L and P-Selectin than the
neighbouring lighter platelets.
In health, low density platelets showed more surface bound fibrinogen than
peak platelets. The CD40L and P-Selectin contents of these platelet
populations proved to be higher too.
ET patients demonstrated low density platelets with more P-Selectin than peak
density platelets.
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Paper III
Järemo P, Milovanovic M, Richter A. Gender and stable angina pectoris:
women have greater thrombin-evoked platelet activity but similar
adenosine diphosphate-induced platelet responses. Thromb Haemost
2005;94:227-228.
Female platelets were more reactive when using 57 µmol/L (p < 0.001) and
74 µmol/L (p < 0.01) TRAP-6 as stimulating agents.
In contrast, when using ADP (1.7 and 8.5 µmol/L) as platelet agonists, no
significant gender differences were found with respect to platelet reactivity.
Women had higher platelet counts (p < 0.01).

Paper IV
Järemo P, Milovanovic M, Lindahl T, Richter A. Elevated platelet
reactivity in stable angina pectoris without significant coronary flow
obstruction. J Cardiovasc Med 2008;9:129-130.
AP without significant flow obstruction(s) in the coronary tree proved to be
associated with enhanced platelet reactivity. The following significant
concentrations were demonstrated: ADP 1.7 and 8.5 μmol/L (both p < 0.05),
TRAP-6 57 and 74 μmol/L (both p < 0.01).

Paper V
Järemo P, Milovanovic M, Lindahl TL, Richter A. Elevated platelet
density and enhanced platelet reactivity in stable angina pectoris
complicated by diabetes mellitus type II. Thromb Res 2009;124:373-374.
DTII was associated with augmented peak platelet density (p < 0.001).
Platelet reactivity was higher in DTII subjects following stimulation with ADP
8.5 μmol/L (p < 0.01) and TRAP-6 74 μmol/L (p < 0.001).
DTII proved to be associated with a higher MPV value (p < 0.05).
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Paper VI
Milovanovic M, Fransson M, Hallert C Järemo P. Atrial fibrillation and
platelet reactivity. Int J Cardiol 2010; in press.
AF was associated with more reactive platelets 26±8 (SD) months following
the initial ECV. Subjects remaining in SR served as controls. The following
p-values were found: ADP 1.7 µmol/L (p = 0.049), ADP 8.5 µmol/L
(p = 0.045) and TRAP-6 74 µmol/L (p = 0.020).
At study end both groups demonstrated lower platelet reactivity. For the AFgroup, with one exception, the differences failed to reach statistical
significance. In contrast, for the SR group the following p-values were found:
ADP 1.7 µmol/L (p = 0.002), 8.5 µmol/L (p = 0.031), TRAP-6 57 µmol/L (p =
0.042) and TRAP-6 74 µmol/L (p = 0.006).
As the study was terminated the two groups did not differ with respect to
platelet bound P-Selectin.
Compared with the situation at the index ECV sP-Selectin was lower for both
groups (both p = 0.001) at study end.
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DISCUSSION
Basic research
The current basic research (papers I and II) involves platelet density
heterogeneity. All participants demonstrated platelets having a single density
peak. The investigation showed that a tiny fraction of high density platelets
was circulating in an activated state. Indeed, these platelets displayed
more surface bound fibrinogen in vivo and contained fewer α-granules judging
their sP-Selectin content. They held less CD40L as well. The latter two
findings indicate platelet in vivo release reactions. Low density platelet
subpopulations demonstrated a similar phenomenon with respect to surface
bound fibrinogen. These platelets, however, did not show signs of enhanced
degranulation, judging by their P-Selectin content. Compared with peak
platelets lighter populations contained less dense bodies (paper I). This
explains why they had low density despite elevated α-granule content. Of
necessity, due to the extensive laboratory work, current basic research
(papers I and II) include only a few subjects. Consequently, its significance
remains uncertain and needs further evaluation. In particular, more subjects
must be involved in future investigations.
High and low density platelets circulate more activated (papers I and II).
It is in keeping with earlier studies showing that activated platelets remain
in the circulation (Reimers et al., 1973, 1976) and that they lose surface
bound P-Selectin to the plasma pool (Michelson, 1996). The latter study
supports the current thesis in that we demonstrate that activated high density
platelets contained less P-Selectin (paper II). A contrary notion presented
in the literature postulates that platelet surface P-Selectin mediates the
adherence of activated platelets to neutrophils in vivo (Weyrich et al., 1996).
These platelets are subsequently removed (Larsen et al., 1989; Hamburger
and McEver, 1990; Celi et al., 1991; Triulzi et al., 1992). It would appear that
those studies disagree with the present thesis. A recent study demonstrates
that

large

platelets

circulate

with
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more

surface

bound

fibrinogen

(Mangalpally et al., 2010). It further shows that these platelets contain
more dense bodies. Density and size are different measure. However, a
relationship exists in that high density platelets have higher MPV (Karpatkin,
1969; Corash et al., 1977; Prost-Dvojakovic et al., 1977; Chamberlain et al.,
1988). Thus, the report by Mangalpally and co-workers supports the present
thesis (Mangalpally et al., 2010).
In paper I the platelet population was divided into 20 density subpopulations.
High and low density fractions containing less than 20 x 109/L platelets
were excluded. Consequently, only 11-12 fractions were examined with
respect to surface bound fibrinogen, platelet α-granule content and intracellular
dense bodies. In paper II the former two measures were determined in all
density fractions. Thus, the diagrams in the two articles are not comparable in
that platelets with the lowest density being described in paper II are not shown
in paper I. Thus, the denotation “low density platelets” has different meanings
in the two reports.
Both β-TG and P-Selectin are present in α-granules (Harrison et al., 1993;
Brandt et al., 2000a, 2000b). Thus, their intracellular contents reflect the
number of α-granules. It is tenable that cell organelles increase platelet density
(Corash et al., 1984; Chamberlain et al., 1988). Compared with peak density
platelets, low density populations contained more α-granules as estimated from
their P-Selectin content (paper I). This is consisted with a previous
study employing β-TG as an α-granule marker (Järemo, 1995). Dense bodies
and glycogen are also closely dependent on density (Chamberlain et al., 1988).
Thus, lower levels of these constituents may explain why platelets have low
density despite increased α-granule content. Paper I supports this assumption
by showing that lighter platelets contained less dense bodies. However, we
cannot explain why obviously activated low density platelets contained more
P-Selectin than peak platelets (paper I).
The small number of ET patients does not allow of far-reaching clinical
conclusions (paper II). However, each individual was investigated extensively.
ET platelets include the whole density span (paper II). ET megakaryocytes
obviously liberate platelets having different
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densities. Consequently,

the present thesis tallies with previous reports describing how megakaryocytes
release platelets covering the whole density width (Pennington et al., 1976;
Caranobe et al., 1982; Martin et al., 1983a; Savage et al., 1986).
The possibility exists, however, that the malignant platelet production exists
in parallel with the normal thrombocytopoiesis. It is to hypothesize that
the platelet density distribution may offer an explanation as to why major
bleeds are rare in ET.

Clinical research
The second part of the thesis examines platelet reactivity in CHD. When
using TRAP-6 as a platelet agonist postmenopausal females with stable AP
displayed increased platelet responses (paper III). Males of similar age having
significant coronary flow obstruction(s) served as controls. This is the first
description of increased platelet reactivity in women after the menopause. In
our hands the ADP evoked platelet activity was higher in females as well.
The differences, however, failed to reach statistical significance (paper III).
Previous studies (Faraday et al., 1997; Haque et al., 2001) investigating
premenopausal women showed sex related differences with respect to ADP
induced platelet activity. A recent study of nearly 1300 subjects revealed that
older females also had higher ADP evoked platelet responses (Becker et al.,
2006). The sheer number of participants in the latter study offers an
explanation to differences in findings. We also found that women with CHD
had higher platelet counts. This is consistent with previous reports (Böck et al.,
1999; Buckley et al., 2000; Becker et al, 2006). Female CHD is frequently
atypical (Wenger, 2010). It is conceivable that increased platelet reactivity at
least partly influences the clinical picture of women having stable AP.
Stable AP without significant coronary obstruction(s) is associated with
elevated platelet reactivity (paper IV). In this setting an inverse relationship
exists between platelet reactivity and coronary blood flow. We have
investigated subjects with stable angiographic single vessel disease
(Milovanovic et al., 2005). In that work, less severe coronary flow
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obstruction(s) was linked to higher platelet reactivity, which concurs with the
present results. In both studies, gender may be a confounder such that women
with more reactive platelets had less severe flow obstruction(s) in the
coronary tree (paper IV).
Paper V shows that DTII complicated by CHD was associated with higher
peak platelet density, augmented platelet reactivity and enhanced MPV. The
latter two findings are in keeping with previous results (Tomaselli et al., 1990;
Iida et al., 1993; Mandal et al., 1993; Tschoepe et al., 1993; Knobler et al.,
1998). The present work failed to demonstrate enhanced platelet responses in
DTII when using less concentrated ADP (1.7 µmol/L) and TRAP-6 (57
µmol/L). The latter findings are difficult to interpret. Many participants had
insulin at consenting. The hormone diminishes platelet aggregability (Trovati
et al., 1988). It may offer an explanation to the findings. It is conceivable that
platelet reactivity impairs the prognosis of DTII individuals with CHD, at
least to some degree.
The last work of this thesis is devoted to the impact of AF upon platelets
(paper VI). Individuals with AF who underwent ECV were monitored for more
than 2 years. Then, 15 subjects remained in SR, whereas the remainder had
AF. Markers reflecting platelet reactivity and activity (see above) at study
entry did not forecast the long-term outcome. When the study was terminated,
persistent AF proved to be associated with higher platelet reactivity. This
constitutes a possible link between arrhythmia and clot formation. Both study
groups demonstrated reduced platelet reactivity at the study´s conclusion. The
SR group showed significant differences for all agonists. In contrast, for
the AF group the differences failed to reach statistical significance, with one
exception (ADP 1,7 µmol/L). Platelet activity was unaffected by the irregular
heart rhythm but after 2 years both groups showed lower platelet activity as
estimated from sP-Selectin. This is inconsistent with previous studies (Blann et
al., 1999; Choudhury et al., 2007a; Blann et al., 2008). When the study was
terminated many subjects had warfarin, which reduces platelet activity
(Choudhury et al., 2007b) and possibly platelet reactivity as well.
Consequently, the anticoagulation could explain why platelet reactivity in our
hands in general was lower after 2 years. It is conceivable that platelets having
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low reactivity circulate less activated. This may explain why both study groups
demonstrated less sP-Selectin after 2 years of observation.

Technical discussion
Continuous Percoll™ gradients with a density range from 1.04 to 1.09 kg/L
were used to separate platelets according to density. These gradients are more
precise than discontinuous ones. The method employed to produce the latter is
to superimpose Percoll™ density layers in the test tube. Discontinuous
gradients are more time-consuming to handle and a longer centrifugation time
is needed to achieve equilibrium (Martin and Trowbridge, 1982). The g-force
used in this thesis (2767 g for 1 ½ hours) does not allow small high density
platelets to reach equilibrium (Martin and Trowbridge, 1982). Thus, the current
peak density values presented may be lower than the true ones at equilibrium.
After separation, high density red cells are located in the bottom of the test
tube. Neutrophils are situated in or just above the red cells, while mononuclear
cells remain together with platelets. In paper V the distribution of platelets in
the gradient was estimated by multiple scattering measurements. A previous
study by the research group concluded that light transmission reflects platelet
density distribution (Järemo, 1995). It also showed that mononuclear cells do
not influence light scattering. These experimental data give further support to a
review article from 1975 (Frojmovic and Panjwani, 1975).
When separating platelets according to density it is necessary to avoid
platelet activation in the test tube. Granule release causes platelet density to
decline (van Oost et al., 1983, 1984). Thus, the Percoll™ was mixed with a
blocking solution containing EDTA, prostaglandin E1 and theophylline. All
three substances inhibit platelet activation, thereby preventing platelet
degranulation (Aster and Jandl, 1964). To ensure the efficiency of the
inhibition solution a control experiment was carried out (paper II). In all
density fractions the spontaneous platelet bound fibrinogen was compared with
the corresponding measure after ADP (8.5 µmol/L) provocation. The stimulus
did not increase surface bound fibrinogen significantly. This indicates that
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platelet activation did not occur in the test tube. Thus, with a high degree of
certainty, surface bound fibrinogen in this setting reflects in vivo platelet
activity. Consequently, it is evident that the first paper of the thesis contained
some premature conclusions. Study I did not show that platelet activation
occurs in an environment depleted of extracellular Ca2+ and fibrinogen. It is
also obvious that paper I did not demonstrate that platelets utilize intracellular
fibrinogen when activated.
Several methods can be used to measure platelet reactivity. One example is
classical light-transmission aggregometry (Born 1962). The present thesis used
a flow cytometer. The device is very suitable as a tool for the study of platelet
reactivity. Single-cell data are provided, permitting detection of small
proportions of labelled platelets in whole blood. However, there are some few
caveats. It is possible that antibodies and antigens form immune complexes, in
which case interactions between human IgG and platelet Fc receptors could
cause false positive results (Lindahl et al., 1992). In the current thesis we used
a FITC-conjugated chicken antibody directed towards human fibrinogen. It is
unlikely that immune complexes with chicken IgG interact with human platelet
Fc receptors (Lindahl et al., 1992).
When determining platelet bound fibrinogen in whole blood (papers III-VI)
samples are compared with a negative control. Platelets (%) having more
surface bound fibrinogen than the control are considered to be activated. The
control containing EDTA is always set within the range 1-2 % fibrinogen
positive cells. All platelet reactivity measurements started exactly 1 ½ hours
after blood sampling. The protocol with strict timing minimizes system errors,
for instance through platelet in vitro activity in the test tube.
Triton X-100 (final concentration 1 %) was used in the present thesis to
destroy cell membranes. The current concentration of the detergent is
employed in many scientific reports. It differs from the manufacturer´s
recommendation, suggesting concentrations in the range 0.1 % to 0.5 %.
From a technical point of view the current technique can be improved and
developed. Perforation of the test tube with a hot needle and the separation of
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platelets according to density may vary from sample to sample. In order to
obtain more accurate perforation, the technique should be replaced with
mechanic puncture. A goal would be to manufacture such an apparatus.

Directions for the future
Platelet heterogeneity attracted considerable interest in the late 1960s
(Karpatkin, 1969), `70s (Corash et al., 1977; Prost-Dvojakovic et al., 1977)
and `80s (Mezzano et al., 1981; Corash et al., 1984; Savage et al., 1986;
Chamberlain et al., 1988). In the `90s, the present group continued
the research (Järemo, 1995; Järemo and Sandberg-Gertzen, 1996; Järemo,
1999). In recent years, interest in the topic has reemerged. Most notable
is the description of coat platelets (Dale, 2005). Recent evidence indicates
that platelet diversity, especially coat platelets, has clinical relevance
(Dale, 2005; Schneider et al., 2008).
The present thesis constitutes a new approach to the field making it possible to
isolate and characterize platelet density populations morphologically.
Alterations of platelet heterogeneity in disease state and changes over time can
be studied too. The influence of different platelet inhibitors upon the activity of
platelet subpopulations will be a topic of further investigations. The current
thesis concludes that variant angina and DTII are linked to higher platelet
reactivity in whole blood (papers IV and V). A natural continuation of the
research is to determine if the conditions are associated with more circulating
activated high and low density platelets as well.
The current laboratory procedure is not restricted to platelets. It is also
possible to study various white cell subpopulations. Neutrophil activity with a
high degree of certainty includes granule release. Thus, neutrophil density is
prone to decrease when the cells are activated. It is worthwhile to evaluate the
present technique in conditions known to involve neutrophil activity.
An example is rheumatoid arthritis (Milovanovic et al., 2004). Furthermore,
alterations of red cell density can be investigated. Red cell damage is
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associated with fluid accumulation and with the subsequent decrease of cell
density. As a consequence, red cells of hematologic conditions are possible to
study with the current laboratory method.
Alzheimer’s disease is a topic of interest in that platelet heterogeneity, in
particular coat platelets, obviously affects disease progression (Prodan et al.,
2007). Sporadic reports indicate that other attributes of platelets are affected by
the disease, for instance their activation state (Laske et al., 2008). Major
depression is another field of interest. The disorder is a risk factor for CHD
(Ferketich et al., 2000). Augmented platelet reactivity and an elevated
inflammatory response are features of the condition and also well recognized
risk factors for CHD.
Our laboratory described for the first time individual differences of platelet
inhibition following clopidogrel exposure (Järemo et al., 2002). Obviously,
the phenomenon has a substantial impact upon everyday clinical cardiology
(Bonello et al., 2010). Consequently, it is reasonable that the current platelet
laboratory techniques reflect platelet in vivo behavior (papers III-VI). This
thesis, therefore, indicates that in particular female CHD patients could benefit
from thrombin receptor inhibitors. It is also tenable that intensive platelet
inhibitory therapy is practicable in variant angina and DTII. But, such
treatment would increase the risk of major bleeds. As a consequence, the
current data does not have the power to change the clinical practice. The
science, however, encourages to future larger clinical trials to establish its
relevance for the clinical routine.
The present thesis demonstrates new findings with regarding platelet
heterogeneity. In particular, it for the first time describes circulating activated
high and low density platelets. Subsequent studies will evaluate their
importance in health and disease. Female gender, variant angina, DTII and AF
are all conditions being characterized by increased platelet reactivity. This
thesis encourages furthering clinical studies to evaluate the clinical
significance of these findings.
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CONCLUSIONS
Paper I
Milovanovic M, Lysen J, Ramström S, Lindahl TL, Richter A, Järemo P.
Identification of low-density platelet populations with increased reactivity
and elevated alpha-granule content. Thromb Res 2003;111:75-80.
Low density platelets circulated in an activated state.
Lighter platelets contained more α-granules than peak platelets. Platelet
P-Selectin content was used as an α-granule marker.
Fewer amounts of intracellular dense bodies offers an explanation as to why
light platelets were less dense despite increased α-granule content.

Paper II
Milovanovic

M,

Lotfi

K,

Lindahl

TL,

Hallert

C,

Järemo

P.

Platelet density distribution in essential thrombocythemia. Pathophysiol
Haemost Thromb 2010;37:35-42.
Healthy subjects and ET patients demonstrated high density platelets with
more surface bound fibrinogen. These platelets obviously circulated in an
activated state.
High density platelets contained fewer α-granules as estimated from their
P-Selectin content. In addition, they contained less CD40L. Platelet release
reactions in vivo offer a likely explanation for these findings.
Healthy participants demonstrated low density platelets with more surface
bound fibrinogen. Consequently, these platelets showed signs of in vivo
activity.
Similarities of platelet density distributions in in health and ET may explain
why bleedings do not occur more often in ET.
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Paper III
Järemo P, Milovanovic M, Richter A. Gender and stable angina pectoris:
women have greater thrombin-evoked platelet activity but similar
adenosine diphosphate-induced platelet responses. Thromb Haemost
2005;94:227-228.
Postmenopausal women with stable AP had more reactive platelets than men,
when stimulated with TRAP-6. Furthermore, female patients had higher
platelet counts. It is conceivable that platelet reactivity contributes to the
sometimes atypical clinical picture of females with CHD.

Paper IV
Järemo P, Milovanovic M, Lindahl T, Richter A. Elevated platelet
reactivity in stable angina pectoris without significant coronary flow
obstruction. J Cardiovasc Med 2008;9:129-130.
Stable AP free from significant flow obstruction in major coronary arteries
was associated with increased platelet reactivity. It is to hypothesize that
platelets contribute to chest pain in these patients.

Paper V
Järemo P, Milovanovic M, Lindahl TL, Richter A. Elevated platelet
density and enhanced platelet reactivity in stable angina pectoris
complicated by diabetes mellitus type II. Thromb Res 2009;124:373-374.
DTII with stable AP was associated with enhanced platelet density, augmented
platelet reactivity and increased MPV, indicating that platelets are more
reactive. More aggressive platelets could partly explain why DTII affects
the prognosis of CHD.
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Paper VI
Milovanovic M, Fransson M, Hallert C and Järemo P. Atrial fibrillation
and platelet reactivity. Int J Cardiol 2010; in press.
AF was found to be associated with increased platelet reactivity. Consequently,
the study suggests a link between AF, clot formation, and platelets.
The irregular heart rhythm did not affect platelet activity, as estimated from
membrane bound P-Selectin and sP-Selectin.
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